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Abstract

Microstrip antennae have been in the spotlight ever since their introduction in early sixties. A strong
demand has arisen in many areas for small, lightweight and low profile antennae, for example in
mobile communications, satellite communication terminals, covert communications, phased array,
electronic warfare, missile seekers, missile telemetry, altimeters, biological telemetry, navigation,

radar, surveillance, radiometers, and low probability of intercept - systems.

YLThe effective design, analysis and application of microstrip antennae presupposes a quantitative
knowledge of their properties as both elements and arrays on substrates of various sizes, thicknesses
and permittivities?} The significant advantages of printed circuits are somewhat offset by the
electromagnetic complexity of the structure, because inherent inhomogeneity makes accurate
analysis and performance prediction rather difficult. In particular, antennae with thick
substrates require a detailed analysis of both radiated and surface waves. Many models have
been proposed for microstrip antenna analysis, from simple static and quasistatic approximations to
full-wave integral formulations solved by sophisticated computer techniques. None of these methods
can be used to calculate all the physical and electrical properties of a microstrip antenna. This means
that approximations and modifications may be needed when using the methods and this is inevitable

when thick antenna element design is considered.

The research presented in this thesis principally addresses probe fed classical rectangular
microstrip antenna elements and arrays, that are fabricated on substrate materials with various
thicknesses and relative permittivities. A fundamental requirement for the design and analysis of
microstrip antennae is the development of accurate and versatile analytical tools. Formulae have
been developed for calculating the[patch dimensions, the resonant input resistance, the resonant
frequency, the bandwidth and the radiation patterns of elements, as well as the mutual coupling
coefficients of arrays}The research has to some extent been driven by identifying methods capable of
delivering fast and reliable numerical results, and which can be modified for calculating physical and
electrical properties of thick antennae. To demonstrate the capability of the methods developed in

this thesis, antenna elements and arrays with various substrate sizes, thicknesses and
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permittivities were constructed and tested. The experimental results agree well with those

calculated by the developed methods.

Increasingly stringent system requirements have led to a shift in focus to the design of novel
miniaturised rectangular and ring broad-band and dual-band antenna elements. The size reduction
and cost effective implementation of such antennae for microwave operation requires extensive
experimental and numerical research. Novel configurations of patch antennae have been presented
in this thesis, which provide dual-band and broad-band operations. Progress and achievement on
unproved characteristics and miniaturisation is ultimately judged by its overall size reduction, cost
effectiveness and reliability, as well as the specified microwave performance requirements. This
thesis achieves several successes in further miniaturising of microstrip antennae, and in doing so has

shown the potential for a new generation of antenna systems.

Useful information has been obtained which reveals the influence of the physical and effective
dimensions of the patch, thickness, size and permittivity of the substrate, surface wave, radiation,
dielectric and conductor losses, and feed point location on the antenna characteristics. The
information is of sufficient detail to enable an engineering design that exploits these effects to
optimise performance. The principles and results of the research presented in this thesis are in a
form which is intended to be easily understood by all who wish to use it, irrespective of their
level of mathematical skill. Numerical results, pertaining to the analysis of microstrip antenna
elements satisfactorily indicate the accuracy and utility of the developed techniques for designing
microstrip antennae and calculating mutual coupling coefficients between two rectangular antenna

elements.
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List of Principal Symbols

Symbols and acronyms used in the text are defined below. In each instance, the

symbols has been defined on introduction to avoid misinterpretation of its meaning.

Symbol

Cio

Eq(0)
Ey(0)

Description

inset distance: distance between the feed probe and the nearest end
of a rectangular antenna element

area of an antenna element

input susceptance of an radiating aperture

bandwidth expressed in percent

patch capacitance for the fundamental mode

static main field capacitance of an antenna element

edge capacitance on one side of an antenna element's length
edge capacitance on one side of an antenna element's width
velocity of electromagnetic waves in free space

coupling coefficient

coupling coefficient in the E-plane

coupling coefficient in the H-plane

total capacitance of a patch

outer diameter of a ring patch

inner diameter of a ring patch antenna

diameter of the feed probe (3.04 mm)

total radiated field in the E-plane

total radiated field in the H-plane
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a2 Q@

electric field intensity vector

total electric field induced on the second patch
resonant frequency

resonant frequency of the m,n mode

resonant frequency from the dominant mode
far field radiation pattern in the H-plane

far field radiation pattern in the E-plane
conductance contributed by the radiation field
normalised radiation conductance

radiation conductance

conductance due to substrate surface waves
substrate thickness

polarisation current induced in the second patch
input current of the fed patch
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Chapter 1

Introduction

1.1 Microstrip Antennae and Arrays

The vast scope of the work published on microstrip antennae and arrays since the early 1970's
makes evident the broad range of research and development being undertaken in this field
throughout the world. In fact, rapidly developing markets in warfare systems, navigational aids
systems, personal communications systems, mobile satellite communications, direct broadcast
satellite systems, intelligent vehicle highway systems, wireless local area networks, the global
positioning system, medical hypothermia and remote sensing, suggest that the demand for
microstrip antennae and arrays will increase even further. Such research covers many different
structural shapes of microstrip antenna elements and arrays [1-16] with various types of substrate
materials with different values of dielectric constant operating over a broad frequency range.

However, the range of substrate thickness of most of the antennae designed so far is thin compared

with the range considered in this thesis.
A microstrip antenna element, also called a patch antenna or printed circuit antenna, in its

simplest form commonly consists of aimetal patch on one side of a single thin dielectric sheet, and a

ground plane on the other sidej Patch antennae can be fed in many ways [1 - 5]. The feed type
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Figure 1.1: Geometry of a rectangular microstrip antenna element with dimensional parameters

used for antenna elements considered in this thesis is the probe feed. Here the inner conductor of
the standard 50 ohm coaxial feeding line is extended to form a probe through thesubstrate to the
patch. However, the structural simplicity of such antenna elements belies a very difficult analysis
problem in electromagnetics. The configuration of a rectangular microstrip antenna element with

dimensional parameters and feed is shown in Figure 1.1.

Generally, the analysis of a conventional microwave antenna often involves formidable

difficulties, but the nature of a microstrip antenna element introduces an additional complexity. This
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Ccomplexity is partly due to the presence of an inhomogeneous dielectric, whose loading loss, surface

wave effects and the high quality factor nature of the antenna are often critical}

Although several analysis techniques, using different levels of approximation, are available in
the literature to extensively analyse microstrip antennae [1 -75], a number of physical and electrical
properties of these antennae are not readily available. For example, while methods are known for
calculating the properties of antenna elements on very thin substrates, there appear to be no detailed
methods which treat the physical and electrical properties for antennae on thick substrates. Because
of the above difficulties and also the effect of the thickness and relative permittivity of the substrate
material, the principles underlying the physical and electrical design properties of thick antennae
differ from those of thin ones. Most of these'“‘énalysis techniques can be separated into three broad
categories: the classical methods based on simplifying assumptions, the solutions that are full-wave
and other methods, which are a hybrid of empirical and full-wave analyses]

[\ As far as microstrip antenna design is concerned, the use of the full-wave solutions and other
methods is somewhat limited. For example, would not be able to provide a solution readily if it
were desired to find the physical parameters of a patch for a given frequency, bandwidth,
polarisation and some radiation characteristics. Even for the simplest antenna configuration, the
numerical treatment requires considerable computational effort and is time consuming and

expensive.

In addition, many of the existing analysis techniques have shown good quantitative agreement
for the cases cited in the open literature, but the limits of the ranges of validity are not generally
known. The calculated results may not be sufficiently accurate for many practical values of
substrate thickness and relative permittivity, or for variations in patch geometry. Therefore, the
microstrip antenna designer needs a simple and reliable method of analysis, that is neither too time
consuming nor complex, to calculate the physical and electrical properties of interest for microstrip
antenna elements on various substrate thicknesses and permittivities. |

After a comprehensive survey in which the more prominent analysis techniques in microstrip
antenna design were studied, the transmission line model, TLM, and the cavity model, CM, are
selected for computing the physical and electrical properties of antenna elements with various
thickness and permittivity of substrates These two models have a clear advantage in terms of
computational simplicity, flexibility and speed, and providing a physical insight that is usually

missing in more numerical solutions.



The classical models have been validated with a large amount of experimental data, with good
results for both the physical and the electrical properties for antenna elements with thin substrates.

[

LUsing a technique which compares experimentally derived and computed results, it was found
that a boundary at 0.0815 A, exists, beyond which the existing design equations fail to accurately
predict the antenna physical dimensions or electrical propertieﬂ. This thesis seeks to remedy this
situation by deriving a number of formulae which take into account all substrate material properties
and the physical and effective patch dimensions. From these formulae, new results are obtained
either by empirical studies or by the modifications of existing theories that can be applied to

rectangular microstrip antenna elements with thick substrates.

In recent years, a broad spectrum of applications has been proposed for microstrip antennae,
because they have unique advantages and attractive features over conventional microwave
antennae.\f\vCommonly acknowledged advantages of microstrip antennae are: their light weight, thin
profile, compatibility with monolithic integrated circuits, ability to be made conformal and easily
mounted on an arbitrary surface, integrability with other units such as signal processing circuits, and
low cost] Unfortunately these antennae have some{disadvantages including their narrow bandwidth,
typically in the order of 2% or 5% for a voltage stahding wave ratio, VSWR, of 2:1 or less; limited
power handling capability, typically in the order of a Watt or less [1-16]; extraneous radiation from
feeds, junctions and surface waves, and they require a quality substrate and good temperature

tolerance]

For many practical applications, the advantages of microstrip antennae far outweigh their
disadvantages. Almost without exception the employment of microstrip technology arises because
of a system demand for thin low-profile radiators. Some of the applications include [1 - 2]:

e Aircraft antennae: Communication and navigation Altimeters, Blind-landing systems,

e Missile guidance and telemetry: Seeker monopulse arrays, Integrated radome arrays, Stick-on-
sensors, Proximity fuzes, Millimetre devices,

e Battlefield communications and surveillance: Flush-mounted on vehicles,

e Adaptive arrays: Multi-target acquisition, Semiconductor integrated array,

e Mobile radio: Pagers and hand telephones, Manpack systems,

e Remote Sensing: Large lightweight apertures,

e SATCOMs: Domestic direct broadcast system receiver, vehicle-based antenna, Switched-beam
arrays,
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o Covert antennas: Intruder alarms, Personal communication systems,
o Reflector feeds: Beam switching,

e Biomedical: Applications in microwave cancer therapy,

o Mobile satellite communications,

e Global positioning system,

o Wireless local area network,

o [ntelligent vehicle highway systems.

Throughout this thesis antenna elements with substrates thinner than approximately 0.0815A,
which corresponds approximately to 0.13 &t_j for 2.22 < & < 10.2, will be considered as thin, where
o is the free space wavelength, A4 the wavelength in the dielectric substrate at resonant frequency
and &, the relative permittivity of the substrate material. All others are considered to be thick. These
approximations were obtained experimentally. ~Similarly, Wood [76] also considered antenna
elements to be thin if h < 0.07 A for & = 2.3 and h < 0.023 X, for &, = 10 and he also estimated that
surface wave excitation in this case was not important, where h is the substrate thickness. Similarly,
this thesis will take the surface waves into consideration only if the substrate is thick. It is important

to note that antenna elements can be built on substrates which can be e!ectrical]y thick, but

physically thin.

To overcome some of the problems of thin antenna elements without unduly sacrificing their
principal advantages, they can be built on thick substrates. To determine the characteristics of such
antennae the methods available in the literature become less applicable. QUnfortunately, some
constraints also exist in the design of thick antennae. These include: extraneous radiation from the
feed, generation of surface waves in the dielectric substrate, losses through radiation, dielectric
losses, and conductor losses. Whereas for thin substrates surface wave excitation is generally not
important, as the substrate becomes thicker, more surface wave modes can exist, and more power
can be coupled into the Wavesj The effect of surface waves and the losses on the performance

properties of the antenna elements will be discussed in the subsequent chapters.

For any given microstrip antenna a few formulae have been developed to calculate the physical
dimensions corresponding to the required radiation properties, while many analysis techniques using
different levels of approximation have been developed to compute the electrical characteristics.
However, some of these models and methods ignore the dielectric substrate while others either

come short of obtaining solutions for the current distribution on the patch or do not explicitly
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include the feeding arrangement in the formulation, and are complex and computationally
demanding. Furthermore, none of the analysis techniques can be used to calculate all the
performance characteristics of an antenna. Some of the more popular methods are addressed and
the two methods that are widely used are reviewed in this thesis because they deliver fast and
reliable results. The models are the TLM and the CM. These two methods are mostly used in this

thesis to calculate the physical and electrical characteristics of thin microstrip antennae.

One of the aims of this research is to extend existing design methods for microstrip patch
antennae so that radiation and circuit characteristics as a function of all material properties and
physical properties are better understood and more accurately taken into account. Most analytical
models are greatly simplified at the present time by assuming that the dielectric substrate thickness is
small enough to be ignored and yet it is @mown from experimental work that the bandwidth of
operation can be improved by increasing the substrate thickness.| Particular attention will be given
to the problem of generalising the design model to include the influence of substrate thickness on
element and mutual coupling characteristics. The validity of the analytical models that are
formulated will be tested by using computer controlled microwave measurement facilities to
investigate representative antennae fabricated within the practical range of physical dimensions and

material properties.

An important electromagnetic characteristic of an antenna array is the mutual coupling between
its elements. Mutual coupling involves the transfer of power from one element to a nearby element
by space waves, or by surface waves, or a combination of the two [2,16,17]:.1 Such mutual coupling
affects the performance characteristics and therefore the design of the arrays. Many modern system
applications impose stringent specifications on the performance of the array antenna, and as a
consequence, the analytical model for mutual coupling must be accurate. This thesis will introduce
a modified method for calculating the mutual coupling taking into account the effective properties
of the patch and also the mismatches between elements. This method provides quite accurate

results.

The search for novel microstrip antenna designs with better physical and operational properties
has been a dominant feature of the literature, because conventional microstrip designs inherently
have a narrow impedance bandwidth and are not suitable for dual band operation. A dual band
antenna is useful in situations where it is required to operate at two distinct frequencies which may
be too far apart for a conventional microstrip antenna to perform efficiently at both frequencies.

The typical size of conventional antenna structures is quite large, making them unsuitable for such
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applications. A study of published microstrip antenna designs reveals that it is still desirable to
reduce size without sacrificing performance properties. Three novel antenna elements will be
introduced, designed manufactured, measured and described, namely the broad band, the ring, and
the dual band microstrip antenna elements. These antennae consist of a metal ring or rectangular
patch on one side of a dielectric sheet, in which the dielectric substrate is restricted to the same size
as the metal ring or rectangular patch, and a ground plane on the other side. They are fed by a
coaxial line from the back through the ground plane. These antennae have improved electrical
performance, are economical, occupy a minimum space and can be distributed over or embedded in

the surface of space and surface borne vehicles.

This thesis describes methods, designs, constructions and measurements of

e rectangular antenna elements with dielectric substrates ranging in electrical thickness, h/A4, from
0.0065 to 0.2284, and physical thickness from 0.17 mm to 2.81 mm, and operating over a
frequency range of 2.980 GHz to 8.450 GHz. The size of the substrate material was 100 mm
square and the ground plane 700 mm square. Note that substrate thicknesses were increased by
stacking two or more double sided etched substrate slabs together,

e anovel miniaturised broad-band microstrip antenna element,

¢ anovel miniaturised dual-band microstrip antenna element,

¢ anovel miniaturised microstrip ring antenna element.

e mutual coupling between two antenna elements in an array is investigated theoretically and
experimentally. The substrate thickness of the elements was varied from 0.037 Ag to 0.225 Ad,
the separation between the edges from 0.2 A, to 1.4 A, and operating over the frequency range
3.960 to 5.900 GHz. The range of the physical thickness of the substrate was varied from 1.50

mm to 9.92 mm.

1.2 Outline of the thesis

The effective design, construction, measurement and application of microstrip antennae presupposes
the quantitative knowledge of their physical and electrical properties as both the elements and arrays
with various thickness and relative permittivity of substrate materials. This thesis provides results of
extensive research into both the properties associated with rectangular and ring antenna elements

and their solution by analytical, numerical, and experimental means. In the study several antenna
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elements with various relative permittivity and thickness of substrates at different frequencies were
designed and measured. For the investigation the dimensions as well as the feed point locations
were varied. Additional care has been taken for the exact positioning of the feed during the design
process, to match the antenna element to 50 Ohm. This additional effort is compensated by a higher

attainable bandwidth.

To design a microstrip antenna element the physical dimensions are needed for a specified
substrate material and operating frequency.ﬁhe performance of such an antenna element is found
by calculating and measuring such characteristics as: input impedance, resonance frequency,
bandwidth, E- and H- plane radiation patterns, and beamwidthjlf the performance of the antenna
satisfies all of specifications for the characteristics mentioned above then the design is successful.
For these reasons the thesis is organised into twelve chapters addressing each one of these

characteristics, novel antenna elements and mutual coupling in turn.

The remainder of this section reviews what can be found in each of the ten technical chapters 2

to 11. Section 1.3 provides a point summary of the main new results obtained in this thesis.

Some of the analysis techniques available in the open literature, with some indication of
limitations and considerations that must be kept in mind when designing microstrip antennae at
microwave frequencies, are itemised in Chapter 2. This chapter reviews some useful parts of two
suitable models, namely the transmission line and the cavity models and reviews some of the
formulae applied in this thesis for designing and analysing microstrip antenna elements. For the sake
of completeness other methods are summarised without mathematical derivations and formulations.

In addition, the well known mathematical details are avoided to limit the size of the text .

Chapter 3 discusses the formulae available in the literature on the design of physical properties
of rectangular microstrip antenna elements, and assesses their suitability and the threshold of their
applicability. Their variations have been experimentally examined by analysing a set of new
constructed antenna elements with various thicknesses and relative permittivity of substrates

material over wide a frequency band.

A formula based on the TLM is used to determine the resonant length of these antennae. It
also derives new empirical formulae based on a curve fitting technique that can determine the width
and the feed point location of thin antennae. While such a method was proposed and implemented

by the author in previous work [79 - 80], a second method for determining the resonant length and
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width of antenna elements with thicker substrates is empirically derived by using a similar curve

fitting technique in the second half of this chapter.

A new expression for calculating the effective permittivity of rectangular microstrip. antenna
elements with various thickness and relative permittivity of substrate materials is also derived in this
chapter. The results obtained from this technique confirm with those calculated from formulae
reported elsewhere. This chapter also studies the effects of the substrate thickness on the patch

dimensions.
The contents of Chapter 3 has been published in [77 - 83].

The resonant input resistance is usually one the most difficult to predict accurately, primarily
because of the narrow bandwidth of most microstrip antenna elements, but also because of dielectric

material tolerances.

Three methods for the calculation of the resonant input resistance of rectangular microstrip
antenna elements are introduced in Chapter 4. The first method is based on the refinement of the
CM and the TLM considering the antenna in the fundamental mode, modelled by a simple resonant
parallel RLC circuit. Due to the resonant nature of the investigated antenna elements, their resonant
input resistance is related to the quality factors associated with the system losses. This technique
has been successfully used to calculate the resonant input resistance of rectangular antenna elements
with thin substrates. A second method based on the modified cavity model has been developed for
computing the resonant input resistance for antenna elements with thick substrates by considering
the antenna in the fundamental mode, modelled by a simple resonant parallel RLC circuit. It takes
into account the effective dimensions, dynamic permittivity, resistance due to power loss in surface
wave, the radiation resistance of the patch, and the resistances due to losses in‘ the conductor, and
dielectric. A third method is an alternative formula derived empirically using experimentally derived
resistance data for computing the resonant input resistance for antenna elements with thick
substrates. The proposed formulae for computing the resonant resistance have been validated with

a large amount experimental data obtained from antenna element investigated in Chapter 3.
The contents of Chapter 4 has been published in [81 - 82, 84 - 85, 131 - 132].

Formulae based on the TLM, the CM and the magnetic wall models to determine the resonant

frequency of a rectangular microstrip antenna element are investigated in Chapter 5. Their
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respective regions of validity in theory and applicability are also established by analysing a set of
data obtained experimentally from the antenna elements given in Chapters 3 and 4. For thin antenna
elements, the formula based on the TLM is successfully used to calculate the resonant frequencies

for given dimensions.

Three closed-form expressions are presented for the calculation of resonant frequencies of
rectangular microstrip antenna elements with thick substrates. They are derived by modifying the
TLM, the CM, and by the curve fitting technique. The results of all proposed expressions are

compared with measurements obtained from antenna elements investigated in Chapters 3 and 4.

The contents of Chapter5 has been published in [ 86 - 88].

In Chapter 6 several formulae based on the CM and the TLM are combined to produce a
closed-form expression for calculating the bandwidth of antenna elements with thin substrates. The
formula takes into account the effects of radiation, conductor and dielectric losses, with their quality
factors. The results obtained from this technique confirm those calculated from the MSAnt program
[14], and results obtained from measured return loss plots of antenna elements with thin substrates.
A novel closed-form expression based on the cavity model and the exact Green’s function for a
grounded dielectric slab has been developed for computing the bandwidth of thick antenna elements
taking into account both the power radiated in the space waves and the power radiated in surface
waves and a correction factor. The results obtained from the derived formula are compared with
measurements made using the antenna elements investigated in Chapters 3, 4 and 5, and excellent

agreement is obtained.

The contents of Chapter 6 has been published in [86], [89 - 90].

Chapter 7 discusses formulae based on the two-slots model (the TLM), the CM and the electric
surface current model available in the literature for calculating both the E-plane and H-plane far field
patterns for both thin and thick antenna elements. It also identifies their suitability and the threshold
of their applicability. For thin antenna elements, formulae based on either the two-slots model, or
CM can be used to calculate both the E-plane and H-plane patterns. These formulae are also useful
for calculating the H-plane patterns for thick antenna elements but fail to give satisfactory results for
E-pane radiation pattern. To get improved calculated results on the E-plane patterns of thick
antenna elements the line extension is incorporated in the formula based on the two-slot model to

account for the inhomogeneity of medium and fringing field, respectively. Comprehensive
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measurements confirm the validity of the modified formula. The half-power beamwidth in the E-

and H-plane have also been determined for each investigated antenna element.

Some of the material in Chapter 7 has been published in [86], [9] - 94].

Design details and experimental observation of a novel miniaturised microstrip antenna element,
which provides a large bandwidth is presented in Chapter 8. This antenna consists of a rectangular
metal patch on one side of a dielectric sheet in which the dielectric substrate is restricted to the same
size as the metal patch and a ground plane on the other side. It is fed by a coaxial line from the back
through the ground plane. This chapter also reports a simple and accurate design procedure based
on the TLM and the CM for this antenna. Good agreement between numerical and experimental

results is achieved.

Designed, measured and calculated data on the physical and electrical properties of this
miniaturised antenna element are presented and compared with properties of a conventional
microstrip antenna element having the same patch dimensions in order to highlight the merit of the

former in respect of cost, size, weight, bandwidth, and radiation patterns.

The design and results in this chapter have been reported in [80], [95 - 96].

A dual-band antenna is useful in situations where it is required to operate in two distinct
frequencies which may be too far apart for a conventional microstrip antenna to perform efficiently
at both frequencies. For applications in which saving space and weight is a premium, a single layer,
microstrip radiating structure is desirable. A novel miniaturised patch antenna design, which
provides dual-band operation has advantages with respect to other patch antenna solutions for dual-
band applications is presented in Chapter 9. It consists of a rectangular metal patch on one side of a
dielectric sheet in which the dielectric substrate is restricted to the same size as the metal patch and
ground plane on other side. The antenna is fed by a coaxial line from the back through the ground
plane. The physically intuitive CM and the TLM are used for analysis. A relatively simple design

scheme is included.

A novel analytical technique is developed for the dimensions and operational properties for
these antennas. Measured performance data of this miniaturised antenna element is presented and
compared with the calculated results. Good agreement between numerical and experiment results

was achieved.

I-11



The design and results in this chapter have been reported in [82], [95 - 97].

Chapter 10 introduces a design, testing and analysis for a novel miniaturised broad-band
microstrip ring antenna, consisting of a metal ring on one side of a dielectric sheet, in which the
dielectric substrate is restricted to be the same size as the metal ring, and a ground plane on the
other side. The ring antenna is fed by a coaxial line from the back through the ground plane. A
method based on TLM and CM is developed for the dimensions and operational properties and
design predictions are compared with measured results for this antenna element. Very good

agreement between theory and experiment was achieved.
The design and results in this chapter have been reported in [84, 95].

In Chapter 11 several formulae, based on the volume equivalence theorem, classical
Schelkunoff theory and a theoretical model equivalent to a lossy transmission line, are combined to
produce a new closed-form expressions for calculating mutual coupling coefficients between two
identical probe fed rectangular microstrip antenna elements in both the E- and H-plane
configurations for the dominant TM;o mode. The measured mutual coupling coefficients are

compared with those obtained from these formulae. Good agreement is obtained.

EAS the substrate becomes thick the differences between the measured and calculated results
become large. Thus, modifications to these formulae are made, in order to increase the accuracy of
the predictions for the mutual coupling coefficient. These modifications take into account the
surface wave contribution, mismatching that may occur between the elements, the thickness and
relative permittivity of the substrate material and the effective dimensions of the antenna elements.
These are applied to a number of antenna arrays that have been designed, constructed, and tested
for both the E-and H-plane coupling configurations for the dominant TM;o mode resulting in good

N
agreement.

Note that, the formulae given in Chapter 3 are applied to determine the dimensions and the feed

point locations of the antenna elements used in the array design.

The contents of Chapter 11 has been published in [85, 98]
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Finally, Chapter 12 the major conclusions of this research are summarised and some

recommendations for further research are given.

Some supporting formulae for the derivation of far-field radiation pattern in the E- and H-plane

are given in Appendix A and some analysis of mutual coupling are given in Appendix B.

1.3 Point Summary of Contributions

The major part of each chapter is dedicated to directly applicable, useful formulae and
comprehensive graphical representations, which have been selected for practical design applications.
These formulae are given with error bounds, and they can be easily used for CAD. The values for
the diagrams and tables have been calculated by programs written in Pascal. In the interests of
clarity, each chapter concludes with a detailed summary of its content. As far as is known, no other

comparable work on microstrip antennae exists.
In summary, the major contributions made in this thesis are as follows:

e Areview of the advantages and drawbacks associated with microstrip antenna elements.
e A review of applications and developing markets for microstrip antenna technology.
¢ A listing of the analysis techniques along with a some indication of limitations and references.

e The determination of the threshold of applicability of some formulae available in the literature for

designing microstrip antennae and computing mutual coupling coefficients of arrays.

e The derivation of empirical formulae by curve fitting techniques to calculate the
e resonant lengths of antennae elements with thick substrates,
e resonant widths of antenna elements with thin substrates,
e resonant widths of antenna elements with thick substrates,

o feed point locations of antenna elements with thin substrates.
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The derivation of a new formula for the effective relative permittivity of the substrate material by
considering the relation of velocities of the electromagnetic waves in the air and the substrate

material (inhomogeneity condition).

The development of methods to calculate the input resistance at resonance of
e thin antenna elements, and

e thick antenna elements.

The development of methods to calculate the resonant frequency for
e thin antenna elements, and

e thick antenna elements.

The development of methods to calculate the bandwidth for
o thin antenna elements, and

e thick antenna elements.

The development of methods to analyse the E- and H-plane far field radiation pattern for
e thin antenna elements, and

o thick antenna elements.

The introduction, design, analysis and implementation of a novel broad-band miniaturised
microstrip antenna element which offer tiny dimensions and better performance characteristics

compared to a classical microstrip antenna element having the same patch size.

The introduction, design, analysis and implementation of a novel dual band miniaturised
microstrip antenna element which offer tiny dimensions and betterperformance characteristics

compared to a classical dual band microstrip antenna element having the same patch size.

The introduction, design, analysis and implementation of a novel miniaturised microstrip ring
antenna element which offer tiny dimensions and betterperformance characteristics compared to

a classical microstrip antenna element having the same ring size.

The development of computationally efficient methods for the analysis of mutual coupling
coefficients between two rectangular antenna arrays with

e thin substrates, and

e thick substrates considerably thicker than those reported in the literature.
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The discovery of the small mutual coupling coefficient for widely separated antenna elements

with thick substrates.

The application of the developed formulae, over a wide range of substrate thicknesses, to

rectangular microstrip antenna arrays of practical significance.

An understanding of the fundamental effects of very thick substrates on mutual coupling.

The constructing and testing of thirtythree new antenna elements with various thickness and

relative permittivity of substrate materials.

Experimental measurements are used to test, verify and validate analysis techniques that are

developed.

The effect of substrate thickness and patch physical dimensions on the antenna operational
properties is described, and some of the characteristics are exploited to optimise the antenna

properties.
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Chapter 2

Analytical Techniques for Microstrip Antennae

2.1 Introduction

Microstrip antenna analysis is important, because it can aid the design process by reducing the time
and cost involved in the trial by error procedure and it is also useful when optimising an antenna
design over one or more design parameters. In addition, it provides an understanding of the
operating principles of an antenna as well as helping to determine the limitations in performance

and/or modification to an existing antenna design.

Generally, microstrip antenna structures are inhomogeneous. Consequently, the analysis of
such structures is normally difficult, due primarily to the presence of a dielectric substrate to support
the patch conductor. Since radiation occurs from the patch edges, some researchers replaced the
microstrip structure with apertures, or slots, connected to each other by a transmission line [1 - 6],
[17 - 26], [99 - 100]. In addition, the[patch acts as a low impedance microstrip transmission limiiL

Another approach replaces the structure by a dielectric cavity bounded by four magnetic walls.
The magnetic walls are along the perimeter and the electrical walls are on the top and bottom of the
patch. The radiation occurs from slots formed by the periphery of the patch and ground plane
[1-9],[27 - 38].
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Some researchers use the full wave analyses [13 - 5], [39 - 56] utilising the moment method
solutions that use the exact Green's function pertaining to the grounded dielectric slab for the
derivation of a set of integral equations for the unknown current on the patch, as well as solutions
based on the finite difference time domain method, and the finite element method. Such models are
very time consuming computationally, due to numerical integrations of Sommerfeld type integrals
(very slow convergent integrals), in either space domain or spectral domain form. They do not
readily provide a solution [101]. Furthermore, one of the typical features of an analytical technique
is the amount of mathematical work required for it to be implemented. The less the analytical

processing, the easier the implementation of the analytical technique.

In the following section some of the analytical techniques available in the literature for analysing
microstrip antennae are mentioned and briefly described. Two methods considered important in
evaluation of the basic properties of microstrip antennae are summarised, namely, the transmission
line model, and the cavity model. Note that the design formulae that can be relied upon to give a

stated degree of design precision will be given only.

2.2 Analytical Techniques

There are many different approaches to microstrip antenna analysis. Unfortunately, these methods
possess different levels of complexity and require vastly different computational efforts. The
accuracy of each method is also difficult to determine and will depend on how accurately the
method can be implemented and how well the antenna is modelled. The application of each method
has its advantages and disadvantages and therefore no single method is appropriate for predicting all

the fundamental properties of an antenna.
In general, a good antenna design method should have the following characteristics:

e its applicability must suit the given problem,

e it should be easy to implement, while providing the necessary fundamental properties of
an antenna,

e it should be capable of computing the necessary parameters for the antenna element

under test speedily,
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e its results should be accurate enough for the intended purposes,

e it should lend itself to interpretation in terms of intuitive models (the simplest solution often
provides the best physical insight),

e its numerical treatment should not require considerable computational effort,

e it must not time consuming and expensive,

e it must give an idea about the behaviour of the antenna,

it must provide a good insight into the physics of the antenna.

Considerably progress has been recently made in the numerically modelling of microstrip

antennae in the framework of different techniques, such as the

1. Classical models (Physical models)

e Transmission-line model,

e Cavity and modal expansion models.

2. Full-wave analysis

e Method of Moments, MoM,

e MoM in Space Domain,

e MoM in Spectral Domain,

¢ Finite-element technique,

e Finite-difference time-domain method,

¢ Transform Domain Analyses,

e Mixed Potential Integral Equation Approach,

e Conjugate Gradient Fast Fourier Transform Technique.

3. Other methods

e The Dyadic Green’s Function Technique,
e Wire-grid method,

e Segmentation and desegmentation techniques,
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e Electric Surface Current Model,

e The Vector Potential approach,

e The Variation Approach,

e Hankel Transform Technique,

¢ The Radiating Aperture Method,

e Generalised Edge Boundary Condition Technique,
e Generalised Variational Approach,;

¢ Dual Integral Equation Approach.

The two methods which are the most useful for practical design as well as providing a good
intuitive explanation of the operation of microstrip antennae, are TLM and CM as they are based on
some fundamental simplifying assumptions regarding the radiation mechanism of antennae. Most of
the calculations throughout this thesis are based on both methods and are briefly discussed in the
following sections. Unfortunately, the methods, as reported in the literature, are satisfactorily
accurate only for antenna elements with substrates thinner than approximately 0.0815 A, and at
frequencies typically up to the X-band [2 - 4], [79, 87, 89], where A, is the free space wavelength.
However, as the thickness of the substrate increases, the accuracy of these methods decreases
rapidly [88, 90]. The analytical and numerical treatment of other methods; however, requires
considerable computational effort and is time consuming and expensive. As far as design is
concerned most of the methods available do not provide a solution readily for finding the physical
properties of a microstrip antenna element for a given frequency and they are also unable to predict

all the electrical properties of such antenna.

2.2.1 Classical Models (Physical models)

It is crucial to initially have a good understanding of the physical mechanisms that reign the antenna
elements, that are considered to be designed for a given application. It is well known, that the best
physical insight of an antenna element is given by the TLM and the CM. The TLM is considered
first.
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2.2.1.1 Transmission Line Model

The TLM is based on the observation that a rectangular patch antenna is simply an open-circuit
microstrip line, in which the radiation leaks through the open ends. It models the antenna element
as a transmission line section Jumped loads at the radiating edges as shown in Figure 2.1. The TLM
leads to results that are adequate for most engineering purposes and requires less computation.

Structures such as printed dipoles and nonrectangular patches cannot be accommodated by this

model.

e T

e
o
o

——>7 Feed Point
et %‘

1
1
]
]
]
I
I

Figure 2.1: Probe fed rectangular microstrip antenna element with its equivalent transmission line
circuit.

The TLM offers a reasonable interpretation of the radiation mechanism, while simultaneously
giving a simple expression of the antenna's characteristics. In this method, the rectangular antenna
element is modelled as a resonant section of a uniform microstrip transmission line with a length, L,
width, W, and thickness, h, loaded with impedances at the two ends. These impedances represent
the radiated power that emanates from the open ends and the stored energy by fringing fields. The
basic concept is shown in Figure 2.1, which illustrates the TLM for a rectangular microstrip patch

antenna.
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This model assumes that
e there no currents transverse to the resonant length of the patch,
e the fields are uniform along the width of the patch, and

e the transverse currents are caused by the feeding mechanism and are invariable present.

Furthermore, the TLM prescribes that the antenna element must have two parallel radiating
slots, known as radiating edges, with dimension W, h, located within the dielectric for thin antenna
elements [3, 6, 19, 21]. The slots are characterised by their equivalent admittance, Y, The
equivalent susceptance, due to end affects, is represented by a capacitor. However, the application
of this model s limited to antenna configurations in which the thickness and the relative dielectric
constant are sufﬁcienﬂy small to avoid considerable excitation of surface waves, because it does not
include surface waves in the calculations [2]. Also, this model does not consider the actual nature
of the feed. Fortunately, this is not a severe limitation for antenna elements with thin substrates
satisfying the criteria h < 0.0815 A, for 2.22 < ¢, < 10.2, where &, is the relative permittivity of the
substrate material, as will be shown in subsequent chapters of this thesis. The TLM has direct
provided applicable design formulae for thin antennae. These have been used in their current form,

in this thesis.

From the equivalent circuit given in Figure 2.1, the input impedance at the feed point can be

written as [4]

' Zew . 1
in = | — L = 2.1
Z (g, + ng tix Yin ( )
with
. Zew cos(Ba) + .jZa s%n(Ba) 22)
Z. cos(Ba) + jZ_, sin(Ba)
and
g2 — ch COS[B(L”“&)] + jZa Sin[B(L—a)] (23)

Z. cos[B(L—a)] + jZ,, sin[B(L—a)]

where a is the distance from the radiating edges to the feed position. Z, is the characteristic

impedance of the microstrip line as a function of W, h and &, is given as [102]
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for W/h<3.3

2 e -1
ch—*R" {ln(ﬂ+ 16h +2j—( d )(0.2258+ 0'1208]} (2.4)

B mf2(e, +1) (W VW (e, +1)

and for W/h=>3.3

0.0823(e, —1) (g, +1
Zo=-Re |V 044134 €. 1), e +)
2./e. | 2h e? £,
(2.95)
-1
1 0.231+0.1592 ln(E + 0.94) )
2h
where R, =120 12 is the wave impedance in free space.
XL
Tr\f'\r“\f'\ *
Zin R ==£c L
Figure 2.2: Simplified circuit model valid over the band of a single, isolated mode.
Y. is the aperture admittance or Z, the aperture impedance is given by
Y. = Gu +]Ba (2.6)

G, is the conductance contributed by the radiation field associated with each edge. If W/A, « 1 and
h « A, the G, is placed across the centre of each slot and is given by the formula [1, 8, 18].

W2

G. = for W << ),
90A;
(2.7)
G, = w forW >> ),
120 A,

Another formula yielding quite a different conductance has been derived by Harrington [103]. It

has been adopted to patch antennae by Munson [18] and Richards [8], assuming that radiation only
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occurs at the edges of the patch (perpendicular to TEM propagation),and that each edge radiates

individually and isolated from the other edges. In this case

G = {1 - (k“h)_] (2.8)
R\, 24

The propagation constant 3 is given by

B = % 2.9)

where €., denotes the corresponding effective relative permittivity, and is related to the intrinsic

relative permittivity €, of the substrate as follows [104]

e = E+1) (8'_1)(1+10h)7 2.10)
2 2 W

AW signifies the line extension due to the fringing effect. This is because an open ended microstrip

antenna does not perform as a perfect open circuit as shown in Figure 2.3. The value of AW can be

approximated by using the following formula [105]:

£,, +0.300 B
AW = 0412 h (6, +0300) (E+O.264)(E+0.813] (211)
(6., —0258) \ h h -

The susceptance B, accounts for the fringing field and is associated with the radiating edge of
the width. The reactive part of the aperture admittance is capacitive and can be calculated using the
edge extension formula, AW, for the microstrip transmission line open circuit truncation. The

susceptance is given by [1, 3. 6. 21] as

(2.12)
ZCW
where k, is the free-space wave number
2
B e s 213)
Ao c,

where f; is the resonant frequency.

2-8



The probe reactance in equation 2.1 is given as [4, 50]

1207h 20,
XL = -y +1 214
" 7\'0 |: ! n(don"/e_fj] ( )

where d, is the probe diameter, and v = 1.781072 is Euler's constant.

At resonance, the imaginary part of Z;, goes to zero. This condition yields the following formula [1,

3, 6, 106]:

2Bach 2Ba
tanpL = ———— = 2.15
P Bi+G:- Y Yew =5

where Y., is the characteristic admittance of the microstrip line. When considering this condition,

equation 2.1 is reduced by substituting equation 2.15 into it as follows [1, 6]:

2, 2 -
Y. = 2G. [ cos?(Ba) + G*‘Y B e - 2 sinZ(Ba)} (216)

Also, the following condition is, in many cases, satisfied [1, 3, 6] G,, B, « Ycw

So, equation 2.16 can be approximated by

2G,

Yin (il) = —COSE (Bd)

(2.17)

Further manipulation of equation 2.15 results in a more illustrative formula at resonance [3, 7]

L+2AW = % (2.18)

wheren=1,2,3, ...
The patch length at resonance can be shown to be slightly shorter than half a wavelength in the

dielectric substrate by substituting equation 2.9 into equation 2.18:
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A

2,/eew

(L+2AW)=

(2.19)

Equation 2.19 is useful in design as well as analysis. It allows the resonant length of the patch to be

determined once the desired resonant frequency is specified and the substrate is selected.

AW

v fV
7 77

yh
ALl A

y
"\‘
RN

Figure 2.3:  Open-ended microstrip line with line extension AW and aspect ratio Wrh.

As mentioned previously, the rectangular patch antenna is represented by two slots separated
by a distance L. In this case, each slot can be thought of as radiating the same field as a magnetic

dipole with a magnetic current of [1, 6]:

2V,
h

M = 2EZ =

Z (2.20)

where the factor of 2 arises due to the positive image of magnetic current, which is near the ground,
and V, is the voltage at either of the two ends of the. The total radiation far field is obtained by
multiplying the field due to a single slot by an array factor representing the arrangement of the two-
slot array. When the coordinate system shown in Figure 2.1 is employed, the final result is [6]:

For the E-plane,

e—jkoR

E®)= -j4V,Wk, —— F.(0) (2.21)
4R
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with

sin(—"— sine) L
F,(8) = kﬁ cox[ : sinﬁ) (2.22)
°~ sin®

where R is the distance from the antenna.

For the H-plane

-jkoR
E(®) = -j4V,Wk, =—— F.(0 223
(6) #VaWko T Fi(6) (223)
with
sin(k°2w sinej
F;(0) = W cosB (2.24)
sin O

The analysis does not include the effect of surface waves excited along the substrate (see
Chapter 4). Therefore, the application is generally limited to antenna configurations for which the
thickness and dielectric constant are small enough to avoid excessive excitation of those surface

waves. Detailed discussion of the surface waves is omitted here.

Conversion of bandwidth from one Standing Wave Ratio, SWR, level to another can be

accomplished by using the relation between bandwidth, BW, and total quality factor, Qr [29]:

SWR - |
BW = " 100% 225
Q, JSWR (229)

Finally, the half-power beamwidths in the E and H planes are [1, 4]

3 7.03%°
OBE =2cos ! \/m (226)

1
0., =2cos! |——— ]
o \/ 2+k W (2:27)

This thesis uses a TLM to determine the resonant patch length, resonant frequency and far-field

and

e S

radiation patterns for antenna elements with thin substrates. For thicker substrates however, the
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formulae for computing the afore mentioned antenna characteristics have been modified either by
the addition of empirically derived correction factors or the consideration of the effective patch

dimensions.

An alternative for TLM is the CM, which takes into account higher order modes and provides

much physical insight into the antenna's operation.

2.2.1.2 Cavity Model

A planar two-dimensional cavity model for microstrip patch antennae was first proposed by Lo et al
[30] and Richards [8, 107]. It overcomes some of the shortcomings of the one-dimensional TLM
discussed in the previous section and is capable of predicting the antenna performance accurately if
the patch is not more than a few hundredths of a wavelength thick. In this case the TM modes are

superior in the cavity region. However, it requires more computational effort than the TLM.

This model basically treats the antenna as a cavity of thickness h and a conducting patch having
dimensions L and W with electric walls on the top and bottom and magnetic walls around the
perimeter of the patch. The radiation is assumed to occur from the slots formed by the periphery of

the patch and ground plane.

This method is the most suitable for analysing those antennae with structures for which the
corresponding wave equation can be solved by the method of separation of the variables. However,

the method is applicable to the analysis of arbitrarily shaped patch antennae in general.

The theoretical model is based on the following assumptions [3, 8]:

o The close proximity between the microstrip patch and the ground plane (Figure 1.1) suggests
that the E-field consists only of the z-component and the H-field of only the xy-components in
the region bounded by the microstrip patch and the ground plane.

e TFields in the cavity region do not vary with z.

» The tangential component of the H-field along the edge is negligible.

e The existence of a fringing field is taken into account by slightly extending the edges.
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The CM method has been successfully used to predict the resonant frequency, radiation
patterns and the input impedance of microstrip antennas with substrates thinner than approximately
0.02 A4, at any feed point. However, the method does not rigorously account for the presence of
surface waves on the antenna substrate nor does it account for mutual coupling between closely
spaced antenna elements [30, 34, 106, 108]. One advantage of this theory is that it can provide
much physical insight into the field distribution under the patch. This understanding is useful in
many new designs and applications. However, like the TLM, the CM analysis requires an empirical
edge extension factor (line extension) to account for the fringing field effect and also an idealised
excitation at the feed. As will be shown in the subsequent chapters, this is not a severe limitation for

antenna elements specified as thin in this thesis.

Assuming an &' time variation, the electromagnetic fields associates with the z-directed current
source located at the feed point (a, b) must satisfy the following relations derived from Maxwell's

equations [6, 7, 28, 32]:

(V3 +K°)E, =—jou,J,(a,b) (2.28)
H= OJLHOVTX(QEZ) (2.29)

where a and b are the widths of the feed in x and y directions, Vr is the transverse component with
respect to the z-axis of the del operator and Z is the unit vector in the z-direction. In the relations

above, the electric wall condition is automatically satisfied because E = E _Z. On the sides of the

cavity, the magnetic wall condition can be satisfied by the following Newman boundary condition:

oE
L= 2.30
on (230)

The inhomogeneous wave equation of equation 2.29 can be solved by finding eigenfunctions

J..(x,y), which satisfy the following homogeneous wave equation:

(Vi+ki)e, =0 (2.31)
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n

with =0 on the magnetic wall.

This is subject to the same boundary conditions as equation 2.30, where k., is the

corresponding eigenvalue. That is, if N eigenfunctions are assumed, the solution of equation 2.28 is

where m and n are the mode indices in the x and y directions, respectively. Ay, are the mode
coefficients and the jn, are the orthonormalised mode vectors, obtained by solving equation 2.31 as

follows:

mn

0 (x,y) = «/iﬁ cosk, X cosk,y 233)

where X _ =X = A2 for m#0 and nz0, and Xm=1 form=n=0.

: : . mm nm
The mode vectors all satisfy the wave equation and the eigenvalues k  =—— and k,=—
satisfy the separation condition:
ki, = OLHE = kI + K] (234)
so that the resonant frequencies are
k
0 (2.35)

f o= _mm
™ 2mje.E 1,

Impedance boundary conditions are imposed at the four walls, by considering the external stored
and radiated energy effects as complex wall admittance, which result in the following complex

transcendental equations [1, 28, 32] which hold for thin substrates:

2
tanf, W = —kxx (2.36)
kx - Ol
and
2
tank, L = —% (2.37)
ky - oy



with

. 2nZ h L
. = B == w5 == 238
o ] r L YF[W) (2.38)
and
. 2rZ, h (W
Oy = ] Y WY,FY[TJ (2.39)

Yy is the wall admittance for x =0, x = W walls, Yy is the wall admittance for y =0, y = L walls.
The empirically derived aspect ratio factors Fy and F, are approximate units [32]. For the TM,o

mode,

2
Fy, = 0.7747 + 0.5977(¥ - 1) - 0.1638(¥ - lj (3.40)

Since accurate solutions have not yet been derived for the wall admittance, an approximation
based on the wall conductance of a TEM parallel plate waveguide radiating into a half space and the
wall susceptance of a uniform microstrip transmission line may be used [1, 28, 32]. This gives the

following formulas:
Y, = G+ jB (241)

where G is the total wall conductance given by

w

G= 0.00836)b— (242)
and B, the wall susceptance, is
B = 0-00678¥ATW8W (243)

4

Eew 1S given by equation 2.10 and AW by equation 2.11.

An approximation for the resonant frequency for the dominant TM,, mode (ky = 0) is made by
assuming that the radiating walls at y = 0 and y = L are perfect magnetic walls (open circuited with

zero tangential magnetic field). This would give: Y, =0 and a, = 0 so that the first non-zero root of
equation 2.37 is k, = w/L, ie. L = 7»0/(2\/5 ). This corresponds to an approximate resonant

frequency for the dominant mode given by [28]:
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&
fe = 3 (2.44)
2L\,
The complex resonance frequency may be found from equation 2.36 and equation 2.37
assuming the TMj, condition that k. = 0, and taking the substrate loss tangent, tand, into account

[16]:

. A

- s
for +1fv = 1. (245)
! J1 - jtand
A is a complex root of a complex transcendent equation which does not have an exact value. This

can be calculated from a simple iterative algorithm [28] ie.,

T- A
ky = ko = = ! (246)

with A, = O as the seed value. equation 2.44 is derived from equation 2.34, assuming TM,
condition, with tan(L k)
2000 - Ap) A?,

Aps1 = =~ —= (247)
i (ouoL)* + 2AT - Ab - 3

expanded in the first two terms of a Taylor series about 7.

Also,

_ . 2nz h
alo - j )ngZw

(248)

with Y being the admittance of the radiating walls at y=0and y = L.

The input impedance for the TMu, mode for a patch fed at position was calculated using a

modal expansion method [1, 28], yielding

= X cos’ ak cos’ bk,

—JEN—ZZ *G,, (2.49)

m=0n=0 (D (D“

mn

O, 1s the complex radian resonant frequency which is approximated by
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& = S Kk
Jer(l—jtanﬁ) ’

(250)

The factor Gy, in the series of equation 2.49 accounts for the finite width of the coaxial probe

sin(gkX] sin(%kyj
G, = b " (251)
—k, —k
2 2

wire.

Alternatively, Richards [28] and Derneryd et al. [29] approximated the input impedance at any
frequency f near a resonance f; considering the total quality factor, Qr, and the resistance due to

radiating slot of the patch, R;,, as

Rin

n = £ f
1 + 25 — — L
JQT[f f]

r

(252)

where Qr is the quality factor associated with four loss mechanisms, namely, radiation, Q,, the loss
due to heating in the conducing elements and the ground plane, Q., the loss due to heating within
the dielectric medium, Qq, and the loss associated with surface wave propagation on a dielectric

coated conductor, Qs, [32, 108]:

Qr = (Q'+Q'+Q;' +Q;') (253)

The quality factor associated with the surface wave is negligible for thin substrates. For thicker
substrates some other technique will be used to estimate the surface wave contribution. The Q

factors due to conductor loss may be calculated from [32]

Q, =hyrnfp o (2.54)

where 6 is the conductivity.

The Q factor due to dielectric loss may be calculated from
Q,=tan"'d (2.55)
The radiation Q factor is given by [22]
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C“ eew
Q = 4ht,

(2.56)

Other characteristics of the patch may be defined by representing the microstrip antenna
element as a paralle]l RLC lossy resonant circuit, Figure 2.2, comprising capacitance C, inductance L

and resonant resistance R of the TM,, mode as given by Bahl et al. [1] and Carver [28]

L= =5 2.57)

e LW
C = %cos‘2 (%j (2.58)
R = % (2.59)

(OR

The bandwidth is given by equation 2.25.

The radiation patterns in the E and H planes can be calculated by using equation 2.21 and
equation 2.23 respectively. Alternatively, the radiation pattern of a rectangular microstrip antenna
element for TM, can be given as [6] :

in the E-plane

k.h k,L
E,(6,90°) =K, cos( ; cosejcos( "2 s sine) (2.60)
E,(8,90°)=0 (2.61)
with
e TR 2W, il sing
K, =-j = —};— e & (2.62)

where V| is the voltage at either of two ends of the patch and R is the distance from the antenna

element. And in the H-plane:

E,(6,0°)=0 (2.63)
kb sin[ °2 & sinBJ
E,(6,0°) =K, cos(?cos@)cose [kowe . j (2.64)
Tsm@
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with

A\ AR L
Ky =-] R TO 10€ (2.65)

where W, and L. are the effective dimensions, taking into account the fringing fields at the edge of

the patch. They will be given in the subsequent chapters.

2.2.2 Full Wave Analyses

Full wave analyses is a term that covers formulations that are electromagnetically rigorous as well as
computationally extensive. These models usually assume that the substrate is infinite in extent in the
lateral dimensions, and enforce the proper boundary conditions at the air-dielectric interface.

Unfortunately, they require an extensive analytical and computational effort also a high
computational cost. This effort is justified, however, by the reliability of the results, notwithstanding

possible human error.

The full wave analyses, FW, are applicable, in principle, to microstrip antennas of any shape and
thickness and is the most rigorous theory, though accurate results are not always assured. They
utilise the dyadic Green's function pertaining to the grounded dielectric slab for the derivation of a
set of integral equations for the unknown two components of the surface current of the patch. The
technique can easily be extended to multiple dielectric layers. The Method of Moment is then used
to solve the integrals numerically, commonly in the Fourier transform domain [3, 12, 40]. The FW
analyses provide a theoretically exact model from which the resonant frequency and the radiation
pattern can easily be extracted. However, the basic difficulty lies in the dubious definition of the
input impedance of the antenna and in the modelling of the practical complex feed structure
accurately. Therefore, the determination of the input impedance for a specified excitation appears
to be less obvious. Furthermore, in published works, the computations were made only for some

idealised excitations [3].

As far as design is concerned, the use of the FW theory is somewhat limited. For example, it
would not be able to provide a solution readily if it were desired to find the physical parameters of a
patch for a given frequency, bandwidth, polarisation and some radiation characteristics. Even for
the simplest antenna configuration, the numerical treatment requires considerable computational

effort and is time consuming and expensive.
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2.2.2.1 Method of Moments

The method of moments, MoM, is a general procedure to convert the analytical formulation of a
field problem into a numerical formulation in the form of a matrix equation. Many numerical
methods may be considered a special forms of the MoM. The method of moments is generally
applied to the solution of an integral equation. It is presently recognised as a good approach to the

analysis of microstrip antenna configurations [12].

This technique transforms the integral equation into a matrix algebraic equation which can be
solved on a computer. Overlapping rooftops can be used to develop the currents in the x and y
directions, yielding pulse doublets for the surface charge density. The elementary rectangular cells

of the division can take various sizes, so any kind of microstrip structure can be modelled [109].

2.2.2.2 Moment Method in Space Domain

Newman et al [39], Ney [48] and Huang [110] applied their formulation to compute antenna
properties only at frequencies up to the S-band, and therefore did not notice any significant

improvements in the accuracy of their results, as compared to the cavity model method.

This formulation depends on the solving of an integral equation which involves the patch

surface current and the feed current as unknowns. The analysis is performed in several steps:

* assuming an air dielectric, using the image theory, the ground plane is removed from the analysis
and the feed (for both probe-fed and end-fed examples) is replaced by an impressed current

filament,

» the patch surface current is expanded in the terms of N suitably chosen expansion modes,

e the boundary condition that [Eincigenr + Escatered Juy, = O 18 then used to generate the matrix
equation for the unknown mode coefficients, which is then numerically solved for the patch and
feed currents,

e once the currents are known, it is possible to easily calculate the antenna properties.
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In the case of a non-air dielectric, the formulation can be modified in an appropi*iate way by
using the volume equivalence theorem to replace the dielectric slab with a mix of fﬁé\é space and

ci"\»
equivalent volume polarisation currents [39]. def

In order to use the moment method in the space domain, an extremely accurate numerical
evaluation of the matrix elements is needed, posing the drawback that a significant increase in

computational time is required.

2.2.2.3 Moment Method in Spectral Domain

The processes of the moment method in the spectral domain are as follows [42-47], [49-54], [111].
Firstly the integral equation containing the unknown patch current and the Green's function for the
dielectric slab is formulated, and then the exact Green's function for the dielectric slab is derived. A
numerical evaluation of the Sommerfeld type of integrals involved in the expression for the vector
magnetic potential is then carried out, and Galerkin's procedure is used to formulate and compute
the patch surface current (including the feed surface current in the case of an end-fed patch). The
antenna properties are then determined. This method effectively involves the surface wave effects,

as well as mutual coupling effects.

The moment method in the spectral domain is theoretically capable of analysing any arbitrary
patch shape, as well as patch arrays. It's drawbacks seem to be the minor one of the loss of physical
insight resulting from the transformation of the problem into the spectral domain, and that of the

considerable computational and analytical effort required.

2.2.2.4 Finite-Element Method (FEM)

This method is related to the method of moments. The region of interest is subdivided into surface
or volume elements, depending on whether a two - or three - dimensional structure is being
examined. The unknown function, which may be a scalar potential or a vectorial field component, is
approximated within each element by a polynomial function. Each of these functions must satisfy

some particular boundary conditions such as continuity. Application of the Rayleigh-Ritz procedure
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then transforms the functional minimisation into a linear system of equations. The equations to be
solved are usually expressed in terms of an integral-type functional. The functional is chosen such
that the field solution makes the functional stationary. The total functional is the sum of the integral

over each element.

The FEM solution take a more ‘brute force’ approach by modelling the entire antenna,
including dielectric and metal components, and some of the surrounding volume. This method
allows a high degree of versatility for treating arbitrary geometries, including multilayer and

inhomogeneous dielectric, but a high price is paid in terms of computer time [5] and human errors.

2.2.2.5 Finite-Difference Time-Domain Method (FDTD)

The finite difference method transforms a differential equation into a system of algebraic equations.
Derivatives are simply replaced by finite differences. The region of interest is divided into nodes
located on a two - or three dimensional grid. It requires, however, a large number of mesh points,
thus a large memory storage, and numerical efficiency is rather low. Another shortcoming is the

difficulty of fitting curved boundaries with a rectangular mesh [112-117].

The FDTD requires either large memory requirements making the solution procedure highly
inefficient, or estimates of the propagation and decay behaviour of the field which can not be

predicted in a systematic fashion for general applications

2.2.2.6 Transform Domain Analyses

Both the spectral domain approaches used by Itoh and Menzel for rectangular patches [40] and by

Araki and Itoh for circular patches [41] come under the category of transform domain analyses.

Basically, this method, as applied to microstrip antennas involves the following procedures.
Firstly, the coupled homogenous integral equations involving both the longitudinal and the
transverse components of the patch surface current density as unknowns are derived. The resultant
equations are then transformed into algebraic equations using the Fourier transform domain, and

then the unknown patch surface current density components are solved using Galerkin's method.

2-22



Finally, the radiating characteristics of the antenna are computed. This formulation inherently takes
mto account the effects of surface waves. It is known to be efficient, but is generally restricted to

well-shaped structures that involve infinitely thin conductors.

2.2.2.7 Mixed Potential Integral Equation (MPIE) Approach

This approach was proposed by Mosig [55] in order to analyse arbitrarily shaped patches.

Basically, this method involves an adaptation of Harrington's work on wire antennas [40] into the
field of microstrip antennas. The integral equation is a generalisation of the integral equations
considered by other authors, involving both a scalar potential and a vector potential. The method of
moments is used to solve the MPIE in the space domain. However, although several structures of
practical interest are considered, such as a rectangular patch and an L-shaped patch, the results

presented are not in a form that is directly useful to a designer.

2.2.2.8 Conjugate-Gradient Fast Fourier Transform (CGFFT)

Technique

This technique, proposed by Willis and Sengupta [56] is novel in that it makes a distinction between
the currents on the top and the bottom of the patch. The CGFFT proceeds according to the
following steps. Firstly, the dyadic Green's function is derived for a ground plane covered with
dielectric substrate, and then the integral equation for the total patch current is derived. The integral
equation is then solved in the spectral domain by assuming the point of observation on the patch
surface, and thus reducing it to a two dimensional problem. The CGFFT technique is used to solve

the integral equation numerically.

From these procedures the surface current for both the top and the bottom of the patch is
known, and the computation of the radiation characteristics of the antenna can then be performed
using two dimensional stationary-phase integrals [66]. The rigorous modelling of the aperture
admittance could be of some interest to a practicing engineer, but no exact or approximate analysis
has ever been performed, owing to the complexity of the structure. Hence a tedious "cut and try"

optimisation is necessary to realise a broad banding.
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2.2.3 Other Methods

2.2.3.1 The Dyadic Green's Function Technique

An alternative technique for evaluating the characteristics of microstrip antenna is the dyadic
Green's function technique with boundary admittance of the edge. For this technique, the feed pin
size and location, the patch size, thickness and dielectric constant of the material are important in
deriving the analytical expression for the input impedance. The boundary admittance can be
obtained by considering the radiated power and the electric and magnetic stored energies in the
fringe capacitance. As is well known, once the dyadic Green's function is known, the field from an
arbitrary source distribution may be found by means of a superposition integral [1, 2, 57]. The main
difficulty presented by this method resides in the calculation of Green's functions. It is

mathematically cuambersome and does not lend itself to tractable analysis.

The negative aspect of this model is that it requires an extensive analytical and computational
effort, the pay-off of which is the complete trust that the designer can get in the results, possible

human error by the researchers involved notwithstanding.

2.2.3.2 The Wire Grid Method

This approach models the microstrip antenna element and its feed probe as a fine grid of
wire segments immersed in a dielectric medium, and then applies Richmond's Reaction
formulation to solve the piecewise sinusoidal currents distribution on the wire grid
segments. Once the currents are known, all antenna characteristics of interest can be

calculated [59].

This method takes the dielectric slab into account, using empirical frequency shift
and impedance scaling information. Furthermore, it has the advantage of being
amenable to other microstrip patches of more general shape such as the circular disc,

circular segment, rectangular and triangular antenna elements.
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Although this method gives good results for thin antenna elements if the grid is
made sufficiently fine, design computations require considerable computer storage and
time, which escalates design cost. However, it provides some physical insight into the

operation of this class of antenna.

2.2.3.3 Segmentation and Desegmentation Techniques

For the segmentation and desegmentation method the antenna element is segmented
into regular shapes for which Green's function can be determined. The effect of
radiation losses can be taken into account by dividing the radiating aperture into a
discrete number of ports and loading these ports by lumped resistors. This technique
can be applied to any arbitrary microstrip geometry and is readily amenable to
computer aided design based on optimisation methods

[60, 61].

Segmentation techniques can be combined with other theories, such as the
generalised cavity method theory, to compute the properties of the antenna. However,
the main limitation of the generalised cavity method using segmentation technique is
that the effect of the dielectric substrate on the input impedance has not been considered

[62].

2.2.3.4 Electric Surface Current Model

The electric surface current model involves an assumed current density distribution over the upper
conductor in conjunction with the appropriate Green's function, and is applicable to relatively thick
substrates. A computer analysis of the element near resonance is made possible by an
approximation of the current distribution using lossles transmission line analysis. This model takes
into account both the effect of the dielectric material and its effect on the antenna parameters, and

also the surface wave effects, which are an inherent element of the model.
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The electric surface current model was developed primarily with regards to rectangular patches
[63] and conformal antennas [64], but can be easily adapted to analyse a printed dipole. It was also
initially used for predicting the input impedance of a four element array in the calculation of the
radiation pattern of a wire-grid microwave antenna. It is a model that, like the variational approach
discussed in section 2.2.3.6, depends upon an educated guess. However, the two models vary
significantly. Firstly, as the mathematical expressions for the components of the Green's function
necessarily contain both space and surface wave components, the electric surface current model is
valid for electrically thick substrates, whereas the variational approach is applicable only to antennas
with electrically thin substrates. Secondly, the electric surface current model is applicable for
patches of any shape where a reasonable guess of the current distribution can be made, unlike the
variational approach method, which is mainly suitable only for a printed dipole. Thirdly, the
variational approach analyses the structure in the space domain, as opposed to the electric surface

current model, which uses the Fourier domain.

The electric surface current model offers both a consideration of the surface wave effects in the
analysis, thereby extending its applicability to the millimetre wave band, and also ease of use. Its
assumption of a constant transverse current (which may be of questionable accuracy for large W/A,
values), its omission of the feed localities in the calculations of input impedance, and the assumption

of an infinitely large ground plane, all constitute limitations on the model.

Some mathematical formulations of this method are given in Appendix A.

2.2.3.5 The Vector Potential Approach

In this approach, the mode theory of wave propagation developed by Sommerfeld is used to
determine the electromagnetic field produced by a horizontal electric dipole, and the characteristics
of the antenna are then evaluated by numerical techniques. The fields created by a horizontal
electric dipole on the microstrip may be determined from the vector potential. Appropriate
simplifications are required to obtain convergence. Further, it is difficult to obtain physically

significant interpretations of the results [118].
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2.2.3.6 The Variational Approach

The variational approach [66] follows the following two procedures:
¢ Derivation of the Green's function for a horizontal Herzian dipole printed on a ground substrate.

¢ Use of the Green's function and an assumed current distribution on the dipole, based on a quasi-
TEM mode in the microstrip, to write a variational expression for the input impedance of the

antenna.

The variational expression for the input impedance involves two dimensional improper integrals
which are computed numerically. As has been demonstrated in the literature, the superposition of a
space wave component and a surface wave component is the real part of the input impedance
(which is equal to the radiation resistance of the antenna at resonance). Also derived are explicit

closed form equations for the far field components of the radiated field.

The variational approach is valid primarily for thin substrates, that is, those with microwave

frequencies.

2.2.3.7 Transmission-Line Matrix Method

The transmission line matrix method simulates the wave propagation in the time domain by
discretizing the space into a two- or three-dimensional transmission line matrix. It provides a
complete solution to the Maxwell equations It therefore has a number of similarities with the finite
difference time domain method discussed in 2.6. The method is founded on the modelling of the
spatial electromagnetic field in terms of a distributed transmission line network. Electric and
magnetic fields equivalent to voltage and current on the network. The numerical calculation starts
by exciting the matrix at specific points by voltage or current pulses. Propagation of pulses is then
evaluated at discrete time intervals. Time synchronisation is required so that all pulses reach nodes

at the same time [67, 68].
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2.2.3.8 Hankel Transform Technique

The formulation is in the Hankel domain, and is applied to a situation where a concentric circular
patch is in proximity with a similar patch, which functions as a parasitic element, widening the total
antenna bandwidth by a factor of up to nine [69]. This analysis inherently accounts for the thickness
of the substrate and the effects of surface waves, however, it neglects the connection of the two
patches, the centre pin, hence limiting the usefulness of the results for the fundamental quasi TM; o
mode. Another major shortcoming of this method is the considerable programming effort requires

to duplicate the results.

The Hankel transform domain analysis can be applied for microstrip structure, as both the
driving current and the feed have been removed, making the boundary value for the system a source
free problem. Thus it is possible to solve the natural frequencies of the radiating/resonant system.
The structure is actually fixed by a centre pin inserted between two disks, but this can be neglected
if a resonant mode to be analysed is a quasi TM ;o dominant mode, whose E, component vanishes

on the z-axis.

2.2.3.9 The Radiating Aperture Method

This method considers four slots surrounding the central conductor, which is located in the same
plane. The width of the equivalent slots is determined empirically, and the magnetic current density
is expanded over the complete set of resonant modes. Radiation resistances for each mode are then

determined for a particular location of the excitation.

This model, using the Kirchhoff Vector relationship is mathematically precise if the aperture
fields are known exactly [70, 71, 119]. In the absence of exact aperture field distributions, they may
be reasonably approximated to produce good results for thin antennas. However, this model is, in
principle, applicable only to approximate the radiation pattern of microstrip antennas terminated by
open circuits. The main difference between this model and the TLM is that in the first one the far-

field is produced by a slot surrounding the microstrip antenna element.

2-28



2.2.3.10 Reciprocity Method

The reciprocity method [72] may be applied to many different microstrip antenna
configurations, and possesses satisfactory analytical rigour. This method is based on the
reciprocity theorem, using the exact Green's functions (in the spectral domain) for the
grounded dielectric slab and, for the unknown antenna current, a moment method
solution. The necessary field components from electrical and magnetic currents in the
presence of a dielectric slab are found by using the exact Green's functions in the spectral
domain. The accuracy of the results, particularly in the millimetre wave band, are
improved by obtaining the numerical solution for the antenna properties by
incorporating a large number of expansion terms in the aperture field. This model
seems to be limited only by its failure to acknowledge higher order microstrip modes in

the expression for modal fields of the microstrip feed.

This method has been applied to the analysis of both printed slot and aperture
coupled rectangular microstrip patches [72]. It is assumed that both these configurations
are end-fed by a microstrip of infinite length, thus enabling the antenna to be modelled
on a series impedance Z in the microstrip line. This compatibility applies to both the
printed slot and the aperture coupled patch. This method does have some validity in the
millimetre wave band, but the duplication of the results, requiring considerable

programming effort, presents obstacles to the practising engineer.

The basic method can be extended to moment method solutions for slot antennas
with numerous expansion modes in the slot, and for aperture coupled patch antennae
with numerous expansion modes on the patch, resulting in a combination of the
reciprocity analysis and a moment method structure, using the exact Green's functions
for the planar structure. This combination provides a versatile technique that should

find application in a number of printed antenna and planar circuit problems.
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2.23.11 Generalised Edge Boundary Condition (GEBC)

Technique

The GEBC technique [73] proceeds by decomposing an arbitrary patch shape, including the feed,
into a discrete series of interrelated segments, and then, assuming a TEM mode of propagation, the
equivalent voltage and current on each patch are defined. A generalised boundary condition in
integral form thus relates the equivalent voltage and current everywhere along the patch edge. This
technique accounts for the dynamic edge effects and mutual coupling between different edge points

by implication.

Analysis of an arbitrary patch shape eventually results in a discrete version of the edge
boundary conditions, which is convertible into the corresponding matrix form, in which the
equivalent voltages and the equivalent current matrices are the unknowns. The solution for the
equivalent voltage and currents (for various segments) can then be solved numerically. The

computation of antenna properties then follows.

Two main steps are followed in this technique. Firstly, the edge of the patch and its feed line
are discretised as a series of connected segments, and, secondly, an equivalent voltage and an
equivalent current are defined on each patch. The resultant boundary of the patch and the feeding
line can then be seen as an interface between two separate networks, the first taking into account
the coupling under the patch, and the second presenting the dynamical edge effects and the coupling
over the top side of the patch. This general and computer efficient method can then be satisfactorily
applied to the determination of the input impedance of some commonly used probe fed antenna strip

fed patch resonators.

The basic limitation of the GEBC method is that it assumes a thin substrate, limiting the
method's application to mostly microwave and lower millimetre wave bands. This limitation is
compounded by the considerable numerical and analytical effort necessary to implement the

formulation.
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2.2.3.12 Generalised Variational Approach

The generalised variational approach [74] incorporates both the variational method and the modal
expansion method in order to analyse a patch of arbitrary shape. The aim of the method is to arrive
at a network model for a microwave antenna with multiterminals. It is based on an assumption of a
thin substrate, and a perfect magnetic wall at the antenna boundaries is assumed. It can be used for
almost any arbitrary patch shape, and can handle a multiport patch attachment, these being its two

main points of appeal.

Four main steps are followed by this technique. Firstly, assuming an electrically thin substrate,
it is assumed that only the quasi TEM propagates. Then, assuming a Newman boundary condition,
that is, perfect magnetic walls, a solution to the scalar Helmholtz equation is constructed which
expresses E, as a double integral over the patch surface. The integral in this solution is the product
of the Green's function and a function representing the surface current distribution of the patch.
Thirdly, the various eigenvalues and eigenmodes involved in the Green's function are computed
using a standard variational formulation and the Rayleigh-Ritz method. The accuracy of the
eventual solution is affected by the number of the basis functions chosen for each eigenfunction.
Finally, the field components can be computed once the Green's function is known. This approach
is relatively comprehensive, however, the basic assumptions involved in the method, that is, an
electrically thick substrate and perfect magnetic walls, limit its usefulness to mainly microwave

frequencies (typically up to around 30 GHz).

2.2.3.13 Dual Integral Equation Approach

This approach provides an analysis based on two assumptions; that there is a zero metallisation
thickness and that there is a uniform current on the probe [75]. It then proceeds through four steps.
Firstly, taking a case where the patch is absent, thus reducing the problem to a vertically located
probe in a dielectric that is encompassed by the ground plane on one side and a free space on the
other, the authors derive the z-component of the E-field using a dyadic Green's function formulation
in the vector Hankel transform domain. Secondly, a circular patch is put in place (at z = h), and the

induced current on the patch is computed, assuming a symmetrically located probe. The fields
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resulting from this induced current (which are termed conjugate fields) are then derived. Thirdly,
suitable boundary conditions are derived, resulting in a pair of vector dual integral equations. The
unknown patch current can then be solved from these by using the standard Galerkin's procedure.
Finally, once the patch current is known, it is possible to derive the radiation characteristics in a
straightforward way. Theoretically, this method should also be applicable to other patch shapes

also.

The authors [75] have drawn two significant conclusions regarding this method, these being
firstly that for thin substrates, a single mode approximation for the patch current is sufficiently
accurate. Secondly, as the substrate thickness approaches zero, the results converge for the case of
a magnetic wall resonator model. It would seem to be valid, as the authors conclude, that minimat
assumptions and approximations should be made (except for the assumption of a constant current
on a probe feed, which becomes more difficult to justify as the frequency increases). The chief
drawback of this method is the considerable programming effort required to implement the

formulation.

2.3 Conclusion

Some methods and models which have been used to date for analysing microstrip antenna structures
have been listed. Each method has its application but also some limitations. Thus there is no method

alone which is appropriate for predicting all the fundamental properties of an antenna.

Many techniques used for the analysis of microstrip antennae require the resolution of large
systems of linear equations. For large numbers of unknowns, matrix inversion requires a very large

memory space and becomes impractical or extremely time consuming.

The classical models generally provide sufficient information. Their main advantages lies in their
simplicity, resulting in a relatively small computational effort, and they allow easy synthesis of

microstrip antennae.

The TLM and CM have been chosen for application in this thesis. The relevant parts of these
methods have been presented. These two models were chosen instead of the more complicated ones

because:
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e It is an advantage to use simple and general models because only basic computing facilities will

be required.

e They have been shown to be quite adequate for design purposes for antenna elements with

substrates thinner than approximately 0.13A,.

o They use the same field distribution under the patch as the fundamental mode.

o The assumption that most of the energy is stored in the fundamental mode was found to be

reasonable because the antenna element has such a narrow bandwidth.

This thesis uses a TLM to calculate the resonant patch length, resonant frequency, far-field
radiation patterns and beamwidth for antenna elements with substrates thinner than approximately
0.13 Ay For thicker substrates however, the equations for computing the antenna characteristics
have been modified by the addition of empirically derived correction factors or using effective patch

dimensions.

The CM has been used for computing the input impedance, efficiency and bandwidth of

antenna elements with thin substrates.

Other more general methods involve extensive numerical procedures, resulting in round-off
errors, and may also need final experimental adjustment to the theoretical results. They also suffer
from a lack of computational efficiency, which in practice can restrict their usefulness due to high

computational cost.
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Chapter 3

Formulae for the Computation of the Physical
Properties of Rectangular Microstrip Antenna

Elements with Various Substrate Thicknesses

3.1 Introduction

The basic microstrip antenna element is a resonant patch of metal on the surface of a grounded
dielectric slab. The patch is usnally printed on a microwave substrate material with thickness h
and relative permittivity €. Its physical properties are the resonant length, L, the width, W, and

the feed point location, a, as shown in Figure 1.1.

Since a microstrip antenna is inhomogeneous and the radiation appears at the edges of the
patch, the physical properties are difficult to determine when designing an antenna for a specified
frequency and substrate material. It is well known that the @Rtpnna performance characteristics
depend largely on the physical dimensions of the patch, the diameter and position of the feed
probe, the relative permittivity and the thickness of the substrate on which the antenna element is
placed./ For exampleg‘;,L-I“J affects the resonant frequency, the resonant resistance, the bandwidth,
the é%ciency and the E;plane radiation pattern, W affects the resonant frequency, the bandwidth
and the H-plane radiation pattern and the feed point location controls the resonant resistancer\;as

will be shown in subsequent chapters. It is also known that a rectangular microstrip antenna
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element radiates efficiently when it resonates, which means that the patch length is approximately
one-half of the wavelength in the substrate medium. In practice, the fringing capacitance effect
associated with the radiating edges causes the effective distance between the radiating edges to
be slightly greater than patch physical L, so that the actual resonant length is slightly less than
A2 for thin substrates and slightly larger than A4/2 for thick substrates, where A4 is the

wavelength in the dielectric substrate.

Although several formulae using different levels of approximation are available in the
literature to design the physical properties of rectangular microstrip antenna elements [1 - 5], 9,
18, 21, 32, 99], [120 - 122] there appears to be no reliable general method which gives these
properties. The formulae are different, they do not yield similar results, and the ranges of their
validity are generally not known. The designed antenna elements using these approximations
may not resonate at all for the range of the substrate thicknesses considered in this thesis (0.0065
Ao <hand 2.22 <& < 10.2). Above all, the designer needs a practical and reliable method for
calculating the physical properties of interest for rectangular microstrip antenna elements with
various substrate relative permittivities and thicknesses. The designer has thus been forced to

obtain the required physical properties by a trial-and-error technique.

The aim of the work presented in this chapter is to

e carry out a study on the design of physical properties and feeding of antenna elements with
various relative permittivity and thickness of substrate materials over a wide frequency band,

¢ discuss the published formulae on the design of physical properties,

¢ determine the suitability and threshold of the applicability of these formulae,

¢ develop formulae that can determine the physical properties of thin antennae,

e develop formulae that can calculate the feed point location of these antennae

e derive empirical formulae that can calculate the effective permittivity of their substrate
materials,

e develop formulae that can determine the physical properties of thick antennae,

e study the effects of the substrate thickness on the patch dimensions.

The methods used to develop the new empirical formulae are described briefly in following

sections.
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Note that

e antenna elements with substrates thinner than approximately 0.0815 A,, which correspond to
0.130 A4 for 2.22 <, < 10.2 are considered as thin as discussed in Chapter 1
e cach data point in the figures in this chapter represents a measured or calculated value of an

individual antenna element with a set of antenna parameters.

3.2 Review of Formulae for Computing Physical

Properties of Rectangular Antenna Elements

The formulae available in the literature for the design of the physical properties of rectangular
microstrip antenna elements are discussed and their applicability is determined in the following

sections.

3.2.1 Element Width

Patch width is an important consideration for both thin and thick antenna elements. Therefore,
when selecting the patch width it must be considered that, qu to the excitation of surface waves, a
small width results in a large bandwidth, and low antenna efficiency and gain. A large width,
however, results in the excitation of high order modes which may distort the radiation pattern,
decrease the bandwidth and increase the efficiency. For thin antenna elements the width must be

less than 7“1{,2;,39 that higher order modes are not excited. According to Derneryd [21].

W = 0.3), 3.1

Weinschel [120] suggests that a reasonable dimension for W is approximately:

(32)
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Bahl et al [1], Bahl [121] and Schroeder [122] give an empirical approximation for
computing the W of those antenna elements which have a substrate thickness less than

0.001 Ay

A

2 ,/0.5(; +1)

Unfortunately, the basis for the derivation of the approximations mentioned above is not given.

W = (3.3)

3.2.2 Element Length

Microstrip antenna elements rely on some resonance property, and therefore need to occupy a L

which is influenced by the dielectric between the patch and the ground plane.

Munson [18] assumes the physical length of a rectangular microstrip antenna element with

thin substrates to be slightly less than a half wavelength in the dielectric substrate material:

L = 0.49), (34)

with

CO

f./e,

where ¢, = 3x10° m/s is the velocity of electromagnetic waves in free space and {; is the resonant

Ay =

(35)

frequency.

Note, that the exact value of ¢ is critical, and is usually specified and measured by the

manufacturer.

Microstrip antennae have an inhomogeneous nature: an electromagnetic field produced by
surface charges and currents on the patch conductors extends across at least two different media.
These media are the dielectric material on which the antenna is printed and the surrounding space,
usually air. The wave velocities in the two media are different, because a quasi-transverse
electromagnetic (TEM) wave exist. The phase velocity, vy, is linked to the effective permittivity, €.,

as follows [1]:
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v, = —2 (36)

Taking into account the fields in these media through the characteristic impedances of substrate

filled, Zey, and air filled, Z,y, microstrip line of width W, (assuming the thickness of the strip

conductor is zero) Wolf et al [123] proposed for v, the following expression
Vp = C, — (3.7)

Using equation 3.6 and equation 3.7 an expression has been derived for €., for rectangular

microstrip antenna elements with various relative permittivity and thicknesses of substrates [83]:

ZUW 1
Eew *"[Z ) (3-8)

oW

Zy, can be calculated from equation 2.4 or equation 2.5 and Z,,, is determined by setting

&= 1 in equation 2.4 or equation 2.5, yielding for W/h < 3.3:

R 4h 16h?
—— ° In| —+,/2+— 39
Z 2n[ [w w J] £
and for W/h>3.3
-1

R Y
Zow = —2 W 09033 + 03184 1n(—+0.94) (310)

2 | 2h 2h

where R, = 120 7€ is the wave impedance in free space.

It is important to note that equation 3.8 predicts the effective permittivity for antenna
elements with various relative permittivity and thicknesses of substrates [83]. Alternatively .,

can also be calculated from equation 2.10 yielding similar results.

As described above, because part of the region surrounding the patch is air, the resonant
length can not be scaled with relative permittivity as (¢ as an antenna in a homogeneous
medium does. James et al [9] gives an approximation for computing the L of those antenna

elements which have a substrate thickness less than 0.006 A4:

3-5



L (3.11)

_ Co
 2fEm

In effect, the lines of the fringing field do not stop abruptly at the edge of the patch. There is
a stray field extending beyond the edges. This can be interpreted as an electrical lengthening,
AW, of the patch, which implies an amount of stored energy and can be calculated from equation
2.11. The simple transmission line model, along with this line extension can be used to give an
approximate length of a rectangular antenna element as
(1,3, 121]

L=t _oaw (312)
2.¢.,

For substrate thicknesses less than 0.002 A, another simple approximation for the patch

resonant length of a rectangular antenna element is given in [5] as

Ao
24/€,,

L =

—h (313)

In this expression the h was assumed to be the same as the AW.

3.2.3 The Feed

Another important item in the design of microstrip antennae is the feed structures and their
locations. Without adequate attention to the feed, the antenna cannot function properly, despite

being designed with care and precision.

Power can be coupled into or out of the antenna element by a variety of methods. Some of the
widely used feed types are coaxial probe, microstripline, aperture coupling, and proximity

coupling [1 - 5].

The feed of the antenna element must be carefully designed to avoid perturbation of the
radiation patterns. In this respect, coaxial feed, also called probe feed, is superior to other types,
because it is simpler to model and integrate in the antenna element. The coaxial feed is modelled by

attaching a coaxial connector to a suitable point on the ground plane, with the inner conductor

3-6



passing through it and the dielectric substrate, to an appropriate point on the metallic patch as
shown in Figure 3.1.
Probe fed rectangular antenna elements have been used in this research because:
e input impedances are most accurately measured by a coaxial arrangement,
e the desired impedance characteristic can be obtained by the proper location of the inner
conductor,
e the feed line does not cause any radiation loss, and

e the cable can be placed under the ground plane to minimise coupling between the patch and

the feed.

PATCH PIN

—t— SUBSTRATE

GROUND PLANE E g [“5 COAXIAL

CONNECTOR

Figure 3.1: Probe coupled microstrip antenna element.

The variation of the input impedance at resonance with the probe position follows that of the
cavity field. Further, disadvantages of such a feed include the structure not being completely
monolithic, and becoming more difficult and costly to fabricate.

The feed location was chosen to provide a resonant resistance that was close to 50 Ohm.

For completeness some comments on the relative advantages and disadvantages of coaxial

probes and other feed models are summarised briefly in Table 3.1.

3.3 Experimental Procedure

3.3.1 Substrates Materials

The antenna elements considered for this thesis were fabricated on five different types of
substrate as shown in Table 3.2. The electrical thickness, defined as h/A4, of these antenna
elements are in the substrate thickness range 0.0065 < h/A4 <0.2284, and the physical thickness

is between 0.17 mm and 12.81 mm. They operate over the frequency range 2.980 GHz < f, <
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8.450 GHz. The size of the substrate material was 100 mm square and the ground plane 700
mm square. Note that substrate thicknesses were increased by stacking two or more double

sided etched substrate slabs together.

Table 3.1 Microstrip antenna feed techniques [3 - 5]

Techniques Advantages Disadvantagﬁ
Coaxial Probe e Impedance matching by probe | e Impedance is highly inductive
location. when thick substrates are used

e Probe location can selectively excite
additional modes

e Can be used with plated vias for
multilayer circuits.

Microstripline e  Monolithic e Spurious radiation
e Radiating Edge e  Good Polarisation e  Must be inset or use transformer
to match impedance
¢ Nonradiating Edge e Impedance matching is easier
e xcites cross-pol
Proximity Coupling
e Monolithic e No DC contact between feed and | ® Direct radiation from coupling
radiating patch. region.
e Dimensional tolerance.
e Multilayer » Can have large effective thickness for | ¢ Multilayer fabrication is
patch substrate and much thinner feed required.
substrate. e Difficult to optimise.

e Several degrees of freedom available
for matching/tuning.

Aperture Coupling] e Independent choice of substrates for | ¢ Multilayer fabrication required.
feed and radiators.

e No spurious radiation from feed.

e No via connectors

3.3.2 Construction and Testing

The physical properties of thirtythree individual antenna elements have been obtained
experimentally by a process of a trial-and-error, because no reliable general rules or formulae
exist for predicting them. This experimentation has been performed by varying the relative
permittivity and thickness of the substrate, patch length, width and feed point location in order
to achieve a minimum return loss and an approximate match to 50 ohm. For each constructed
antenna element the return loss and input impedance were measured. Return loss and Smith
chart plots are given in Chapters 4 and 5. If the antenna was perfectly matched, and had a
minimum return loss, the peak frequency was determined from the return loss plot. Using a

micrometer, the patch length, width and feed point location were measured and listed in Tables
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3.3 and 3.4. Chapter 4 details the input impedance, and in Chapter 5 the resonant frequency is

discussed.

Table 3.2: Substrate materials used in this thesis

himm] e, Loss tangent tand

Duroid substrate 0.17 222 0.001
0.79 233 0.001
1.27 102 0.001
1.57 233 0.001
PTEE substrate 0.79 250  0.001
1.50 2.50  0.001
1.63 255 0.002
4.76 255  0.002

The substrate electrical thicknesses of antenna elements listed in Table 3.3 are in the range
0.0065 < h/A4 < 0.1292, and the physical thickness is between 0.17 mm and 4.76 mm for 2.22
< & < 102. They operate over the frequency range 3.970 GHz < f, < 8.450 GHz. These
antenna elements are considered as thin. The substrate electrical thicknesses of antenna
elements listed in Table 3.4 are in the range 0.1405 < h/Aq <0.2284, and the physical thickness
is between 3.30 mm and 12.81 mm for €, = 2.55. They operate over the frequency range 2.980

GHz <{,<8.000 GHz. This class of antenna elements are considered as thick.

3.4 Validations of Available Formulae

The validations of the available design formulae for antenna physical properties are as follows:

Firstly, the experimentally derived patch lengths are plotted as a function of Ay and
compared with A¢/2 values of all antenna elements listed in Tables 3.3 and 3.4. A typical plot is
shown in Figure 3.2. It is seen the resonant length is slightly less than A¢/2 within the substrate
thickness threshold of 0.130Aq > h and slightly larger beyond it.
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Secondly, the experimentally obtained electrical lengths, L/A4, and electrical widths, W/A,
are plotted as a function of electrical thicknesses, h/Aq, of all antenna elements listed in Tables

3.3 and 3.4. These results are shown in Figure 3.3.

T

Patch length (mm)

O L i L i 1 L i L L ] i i i i 1 L i L L 1 i L i L
20 30 40 50 60 70

Wavelegth in the dielectric substrate (mm)

Figure 3.2:  Experimentally obtained resonant lengths versus wavelength in the dielectric
substrates of all antenna elements listed in Tables 3.3 and 3.4.

08 T T T T T

T

0.6 N

Lk, Wik, Elkd

Substrate electrical thickness

Figure 3.3:  Experimentally derived electrical lengths, widths and feed point locations versus
electrical thicknesses of all antenna elements listed in Tables 3.3 and 3.4.
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It is seen in this figure while the patch electrical lengths decrease slightly up to a threshold
value of approximately h = 0.130 Ay and then increase, the electrical widths the electrical

widths increase up to a threshold value of approximately 0.08 A4 and then decrease.

Thirdly, the experimentally derived patch length results are compared with those obtained
from existing formulae from previous research by plotting the ratios of experimentally derived
and calculated lengths as a function of substrate electrical thicknesses of all antenna elements
listed in Tables 3.3 and 3.4. A typical plot is given in Figure 3.4 It is seen the experimentally
derived resonant lengths are identical to those obtained from equation 3.12 and different to

those obtained from other formulae for the substrate
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Figure 3. 4: Ratios of experimentally derived element lengths and those obtained from
equations 3.4, 3.11, 3.12 and 3.13 versus substrate electrical thicknesses of all antenna
elements listed in Tables 3.3 and 3.4.

thickness interval of 130 Aq = h. Therefore equation 3.12 can be used to design the resonant
lengths of antenna elements with thin substrates at a specified resonant frequency and dielectric
substrate material. For thicker substrates, however, these formulae enable the computation of
the patch resonant length. Therefore formulae for resonant patch length for thick antenna

elements will be empirically derived in the following sections.



Fourthly, because the W of an antenna element can not generally be expressed as a
straightforward function of substrate thickness, this refation can be arranged into a design chart
by experiment. Use of such a design chart can establish an expression for W that considers the
h and €. Therefore, a formula for computing W for antenna elements was devised from the

experimental data obtained also from a process of trial- and -error.

The experimentally derived patch widths are compared with those obtained from existing
formulae from previous research by plotting the ratios of experimentally derived and calculated
widths as a function of substrate electrical thicknesses of all antenna elements listed in Table 3.3
and 3.4 as shown in Figure 3.5. It has been found that antenna elements designed using
equations 3.1, 3.2 and 3.3 neither ‘resonated nor attained a minimum return loss or a 50 ohm
match. Equations 3.1, 3.2 and 3.3 are therefore not appropriate for designing patch widths for
the range of substrate thicknesses considered for this research. It is seen the experimentally
derived patch widths are not identical to those obtained from available formulae. Formulae for
resonant width for thin and thick antenna elements will be empirically derived in the following

sections.
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Figure 3.5: Ratios of experimentally derived element widths and those obtained from
equations 3.1, 3.2 and 3.3 versus substrate electrical thicknesses of all antenna elements listed
in Tables 3.3 and 3.4.
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Fifthly, the positioning of the feed probe to obtain a 50  input impedance is also
determined by trial because of the lack of a design model for such a feed. Actually, no design
data is available on feed location. An approximation for the distance between the coaxial feed
probe and the nearest edge of the element which may provide an optimum impedance match is
taken as a third of the resonant length for thin antenna elements. However, this approximation
enables to determine the feedpoint locations of antenna elements with thicker substrates. Feed
point locations as a function of substrate electrical thicknesses of all antenna elements listed in

Tables 3.3 and 3.4 are shown in Figure 3.3.

3.5 Physical Properties of Thin Antenna Elements

3.5.1 Element Width

A formula for computing the patch width of rectangular antenna elements has been developed
using the experimentally derived W data plotted in Figure 3.6 against substrate electrical
thickness. By analysing the dependence of the curve on the relative permittivity and thickness
of the substrates and the resonant the following closed-form formula was empirically derived to

fit this curve [79, 80].
W = Jh), |:ln (%) — 1} (3.14)

This formula allows the designer to predict reliably and quickly the width of a rectangular

microstrip antenna elerent at a specified resonant frequency and dielectric substrate material.

—

3.5.2 Element Length

The comparative study, using experimental results, confirmed that the formula based on TLM

(3.12) best predict the resonant lengths of antenna elements with thin substrate.
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3.5.3 Feed Point Location

An alternative empirical approximation can also be used to predict the feed point location [79]

a = = (315)

2 EeL

where €. is the effective permittivity as a function of the patch length. It can be calculated

from (2.10) or (3.8) by replacing W with L. This formula follows the trend of the experimental

data plotted in Figure 3.2.
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Figure 3.6: Experimentally derived electrical patch widths and those obtained from equation
3.14 versus substrate electrical thicknesses of all antenna elements listed in Table 3.3.

3.6 Physical Properties of Thick Antenna Elements

The equation 3.12 which is based on the TLM as presented in Section 3.2.2 was used
successfully to predict the resonant length for a desired resonant frequency of patches with thin
substrates. However, it was observed that antenna elements designed using equations 3.4, 3.11
and 3.13 ceased resonating when h > 0.0815 A,. Since no data or formulae exist for calculating

the dimensions of antenna elements with thick substrates, the experimental data plotted in
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Figure 3.3 have been taken as a basis for developing formulae to calculate the dimensions of

such antenna elements.

3.6.1 Element Length

The differences between the L values obtained from equations 3.11 and 3.13 and experimental
results of the antenna elements given in Tables 3.2 and 3.3 are shown in Figure 3.2 as a
function of wavelength in the dielectric substrate of these elements. This figure also indicates
that the resonant lengths of antenna elements with thick substrates are slightly larger then Ay/2.
A new formula for patch resonant length was derived using Figure 3.7, by analysing the shape
and slope of the length curve. By changing the terms within an empirical formula, the outcome
was plotted until the length curve fitted that recorded from the experimental data. The

resulting formula is [78]:

L=2 [ (3.16)

S

r

This formula may be used to calculate the length of antenna elements at resonance with thick

substrates satisfying the criterion 0.130 < A4, equivalent to 0.0815 < h/A,.

3.6.2 Element Width

A formula for patch width was derived using Figure 3.7 focusing on the characteristics of the
width curve lying in the interval of h > 0.00815 A, of Figure 3.3 using the same method as

outlined in Sections 3.5.1 and 3.6.1. The resulting formula is:

W= Mfa {m(ldj—lJ 3.17)
21 h

where €, is the effective dielectric constant of a microstrip line of width L. It can be calculated
by replacing W by L in equation 2.10 or 3.8. The new formula was used to compute the

widths of antenna elements with thick substrates.
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Figure 3.7: Ratios of experimentally derived patch lengths and widths and those obtained
from equations 3.16 and 3.17 versus substrate electrical thicknesses of all antenna elements

listed in Table 3.4.

Table 3.3 Dimensions and results for antenna elements with thin substrates

Patch L L W W a fe h h/y &
No (mm) (mm) (mm) (mm) (mm) (GHz) (mm)
Experimental Eq. 3.12 Experimental Eq.3.14
1 12.90 12.98 8.50 8.47 4.15 7.740 0.17 0.0065 2.22
2 11.85 11.89 7.90 7.93 4.10 8.450 0.17  0.0071 222
3 25.00 25.08 20.00 20.01 6.83 3970 079 00155 222
4 11.83 11.83 10.63 10.63 390  7.730 079 00326 222
5 10.00 10.09 9.10 9.05 375 4.600 127  0.0622 102
6 18.60 18.64 17.20 17.24 594  5.060 1.57 0.0404 233
7 19.60 9.68 18.10 18.11 627  4.805 1.57 0.0384 233
8 13.50 13.51 12.70 12.75 4.25 6.560 1.63  0.0569 2.55
9 16.21 16.00 15.00 14.97 528  5.600 1.63 0.0486 2.55
10 14.12 14.12 13.37 13.37 475 6200 200 0.0660 2.55
11 12.00 12.00 11.20 11.23 425 7050 242 0.0908 255
12 14.85 14.85 14.03 14.03 460 5800 252 0.0778 2.55
13 16.30 16.36 15.30 15.43 470 5270 3.00 0.0833 2.50
14 12.80 12.75 11.70 11.77 340 6570 3.00 0.1039 250
15 10.18 10.16 9.05 9.02 370 7990 300 0.1263 250
16 15.80 15.77 13.75 13.85 582 5100 476 0.1292 255
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3.6.3 Feed Point Location

For the same reasons as articulated in Section 3.5.3, trial-and-error technique was also used for
calculating the feed point locations for thick antenna elements. However, varying the terms within
the existing formula did not result in a good fit to the experimental curve shown in Figure 3.3. This
figure illustrates the experimentally obtained feed point locations as a function of the substrate
electrical thicknesses of antenna elements with various substrate thicknesses. The feed probe must

be placed at a suitable point to obtain the best return loss and perfect impedance match (preferably

50 € input resistance) [65].

Table 3.4: Dimensions and results for antenna elements with thick substrates

(e,=2.55)
Patch L L w \W a f; h h/A4
No (mm)  (mm) (mm) (mm)  (mm) (GHz) (mm)
Experimental Eq. 3.16 Experimental Eq. 3.17

1 10.80 10.85 7.76 7.77 4.03 8.000 3.30 0.1405
2 12.55 12.64 7.90 7.98 3.00 7.134 4.00 0.1519
3 14.50 14.54 9.87 9.87 3.75 6.070 4.50 0.1454
4 15.20 15.27 10.00 10.13 3.45 5.820 4.76 0.1475
5 14.40 14.59 8.14 8.28 3.10 6.380 4.76 0.1617
6 16.20 16.18 7.90 7.93 3.50 5.990 5.50 0.1754
7 19.70 19.57 12.00 11.92 2.55 4.660 6.26 0.1553
8 23.00 23.01 7.83 7.83 4.25 4.600 8.54 0.2091
9 27.56 27.54 12.56 12.65 3.20 3.580 9.52 0.1814
10 26.20 26.12 9.74 9.64 3.10 3.980 9.52 0.2017
11 26.40 26.38 10.20 10.18 3.55 3.900 9.52 0.1976
12 26.76 26.77 8.83 8.84 3.06 3.980 10.00 0.2119
13 28.35 28.36 7.77 1.77 3.20 3.900 11.00 0.2284
14 31.30 31.40 9.20 9.29 3.00 3.470 12.00 0.2216
15 33.80 33.79 10.30 10.39 3.60 3.200 12.81 0.2182
16 35.00 35.01 12.65 12.71 3.70 2.980 12.81 0.2032
17 34.00 34.05 10.80 10.88 3.70 3.150 12.81 0.2148

3.7 Discussion

The specified, experimentally derived and calculated results are listed in Tables 3.3 and 3.4.

The second and third columns of these Tables show respectively the experimentally derived
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resonant lengths and those obtained from equations 3.12 and 3.16. The fourth and fifth show
respectively the experimentally derived widths and those obtained from equations 3.14 and
3.17. The sixth shows the experimentally derived feed point locations, while the seventh gives
the measured resonant frequencies. The physical thicknesses and the electrical thicknesses of
the specified substrate materials are listed in the eighth and ninth columns of these tables
respectively. And the last column of Table 3.3 shows the relative permittivity of the specified

substrate materials.
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Figure 3.8: Aspect ratios versus substrate electrical thicknesses of all antenna elements listed in
Tables 3.3 and 3.4.

The experimentally derived patch lengths are plotted as a function of Ay and compared
with A4/2 values of all antenna elements listed in Tables 3.3 and 3.4 in Figure>/£’>,2. It is seen the
resonant length is slightly less than Ay/2 within the substrate thickness threshold of 0.130A4 > h
and slightly larger beyond it. k

Figure 3.3 illustrates the experimentally obtained data for lengths, widths and feed point

locations as a function of the substrate electrical thicknesses for all antenna elements listed in Tables

specified substrate thickness threshold, and then increase. The relationship between the increase in
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substrate electrical thickness and the increase or decrease in the widths is non-linear. Here an

increase in patch length reduces the width, and the width reduction is greater for thicker substrates.

Figure 3.8 illustrates the data for the aspect ration, W/L, as a function of the substrate
electrical thicknesses for all antenna elements listed in Tables 3.3 and 3.4. This curve show a

non linear behaviour in aspect ratios.
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Figure 3.9: Effective permittivities versus substrate electrical thicknesses of all antenna elements
listed in Table 3.3 and 3.4.

The €.w values obtamed from equations 2.10 and 3.8 are plotted in Figure 3.9 as a function of
the substrate electrical thicknesses of the antenna elements given in Tables 3.3 and 3.4 except

that for €, = 10.2. Both expressions yield similar results.

3.8 Conclusion

Formulae available in the literature on the design of the physical properties of rectangular
microstrip antenna elements have been discussed and their validity assessed. Specifically, it has
been demonstrated that the equation based on the TLM (equation 3.12) for computing the
resonant lengths for specified frequencies of rectangular microstrip antenna elements, is valid

only for elements with substrates thinner than approximately 0.13 A.
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It has been found that antenna elements designed using the available formula for
calculation of widths failed to resonate when h exceeds 0.002 Ay. A novel empirical closed-
form expression has been derived for computing the widths of antenna elements with thin
substrates based on a curve fitting method. The expression (3.14) shows explicitly the
dependence of the W on the resonant frequency, the permittivity and thickness of the substrate

material.

An expression has been presented that predicts the effective permittivity as a function of
patch physical parameters, thickness and constant of the dielectric substrate for rectangular
microstrip antenna elements with thin and thick substrates. The technique is adaptable to a
wide variety of dielectric materials and is scalable over wide frequency ranges. It is an
approach suitable for correcting for relative permittivity effects on the electrical patch

dimensions and operational properties.

Using a curve fitting method an approximation was found for estimating feed point
locations for antenna elements with thin substrates. This overcomes inadequate design

methods for the probe feed.

However, feed point location for antenna elements with thicker substrates should be

obtained experimentally, because the lack of formulae for designing them.

All formulae in current use, including the newly devised formulae, fail to accurately predict
resonant lengths and widths of rectangular antenna elements with thicker substrates. Therefore,
new empirical formulae have been derived using a curve fitting technique, to calculate patch
widths and resonant lengths for antenna elements with thick substrate. Although no
experimental data is yet available for thick antennae in the research publications to verify
formulae 3.16 and 3.17, their correctness is confirmed by the tested performance properties of

the antenna elements designed using these formulae.

The formulae derived in this chapter allow rectangular antenna element designers to calculate
dimensions for a specified frequency and substrate material. Graphical presentations of the designed
dimensions of rectangular microstrip antenna elements with substrates ranging in thickness from

0.0065 A4 to 0.2284 A4 have been analysed and discussed.
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The contributions described in this chapter are therefore

The study of the design of physical properties and feeding of antenna elements with various

relative permittivity and thickness of substrate materials over a wide frequency band.

The overview of the published formulae on the design of physical properties.

The determination of the suitability and threshold of the applicability of these formulae.

The development of a formula that can determine the physical length of thin antenna

elements.

The development of a formula that can calculate the feed point location of thin antenna

elements.

The derivation of a formula that can calculate the effective permittivity of antenna elements

with thin and thick substrates.

The derivation of an empirical formula that can calculate the width of antenna elements with

thin substrates.

The derivation of an empirical formula that can calculate the length of antenna elements with

thick substrates.

The derivation of an empirical formula that can calculate the width of antenna elements with

thick substrates.

The study of the advantages and disadvantages of various feed techniques on thin and thick

substrates.

The study of the effects of substrate thickness on the patch dimensions.
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Chapter 4

The Calculation of the Input Resistance of
Rectangular Microstrip Antenna Elements with

Various Substrate Thicknesses

4.1 Introduction

The input impedance of an antenna directly affects the efficiency of energy transfer to or from the antenna. It
varies according to the antenna properties such as the excitation frequency, the permittivity and thickness of
the substrate, patch length and width, and the location of the feed point. Owing to its effects on the efficiency
of energy transfer, it should be determined accurately in order to provide a good match between the patch and

the feed.

Several analytical and theoretical methods varying in accuracy and computational effort are available in
the literature for the calculation of the input impedance for rectangular microstrip antenna elements with
substrates ranging in electrical thickness from 0.005 A4 to 0.166 A4 [1-16], [30-34], [39, 42, 53], [124-131]
where A4 is the wavelength in the dielectric substrate. The maximum electrical thickness of 0.166 A4 given
above was obtained using a 3.175 mm thick substrate with dielectric constant of 2.33 measured at 10.25 GHz
[130]. In this case the electrical thickness is large because the frequency 1s larée, but the physical thickness s

small compared with other antennae elements used in this thesis. A summary of the methods is given in
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Chapter 2. The most of these methods involve complex analysis of the physical phenomena, often require
considerable computation time and do not easily yield the equivalent circuit. As far as it is known, none of the
models described in the literature have successfully computed the resonant input resistance of antenna
elements with thick substrates, except for the isolated example above. Basically, no design data exists on
input impedance 1n the iligher fr;,quency ranges and for antenna elements with electrically thicker substrates.
The choice of method to calculate the resonant input resistance is a practical concern, because the existing
methods do not give consistent results [125] and are computationally demanding. This indicates that further

studies concerning the influences of various parameters and also losses on the resonant input resistance of

antenna elements with various thicknesses of the dielectric substrate are still necessary.

As briefly outlined in Chapter 3 the antenna element can be considered as open circuit termination,
whereby the incident Transverse Electromagnetic (TEM) wave in the line is not only reflected and radiated at
the termination, but generates surface waves in the substrate which must be considered in the design formulae.
James et al [133] proposed that the surface wave excitation is not important and can be neglected in thin
antennae: that is if b/ A, >0.09 for €, = 2.3 and h/ A, >0.03 for &, =10, where A, is the free space wavelength, &
the relative permittivity and h the thickness of the substrate material. Note that the antenna elements which
are considered as thin in this thesis, are within this range. But as the substrate becomes thicker, more surface
wave modes can exist, and more power can be coupled into them. Therefore, the surface wave power must be

taken into account when designing antenna elements with thick substrates.

In addition to the losses due to surface waves, microstrip antennae suffer losses due to radiated power, as
well as heating of the conductor and the substrate itself. A detailed discussion of these losses is beyond the
scope of this chapter. Only directly relevant formulae are considered for the calculation of the resonant input

resistance with thick substrates.

This chapter presents three efficient methods for the calculation of the resonant input resistance of
rectangular microstrip antenna elements. The first method is based on a refinement of the cavity model [34,
131] considering the antenna element in the fundamental modes and is modelled by a simple resonant parallel
RLC circuit in series with conductance X, which represents the feed probe as shown in Figure 2.2. The RLC
element values are related to the physical parameters, such as patch length, width, feed point location,
permittivity and thickness of the substrate. Due to the resonant nature of the investigated antenna element, its
resonant input resistance is related to the quality factors associated with the system losses. This technique has
been successfully used to calculate the resonant input resistance of rectangular antenna elements with thin

substrates [131].

A second method based on the improved cavity model has been developed for computing the resonant

input resistance for antenna elements with thick substrates by considering the antenna in the fundamental
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mode, modelled by a simple resonant parallel RLC circuit. It takes into account the resistance due to power
loss in surface wave, R, the radiation resistance of the patch, R,, and the resistances due to losses in the

conductor, R, and dielectric, Ry [132].

A third method is an alternative formula for computing the resonant input resistance of antenna elements

with thick substrate derived empirically using experﬁnentally derived input resistances data [132].

The development of the formulae is shown in the following sections.

4.2 The Input Impedance of Probe-Fed Antenna Elements

A formula is given for computing the input impedance of a rectangular antenna element excited by coaxial
probe using the cavity model and the equivalent resonant circuit [32, 34, 107]. In order to consider the
antenna element in the fundamental mode, and to model the frequency dependence of the input impedance, a
simple parallel RL.C lossy resonant circuit shown in Figure 2.2 has been used. The formula shows explicitly
the dependence of the input impedance on the physical parameters, the quality factors associated with antenna
losses including radiation from walls, losses in dielectric, and losses in patch conductor. The feed probe, as
outlined briefly in Chapter 3, carries the energy from a coaxial line to the antenna element, behaving like a

clockwise rotation on the Smith chart of the input impedance, as seen at the feed point.

Long et al [12, 108] gives the input impedance in terms of the loaded quality factor, and the inductive

reactance of the probe as:

R.
Z.,(f)=—2+iX, (4.1)
X
with
f f
X=1-jQ |—-—= 42
iQr (ff fj (4.2)

where R;, is the input resistance at resonance. Substituting equation 4.2 into 4.1 and separating real and the

imaginary parts, one obtains for the input impedance:

-2 f -2
Zin = Rin|:1+Qi[fi—f?rﬂ +] XL+RmQT(f——%]{1+Q2 (fi—f?'ﬂ (4.3)
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where f is the resonant frequency and f is any frequency around f;.

The resonant input resistance at a distance "a" from the nearest edge of the patch, which is the same as
the resonant resistance of the parallel RLC circuit, assuming perfect standing waves under the patch, is given

by [1, 32, 131]:

(4.4)

where Cyg is the capacitance of the TM;o mode [28], which can be calculated from equation 2.58 and  is the

radian frequency at resonance.
o =27f, (4.5)

The total quality factor associated with antenna element losses is Qr which includes radiation from the
edges, Q,, the loss due to heating in the conducting element, and the ground plane, Q., and the loss due to
heating within the dielectric medium, Qq. The Qr can be calculated from equation 2.53, Qq from 2.55 and Q;
was derived from a closed resonator model and the transmission line model as in equation 2.56. In addition to
the radiation, dielectric and copper losses, which are represented in equation of Qr, the cavity suffers losses
through surface waves. These waves are an intrinsic feature of the microstrip antennae due to the
discontinuity between the dielectric constant of the substrate and that of the semi-infinite medium above the
antenna (usually air). For antenna elements satisfying the substrate thickness criteria h < 0.0815 A, surface
wave excitation is generally not important. For thicker substrates surface waves may have a detrimental
effect on microstrip antenna performance, hence they must be considered for the calculations. Note that, the
effects of surface waves have not been considered in the calculation of resonant input resistance for thin

antenna elements.

The Q. for copper is calculated from the equation given by [134 - 135]

Q. = 7.86 h(mm) i"w A/ f:(GHz) (4.6)

w

Where Z, is the impedance of an air filled (¢, = 1) microstrip line of width W and thickness h. It can be
calculated from equations 3.9 or 3.10. The term P,, is given by James et al [134] as for W/h>2.

P, = 2 (4.7)
Pw2

4-4



with

W W W‘]{ h}
Py =20 — + — | 094 + — 1 + — 4.8
‘ {h nh( +2hj } w (€8}
and
W 2 W
P =| — + — In| 2en| — + 0.94 4.9
2 {h nn[e(% )H (49)
and for W/h<2

=[]

4.3 The Resonant Input Resistance

Practical formulae based on the cavity model and the equivalent resonant circuits have been developed for
computing input resistance at resonance of antenna elements with both thin and thick substrates. A physical
explanation of the variation of the input impedance with feed point and the dependence of resonant resistance

on the substrate thickness are also delineated.

4.3.1 The Determination of the Resonant Input Resistance

for Antenna Elements with Thin Substrates

In this section a formula based on the cavity model and the equivalent resonant circuit has been developed
to calculate the resonance input resistance of probe-fed rectangular microstrip antenna elements with

substrates satisfying the criteria h < 0.0815 A, for 2.22 <&, < 10.2.

Following [81, 82, 84, 131] equations 2.58, and 4.5 are substituted into 4.4 to obtain a equation for the

resonant input resistance

Q h Z(anj
R, = —F——— cos’|— 411
ne e f, WL L LD
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The Smith chart or magnitude of resistance and reactance on cartesian coordinates of each antenna
element listed in Table 4.1 was plotted as a function of frequency as were those shown for example in Figures
4.2 - 4.8. The input resistance was determined for each antenna element at centre (resonant) frequency. The

determined results are listed in the second column of Table 4.1, which is a continuation of Table 3.3.

Equation 4.11 was used to calculate these resonant input resistances of all antenna elements listed in

Table 4.1.

For thin substrates, the losses associated with the surface waves are negligibly small in comparison with

the radiation loss. Hence, these losses have not been taken into consideration.
The 50 Ohm input resistance point may be obtained by varying the distance from the radiating edge of

the antenna element to the feed location, a, as shown in Figure 4.8. Note that the resistance of the antenna

element goes essentially to zero at the center of the element.

St1

Rmax=1

Figure 4.1:  Smith chart plot of the impedance of antenna element number 1 in Table 4.1.
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Resistance, Reactance (Ohm)

7.2 7.4 7.6 7.8 8.0 8.2 8.4 8.6

Frequency (GHz)

Figure 4.2: Measured variation of resistance and reactance with frequency of antenna element number 4 in
Table 4.1.

-100 Sil

Rmax=1

Figure 4.3: Smith chart plot of the impedance of antenna element number 5 in Table 4.1.
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Figure 4.4: Measured variation of resistance and reactance with frequency in an antenna element number 6
in Table 4.1.
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Frequency (GHz)

Figure 4.5: Measured variation of resistance and reactance with frequency in an antenna element number 7
in Table 4.1.
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Figure 4.6: Smith chart plot of the impedance of antenna element number 9 in Table 4.1.

Sti

Rmax=1

Figure 4.7: Smith chart plot of the impedance of antenna element number 16 in Table 4.1.
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Figure 4.8: The theoretical variation of resonant resistance as a function of feed point on the microstrip
antenna element number 9 Table 4.1.

Table 4.1 Measured and calculated input resistances at feeds of antenna elements with thin substrates,
continuation of Table 3.3

Patch |Measured  Present Method Error
No R; R; OR;y 1, h W €,
) © (%) (GHz) (mm)
1 58 58.5 0.86 7.740 0.17 0.0065 222
2 44 45.3 2.95 8.450 0.17 0.0071 222
3 89 90.2 1.34 3.970 0.79 0.0155 222
4 54 53.6 -0.74 7.730 0.79 0.0326 2.55
5 56 55.6 -0.71 4.600 1.27 0.0622 10.2
6 58 58.7 1.20 5.060 1.57 0.0404 233
7 58 584 0.68 4.805 1.57 0.0384 2.33
8 64 63.9 -0.15 6.560 1.63 0.0569 2.55
9 53 53.8 1.50 5.600 1.63 0.0486 2.55
10 52 519 -0.19 6.200 2.00 0.0660 2.55
11 46 454 -1.30 7.050 242 0.0908 2.55
12 70 70.3 0.42 5.800 2.52 0.0778 2.55
13 86 86.9 1.04 5.270 3.00 0.0833 2.50
14 110 109.5 -0.45 6.270 3.00 0.1039 2.50
15 46 45.8 -043 7.990 3.00 0.1263 2.50
16 44 43.8 -0.45 5.100 4.76 0.1292 2.55

4-10



4.3.2 The Determination of the Resonant Input Resistance

for Antenna Elements with Thick Substrates

As far as it is known, the methods published in the literature for calculating the resonant input
resistance do not take into account thick substrates and also surface waves effects. In practice, it is
essential to characterise the rectangular microstrip antennae with thick substrates by considering the

presence of the surface waves.

A new formula based on the cavity model and the equivalent lossy resonant circuit, as shown in
Figure 2.2 has been developed to calculate the resonant input resistance of probe fed rectangular
antenna elements with substrates thickness satisfying the criteria h > 0.00815 A,. The antenna
elements were considered in their fundamental mode and assumed infinite ground plane. The

resonant input resistances of such antennae can be calculated from [85, 132]
Rin = R; = Rc + Rqg + R; + R (4.12)

where R, is calculated from [1, 28]

R. = 0.00027 LQfJf(GHz) (4.13)
and Ry is given as [1, 28]
tand hia
Rs = 30 — Q; 4.14
g Q (4.14)

r

The influence of the fringing fields at the edges of the antenna element with thick substrates is
taken into account by replacing the capacitance Cyoin equation 4.4 by a total capacitance, Cr, so

that equation 4.4 can be written as

R: = o2 (4.15)
2nf,.C;

The total static capacitance of the patch in the presence of dielectric substrate can be obtained from

[123] as

Cr = G + 2(C,+C,) (4.16)
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where C, is the static capacitance due to the main field just below the patch. This can be calculated

from [28, 123, 136]

Co = €,6,——— (4.17)

where €, = 8.854 10"*F/m is the permittivity of free space, and C; and C, represent the static edge
fringe capacitances along the patch length and width, respectively. The last two terms of equation
4.16 account for two edge-fringe capacitances along the length sides and two edge-fringe

capacitances along the width sides of the patch. Then C; may be given by [123]:

L 1 1
o= L e 418
1 2 l: Vpw Zicw ] 2 ° ( )

where V,, is the phase velocity of a quasi-TEM mode on a strip line of width W, and can be
calculated from equation 3.6. Z, is the characteristic impedance of a substrate filled strip line of
width W. This can be calculated form equation 2.4 or 2.5 depending on the ratio of W/h. Z,, is the
characteristic impedance of an air filled (g, = 1)strip line of width W, and is obtained from equation

3.9 or 3.10.

Similarly C; is given by

C, = %': I ]" -1—Cb (4.19)

VpLZuL

where vy, is the phase velocity of a quasi-TEM mode on a microstrip line of length L [9].

(4.20)

VpL = Co
ZoL

and Zg is the characteristic impedance of a substrate filled microstrip line of length L, and is

obtained from equation 3.9 or 3.10 by replacing W by L. Z,_ is the characteristic impedance of an
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air filled microstrip line of length L, and is calculated from equation 3.9 or 3.10 by replacing W by L

and setting €, = 1.

The final equation for Cr considered for the computation of the radiation resistance of
rectangular antenna elements with thick substrates is obtained by substituting equations 4.18 - 4.20
into 4.16 and by incorporating the effective patch width, W, and length, L, to take into account
the influence of the fringing fields at the edges, and of the dielectric inhomogeneity of the antenna

element. The resulting equation is [132]

Z Z

C, =L,—/™+W ob__C 421
T ef COZzW ef COZzL b ( )

where L can be calculated from the following relation [137]:

oL (weq ; W) e.(W) + 0.300 (4353
« 2 £.(W) - 0.258 '

where W, is the equivalent patch width calculated from the planar waveguide model [9]:

R h
Weq = —— (423)

ZCW V Sew

Here W can be calculated from equation 4.22 by replacing L with W and L, from 4.23 by
replacing W with L.

The existence of a dielectric substrate over a conducting ground plane in a microstrip antenna
element can cause the excitation of surface waves along the air-dielectric interface. Such waves
-p;r;qugate without attenuation in a direction parallel to the interface while, in the normal direction,
~theydecay_exponentially, without propagation. Fortunately these waves radiate some of their
energy as they reach the microstrip discontinuity, and the electromagnetic fields from this radiation

add to the space wave fields to contribute to the total radiation fields from the microstrip structure.

e
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The resistance due to surface waves excitation can be derived from the ratio of the power lost to

surface waves, P, and radiation, P;, given by James et al [85, 132-134]:

2 h 2
S = P _ G _ 2cos (klz)erkl2 (424)
P: G. cos’(kihe ki + kikah
where k, and k; are surface wave propagation coefficients determined from [138]
k2
tan(k;h) = g, — (4.25)
k1
ki + k3 = k(e —1) (4.26)
where k, = 2xf, /c, , is the free space wave number.
When h/A.« 1, k; can be found from
W2 2 21200 _
Ky = J g2 + g e + 4k2hi(e.— 1) 427)
2h?
which is accurate provided that
tan(k,h) = k;h +%(k1h)3 oo (4.28)
Combining equations 4.25 and 4.28 one obtains
k 1
k, = _I[klh +§(k1h)3} (4.29)
€

r

Inverting equation 4.24 and solving for the equivalent resistance of the surface waves, R, gives

2
ki, Kl ] (430)

R, = R,[ - 2
ki g.cos’(kih)

Substitution of equation 4.29 into 4.30 yields
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(4.31)

with

2 2
T - [ke_h) [(1+%kfh2j +(1+%kfh2jcos‘2(klh)} (432)

The resulting equation for the Ry can be given by substituting equation 4.31 into equation 4.12 as
R, =R, +R,+R (1+T)) (4.33)

The Smith chart of each antenna element listed in Table 4.2 was plotted as a function of
frequency as were those shown for example in Figures 4.9 - 4.13. The input resistance was
determined for each antenna element at centre frequency (resonant frequency). The determined

results are listed in the second column of Table 4.2.

The ratios of the results obtained from equation 4.33 and measured results are plotted as a
function of substrate electrical thicknesses of all antenna elements listed in Table 4.2 in Figure 4.14.
Note that each point in the figures represents a measured or calculated value of an individual
antenna element. Equation 4.33 is found to yield resonant input resistances of antenna elements

with substrate thickness within the range of 0.14 A3 <h < 0.2 Aq with good accuracy, however it

becomes increasingly inaccurate as the substrate thickness increases. One can obtain a much better

estimate of the input resistance if one replaces the relative permittivity of the substrate by dynamic

permittivity in equations 4.24 - 4.32. For this case the resulting equation for Rrcan be given as
R, =R, +R,+R,(1+T,) (4.34)
with

] 2
k 2
j ! =(‘—h] [(1+%kfeh2) +(1+—;-kfeh2)cos‘2(kleh)} (4.35)

B

and
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- \j—eﬁyn +edynJ£jyn +4k§h2(sdyn —1)

436
2h* i
where €4y, is the dynamic permittivity given by [123]
CT
g€, =———— 437
"Ce=1) (37)

C (g, =1) can be calculated from equation 4.21 by setting €, = 1.

The ratios of the results obtained from equation 4.34 and measured results are plotted as a
function of substrate electrical thicknesses of all antenna elements listed in Table 4.2 in Figure 4.14.
It is evident from these results that equation 4.34 is suitable for the calculation of the resonant input

resistances for antenna elements with h >0.0815 A, (or h > 0.13A).

44 Empirical Formula for Resonant Input Resistance of

Thick Antenna Elements

A new empirical formula for computing the resonant input resistance has been developed using the
measured resistances data given in second column of Table 4.2. These data are plotted as a
function of substrate electrical thicknesses in Figure 4.14. After analysing the dependence of the
curve on substrate and the patch parameters a formula was derived to fit this curve. The following
new closed-form formula was obtained for the resonant input resistance for the antenna elements
[132]
|_sinl2k, AL

L. 2k (a+AL)
o A, (eeL 1 ] {1-cos[2k, (a+ AL)[}

(4.38)

—— &

where €. is the effective dynamic permittivity as a function of L given by Mosig et al. [12] as

rY c i
= 22| =| == 439
Eet (ZL) (2er] (4.39)
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where AL is the line extension as a function of patch length and can be calculated from equation
2.11 by replacing W with L.
The results obtained from equation 4.38 agree with results obtained from 4.34 and the

measured results as can be seen in the fifth column (;f Table 4.2.

-180  S11
SR Rmax=1

Figure 4.10: Smith chart plot of the impedance of antenna element number 7 in Table 4.2.
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Figure 4.11: Smith chart plot of the impedance of antenna element number 9 in Table 4.2.
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Figure 4.12: Smith chart plot of the impedance of antenna element number 12 in Table 4.2.
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Figure 4.13: Smith chart plot of the impedance of antenna element number 15 in Table 4.2
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Figure 4.14:  Ratios of results obtained form equations 4.33 and 4.34 and measured results

respectively versus substrate electrical thicknesses of all antenna elements listed in Table 4.2.



Table 4.2 Measured and calculated input impedances at feeds for antenna elements with thick
substrates, continuation of Table 3.4.

Paich [ measured Rin (©) Error Rin (Q) f: h h/Aq
No | R, (Q) Eq. 4.34 ORi(%)  Eq. 438 (GHz) (mm)
Eq. 434

1 47 46.6 -0.8 49.5 8.000 3.30 0.1405
2 46 46.4 0.8 46.7 7.134 4.00 0.1519
3 46 46.4 0.8 48.5 6.070 4.50 0.1454
4 45 46.5 33 46.4 5.820 4.76 0.1475
5 46 46.4 0.8 46.5 6.380 4.76 0.1617
6 45 45.7 1.5 46.6 5.990 5.50 0.1754
I 44 45.5 34 44.6 4.660 6.26 0.1553
8 46 473 2.8 47.7 4.600 8.54 0.2091
9 46 46.0 -0.0 45.0 3.580 9.52 0.1814
10 45 46.5 33 45.9 3.980 9.52 0.2017
11 45 46.5 33 46.0 3.900 9.52 0.1976
12 46 474 3.0 46.4 3.980 10.00 0.2119
13 49 49.3 0.6 47.2 3.900 11.00 0.2284
14 50 48.7 -2.6 46.5 3.470 12.00 0.2216
15 47 48.2 25 46.5 3.200 12.81 0.2182
16 46 46.9 1.9 45.8 2.980 12.81 0.2032
17 47 479 19 46.4 3.150 12.81 0.2148

4.5 Results and Discussions

In this section, numerical results using the method described above are presented and compared
with measured input resistances of rectangular antenna elements whose dimensions, feed point
locations, substrate thicknesses, permittivity of substrate materials and resonant frequencies are
given in Tables 3.3 and 3.4. The antenna elements were fabricated on microwave substrates given
in Table 3.2. The input impedances measurements were performed by a HP-8410 network

analyser system.

The input impedance (Zi, = Rin + jXin) of each antenna element given in Tables 33& and 3.4 was
plotted on a Smith chart or magnitude of resistance and reactance on Cartesian coordinates as a
function of frequency. The input resistance was then determined for each test antenna element at the
first real-axis crossing frequency, at which the reactance (imaginary part) of the input impedance is
zero. The measured Ry, results are listed in the second columns and calculated using equations 4.11
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Figure 4.15: Computed equivalence resistances of dielectric and conductor losses versus substrate
electrical thicknesses of all antenna elements listed in Tables 4.1 and 4.2.

and 4.34 in the third columns of Tables 4.1 and 4.2 respectively. These tables respectively are a
continuation of Tables 3.3 and 3.4 in Chapter 3. The results obtained from the empirical formula

are listed in the fifth column of Table 4.2.

A comparison was made by determining the percentage difference 0R;, between measured R,

values and those obtained by above present methods using the following formula

SR (%) = 100(1—%9) (4.40)

inM
Where Ry is the calculated and Ry the measured resonant input resistances. The 0R;, results are

listed in the fourth columns of Table 4.1 and 4.2.

As is evident from the close agreements between the measured and calculated results in Table
4.1, equation 4.11 predicts the resonant input resistances of antenna elements with thin substrates
with good accuracy. This equation gives resonant input resistances within +2.95 percent of the
measured values, but the average discrepancy is +0.9 percent. This is well within the average
tolerances of the substrates material parameters.

A comparative study, using measured results given in Table 4.2, confirmed that the derived

equation 4.34 predicts Ry, for antenna elements with thick substrates with accuracy better than +3.4
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percent. Note that the average discrepancy is #2.0 percent. These small discrepancies can be due
to a variety of factors, the tolerances associated with the thickness and permittivity of the substrate
material, the error in the fabrication process, the actual patch dimensions not being the same as the
designed dimensions, and the tolerance of the network analyser system. Even the best calibration
process cannot provide accurate results when transitions and connectors are badly mismatched or

lossy.

Figures 4.1 - 4.7 show the measured input impedance loci for the selected examples of thin
antenna elements of which physical parameters are given in Table 3.3. The corresponding data for

measured resistances are given in the second column of Table 4.1.

Figures 4.9 - 4.13 show the measured input impedance loci for the selected examples of thick
antenna elements of which physical parameters are given in Table 3.4. The corresponding data for

measured resistances are given in the second column of Table 4.2.

The input impedance loci steadily shift toward the capacitive region of the Smith chart as the
thickness of the substrate increases, as is clearly observed in Figures 4.9 - 4.13. This is due to the
fact that for a large substrate thickness the probe inductance and Cr constitute a significant part of

the overall antenna element input impedance.

The dependence of equivalence resistances of dielectric, Ry, and conductor losses, R, on
substrate electrical thickness of all antenna elements listed in Tables 4.1 and 4.2 is depicted in Figure
4.15. Both the Ry, and the R, in this figure decreases rapidly with substrate except for antenna
number 6 in Table 4.1 (with &, = 10.2).

Figure 4.16 depicts the computed equivalence resistances of radiation as well as the surface
wave resistances as a function of substrate electrical thicknesses of all antenna elements listed in
Tables 4.1 and 4.2. This figure indicates that the increase of substrate thickness affects not only the
equivalent resistance of the surface waves but also the radiation resistance. Furthermore, the
substrate thickness has a slight increase effect on the surface wave resistance and a decrease effect
on radiation resistance, which affect the efficiency and bandwidth of these antennae as outlined in

Chapter 6.
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Figure 4.16: Computed equivalence resistances of radiation and surface wave versus substrate
electrical thicknesses of all antenna elements listed in Tables 4.1 and 4.2.

4.6 Conclusion

Three methods of calculation of resonant input resistance for rectangular antenna elements with

various substrate thicknesses and permittivities have been developed and implemented.

e The first method is based on the refinement of the cavity model considering the antenna in the
fundamental modes and is modelled by a simple resonant parallel RLC circuit in series with feed
probe conductance. It takes into account the physical properties of the antenna and the quality
factors associated with the antenna losses. This technique has been successfully used tho

calculate the resonant input resistance of antenna elements with thin substrates.

e The second method is based on the modified cavity model considering the antenna once again in
the fundamental modes and is modelled by a simple resonant parallel RLC circuit in series with
feed probe conductance. It takes into account the effective properties of the antenna, the
substrate dynamic permittivity, the resistance due to power loss in the surface wave, the radiation

resistance and the resistances due to losses in the conductor and dielectric. This technique has
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been successfully used tho calculate the resonant input resistance of antenna elements with thick

substrates.

The third method is an alternative formula for computing the resonant input resistances of

antenna elements with thick substrates, it has been developed using the measured resistance data.

Among the important contributions of the work described in this chapter are:

A discussion of resonant resistance of rectangular antenna elements with various substrate

thicknesses.

The theoretical development enables rapid computation of input resistance of a probe fed

rectangular antenna elements with various substrate thicknesses.

The development of an accurate and computationally efficient method for the calculation of

resonant input resistance of thin antenna elements.

The development of an accurate and computationally efficient method for the calculation of

resonant input resistance of thick antenna elements.

The development of an alternative empirical formula for the calculation of resonant input

resistance of thick antenna elements.

Experimental measurements are used to test and verify the methods that are developed.

The effect of the substrate thickness on the input resistance, the dielectric, conductor, radiation

and surface wave resistances is delineated.

Note that the equations developed in this chapter allow accurate input resistance prediction for

antenna elements on substrates considerably thicker than is possible with those reported in the

literature. This is evident from the good agreement between the computed and measured results of

input resistance. The equations also provide excellent results for different values of €, .
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Chapter 5

The Resonant Frequency of Rectangular
Microstrip Antenna Elements with Various

Substrate Thicknesses

5.1 Introduction

The resonant frequency of microstrip antenna elements must be determined accurately as they have

narrow bandwidth and can only operate effectively in the vicinity of the resonant frequency.
Factors for determining the frequency at which resonance occurs include:

e The voltage standing wave ratio (VSWR), referred to the input terminals of the antenna, is at a
minimum. This corresponds to a minimum in the magnitude of the reflection coefficient.

e The input impedance, referred to the input terminals, is real (Zi, = R;;), which means the input
impedance has no reactive part. Generally, this point is very close to the frequency where the
resistance reaches a maximum. Therefore the resonant frequency may also be defined as the

point at which the resistance reaches a maximum, independent of the value of reactance.
This chapter is primarily concerned with antenna elements that are matched to their feeds. In

this case, the frequency at which the input impedance is real, is equal to the frequency at which the

VSWR is at a minimum.
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Several analysis techniques have been proposed to determine performance properties of
microstrip antenna elements [1 - 20]. These methods have different levels of complexity and require
vastly different computational efforts and can generally be divided in three groups: simple classical
analysis techniques, full-wave analysis and other numerical techniques. Basically, there is no clear-
cut rule as to which one of these is the best to use, the first guideline would be the thickness of the

substrate.

As discussed in Chapter 2 exact mathematical formulations in full wave and some other analysis

techniques

involve extensive numerical procedures, resulting in round-off errors and may also need final
experimental adjustments to the theoretical results,

¢ have low level of user confidence when experimental validation is absent,

e are very time-consuming computationally, due to numerical integrations of

e Sommerfeld-type integrals, in either space domain or spectral domain,

e are not easily included in a computer-aided-design system (CAD),

e have high computational cost.

Based on this observation and also details given in Chapter 2 regarding the analysis techniques,

classical analysis techniques are used in this chapter, because these can give

e a good understanding of the physical mechanisms that reign these antennae,
e a good intuitive explanation of antenna radiation properties,

e adeep insight into the operation of microstrip antennae,

e are simple and entail less computation,

o are adequate for most engineering purposes.

In this chapter,

e formulae based on the TLM, CM and magnetic wall models, MWM, to determine the resonant
frequencies of rectangular microstrip antenna elements have been studied and their validity

assessed. Their variations were experimentally verified by analysing a set of new designed

antenna elements with substrates satisfying the criteria h < 0.0815 A, (0.17 mm < h <4.76 mm)
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for 2.22 < g, < 10.2, where A, is the free space wavelength, h the thickness and &, the relative
permittivity of the dielectric substrate [87].

e three closed-form expressions are presented for computing the resonant frequencies of antenna
elements with thicker substrates. They are derived by modifying the TLM, and the CM and by
the curve fitting method. The results of these expressions are compared to the resonant
frequencies obtained from the return loss plots of antenna elements with substrates satisfying

the thickness criterion h > 0.0815 A,, (3.30 mm <h <. 12.81 mm) for & = 2.55 [86, 88].

5.2 Measurement

The configuration of a probe fed rectangular microstrip antenna element is shown in Figure 1.1.

The return loss of each antenna element listed in Tables 5.1 and 5.2 was plotted as a function of
frequency as were those shown for example in Figures 5.1 - 5.10. The resonant frequency was
determined for each antenna element at minimum VSWR. The measured resonant frequency results

are listed in the second column of each of these Tables.

S,
N ©

Magnitude of S11 (dB)

7.2 7.4 7.6 7.8 8.0 8.2

Frequency (GHz)

Figure 5.1: Measured return loss as a function of frequency for antenna element number 1 in
Tables 3.3 and 5.1
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Figure 5.2: Measured return loss as a function of frequency for antenna element number 6 in
Tables 3.3 and 5.1.
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Figure 5.3: Measured return loss as a function of frequency for antenna element number 9 in
Tables 3.3 and 5.1
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Figure 5.4: Measured return loss as a functio/n of frequency for antenna element number 12 in
Tables 3.3 and 5.1 '
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Figure 5.5: Measured return loss as a function of frequency for antenna element number 15 in
Tables 3.3 and 5.1.
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Figure 5.6: Measured return loss as a function of frequency for antenna element number 16 in
Tables 3.3 and 5.1
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Figure 5.7: Measured return loss as a function of frequency for antenna element number 1 in
Tables 3.4 and 5.2
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Figure 5.8: Measured return loss as a function of frequency for antenna element number 10 in
Tables 3.4 and 5.2

Magnitude of S " (dB)

Frequency (GHz)

Figure 5.9: Measured return loss as a function of frequency for antenna element number 12 in
Tables 3.4 and 5.2.
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Figure 5.10: Measured return loss as a function of frequency for antenna element number 17 in
Tables 3.4 and 5.2

5.3 Formulae for the Resonant Frequency of Thin Antenna

Elements

The transmission line [1, 18, 19, 139], the cavity [3, 27, 30, 34, 106, 107] and the magnetic wall
models [3, 9] have been used for calculating the resonant frequencies of antenna elements with thin

substrates and their variations compared with measurements.

The basic formulae for computing the resonant frequencies are given in the following sections.

5.3.1 Formulae Based on the Transmission Line Model

To calculate the resonant frequency of a rectangular microstrip antenna element, the antenna is
regarded as two parallel radiating slots [19] with dimensions element width, W, and substrate
thickness, h, having constant field aperture distributions and separated by the length, L, of

approximately half the wavelength in the dielectric substrate.
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As outlined in Chapters 2 and 3 the electric field at the open end of the patch are distorted by an
abrupt termination at the edges, resulting in fringing electric fields. This fringing effect is

incorporated into the formula for the resonant frequency.

A formula which calculates the resonant frequencies of rectangular antenna elements with thin
substrates was given by Bahl et al [1], Bahl [121 and Derneryd [139] using the approximation given
in equation 2.19

C

f = 0
2L+ 2AW) e,

(5.1)

where ¢, is the velocity of electromagnetic waves in free space and &, the effective dielectric
constant as obtained from equation 2.10 or equation 3.8. The term AW is the line extension and

obtained from equation 2.11.

The values resonant frequencies calculated from equation 5.1 agree well with measured values
as can be seen in the second and third columns of Table 5.1. Figure 5.11 plots all percentage
differences between the calculated and measured results, of;, listed in the fourth column of this table
as a function of substrate electrical thicknesses of these antenna elements. This formula gives
resonant frequencies within +£1.16 % of the measured values, but the average 0f; is + 0.29%. This is
well within the average tolerances of the substrate material of all the antenna elements given in this

table. The Of; results are calculated from the following formula

of, = (1 = 1Lr—CJIOO% (3.2)

M

where fic is the calculated and f the measured resonant frequencies.

The resonant frequency depends strongly on the patch dimensions, the thickness and the

relative permittivity of the substrate material and, also on the edge extension.

5.3.2 Formulae Based on the Cavity Model

The resonant frequency of a rectangular microstrip antenna element may be given by the same

formula as for cutoff in the waveguide by considering the region between the patch and the ground
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plane as a cavity bounded by dielectric walls on the top and bottom and by a magnetic wall along
the side. In other words the resonant frequencies, or modes, are proportional to the patch
dimensions. The resonant frequencies, fu,, of a rectangular antenna element of L and W, both

comparable to Ay/2, where A4 is the wave length in the dielectric material, are given by assuming

that only TM,,, modes exist [3, 34, 123]

Co

.

where m and n are the mode indicates in the x and y directions respectively, and Kk, are resonant

Ko = J(m] +(ﬂj (54)
L) "W

Equation 5.3 is based on the assumption of a perfect magnetic wall surrounding the cavity and

f.. =k

mn

(5.3)

wave numbers of the modes.

m,n=0,1,2,3..

it does not take into account the inhomogeneous structure and fringing fields of the antenna.
To calculate the resonant frequencies of rectangular microstrip antenna elements with thin

substrates driven at their fundamental TM,, modes, equation 5.3 can be written as [17, 140]

C

f, = —2 (5.5)

L,

The resonant frequencies obtained from this equation are compared with measured results, as

shown in the fifth column of Table 5.1. The results are within 4.4% of the measurements for
antenna elements with substrates thinner than approximately 0.04 A4 and within 16.6 % for thicker

antenna elements.

Pozar [14] has written a program called MSAnt which allows the user to analyse a given
rectangular microstrip antenna element in terms of its resonant frequency, resonant resistance,
bandwidth, and radiation patterns. The program uses a ve;gion of the cavity model introduced by
Carver et al [32]. The resonant frequency used in MSAnt is found from the complex eigenvalue of
the perturbed mode. Using this program the resonant frequencies were calculated for all antenna
elements listed in Table 5.1. The percentage differences are given in the sixth column of this table
and plotted as a function of substrate electrical thicknesses of these antennae elements in Figure
5.11. The results are within 3.4‘% of the measurements for antenna elements with substrates thinner

than 0.04 A, and within 6.5% for thicker antenna elements.
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5.3.3 Formulae Based on the Magnetic Wall Model

A formula for the resonant frequency was derived by James et al [9] by modelling the antenna

element as a resonator with magnetic conductor walls at the periphery

€
f =1f L 5.6
rl 10 (A+1) ,‘eewgeL ( )
with
0.164(e_+1 e +1
= E{—-(Z’—)+o.882+(—f—)[ 0.758+1n(£+1ﬂ} (5.7
L : e, h

Using equation 5.6 the resonant frequencies were calculated for all antenna elements listed in
Table 5.1 and compared with measured results. The percentage differences are shown in the
seventh column of this table and plotted as a function of substrate electrical thicknesses of these
antenna elements in Figure 5.11. The calculated results are within 4% of the measurements for
antenna elements with substrates thinner than 0.066 Ay and within 8.5 % for thicker antenna

elements.

Equations 5.3, 5.6 and the MSAant program are found to yield resonant frequencies of antenna
elements with substrates respectively thinner than approximately 0.04 A4 and 0.066 A, with
reasonable accuracy. However, they became increasingly inaccurate as the substrate thicknesses
increase, as shown in Table 5.1, columns four, five and six. Figure 5.9 plots all of; results listed in
columns 4, 5, 6 and 7 of Table 5.1 as a function of substrate electrical thicknesses of these antenna
elements. It is evident from these results that equation 5.1 is the most suitable formula for the

calculation of the resonant frequencies for antenna elements with h < 0.0815 A,.

5.4 Formulae for the Resonant Frequency of Thick Antenna

Elements

The resonant frequencies of all antenna elements listed in Table 5.2 have been calculated using the
same methods discussed in Section 5.3. Their variations are compared with measurements



Table 5.1 Measured and calculated resonant frequencies of antenna elements with thin substrates,
continuation of Tables 3.3 and 4.1

Patch | Measured Calculated  Error Error Error Error
No f f. (GHz) of; (%) of; (%) of, (%) (%) h
(GHz) Eq.5.1 Eq.5.1 Eq.55 MSAnt) Eq. 5.6 (mm) h/y
[14]
1 7.740 7.791 0.65 0.82 -1.53 -0.03 0.17  0.0065
2 8.450 8.478 0.33 042 -1.90 -0.40 0.17 0.0071
3 3.970 3.982 0.32 1.43 -2.31 -0.95 0.79 0.0155
4 7.730 7.732 0.03 2.72 -3.40 -1.99 0.79 0.0326
5 4.600 4.640 0.86 2.10 -6.08 -3.23 1.27  0.0622
6 5.060 5.069 0.17 441 -3.16 241 1.57 0.0404
7 4.805 4,823 0.37 4.34 -2.98 -2.10 1.57 0.0384
8 6.560 6.566 0.09 6.06 -3.93 -3.29 1.63  0.0569
9 5.600 5.601 -1.16 3.47 -3.78 -4.00 1.63  0.0486
10 6.200 6.200 0.00 7.29 -4.20 -3.91 2.00 0.0660
11 7.050 7.052 0.02 11.03 -4.92 -5.53 242  0.0908
12 5.800 5.801 0.00 9.06 -4.51 -4.65 252 0.0778
13 5.270 5.286 0.30 10.46 -4.36 -4.80 3.00 0.0833
14 6.570 6.549 -0.32 12.80 -5.63 -6.78 3.00 0.1039
15 7.990 7.981 -0.11 16.63 -6.09 -8.28 3.00 0.1263
16 5.100 5.091 -0.17 16.57 -6.49 -8.54 476 0.1292
0 N e e e e e L S S e s B P B
i o  Equation 5.6 A
x  MSAnt[14]
s Equation 5.5 A
) o  Equation 5.1 , A
g 10:' " -
g »o,
N g
ﬁ oF % g o 0o [¢] oo o ©° o o ® -
L %, o e S .
x %k . Dil
" . E : &
i ]
_10 i i 1 i i 1 i i 1 1 I i 1 i i 1 i

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Substrate electrical thickness

Figure 5.11: Differences between resonant frequencies obtained from equation 5.1, 5.5, 5.6, and
MSAnt and measured results versus substrate electrical thicknesses of all antenna elements listed in
Table 5.1.
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by plotting their percentage errors as a function of substrate electrical thicknesses of these antenna
elements as shown in Figure 5.12. As is evident from the large discrepancies between the measured
and calculated results the methods are not valid for thicker substrates [88]. Comparison with
experimental results shows that equation 5.1 gives error in resonant frequency as high as 24% for
antenna elements with substrates in the range of h > 0.0815 A,. Because of the limitation of the two
classical analytical models to thin substrate and the involvement of extensive numerical procedures
in exact mathematical formulations in the rigorous methods, for computing the resonant frequencies
of thicker antenna elements, modifications have been carried out to the classical analytical models.

In addition, the lengthy formulations of rigorous methods can also result in round-off errors, and the

theoretical result may need final experimental adjustment.

10 R A B A TR B A
. Op .
! o o Equation 5.5
f o o »  Equation 5.1
OF ]
~ i o
S - o
~— o
] F - o
§ -10 : X = So, )
2 : °o
ﬁ i X * °
20k * _
20 i . .
_30 i 1 i 1 A i i 1 i i L i ] L i L i A I
0.14 0.16 0.18 0.20 0.22 0.24

Substrate electrical thickness

Figure 5. 12 Differences between resonant frequencies obtained from equation 5.1 and 5.5 versus
substrate electrical thicknesses of all antenna elements listed in Table 5.2.

5.4.1 Formulae Based on the Transmission line model

Since the TLM and the CM fail to yield an explicit expression for the resonant frequency for this
range of substrate thickness, so a correction factor, o, was established by curve fitting. The

rationale behind the derivation of o follows. The ratios of the measured results and those obtained
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Figure 5.13: Ratios of measured resonant frequency to those obtained from equation 5.1 and the
empirically derived correction factors versus substrate electrical thicknesses of all antenna elements
listed in Table 5.2.

from equation 5.1 are plotted against the ratios of substrate physical thickness and patch physical
length in Figure 5.13. The details for these antenna elements are given in Table 5.2. Note that each
data point in the figures represents a measured or calculated value of an individual antenna element.
After analysing the dependence of the curve on the substrate and patch parameters a correction

factor, o, was derived to fit this curve. The following correction term was obtained [88]

a=-"nfe (58)
Lef

where L is the effective patch length. According to Garg et al. [137]

W, —W 0.
L, =L+|—= € *+0.300 (5.9)
2 \e. —0258

W, is the equivalent patch width calculated from the planar waveguide model [9]:

h R,

Wo=—
T ZfEw

(5.10)
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where R, = 1201 Q is the vacuum resistance and Z.,, is the characteristic impedance of a microstrip
line determined by the €, h and W of the line. Equations 5.11 and 5.12 describing the characteristic
impedance given previously as equations 2.4 and 2.5 are reproduced here for convenience [102], for

W/h<3.3

R 4h  [16h? (e, - 1)( 0.1208]
Z, =———=—|In|—+ +2 |- 0.2258 + (5.11)
T 2(e, +1){ [W w* ] (e, +1) €,
and for W/h=>3.3
-1
! -1 1
7 = W oaaas 2088 D) (et ){ 0.231+o.1592h(v—v+0.94ﬂ (512)
2, [2h g £, 2h

A new closed-form expression for the resonant frequency of a rectangular microstrip antenna
elements with substrates satisfying the criteria h > 0.0815 A, and 3.3 mm < h< 12.81 mm was

obtained by including equation 5.8 in 5.1 [88]:

f, =

C
a )
i 2(L+2AW) e,

The of; values are given in the third column of Table 5.2.

(5.13)

5.4.2 Formulae Based on the Cavity Model

Using equation 5.5 the resonant frequencies were calculated for all antenna elements listed Table
5.2. The percentage differences between the measured results and those obtained from this
equation are plotted in Figure 5.11 as a function of substrate electrical thicknesses of these

antennae. As is seen, the results are within 15% of the measurements.
Since a perfect magnetic wall does not exist for a practical microstrip antenna, the computed

resonant frequencies using the cavity model should be corrected in some way. To do this, the ratios

of measured the resonant frequencies and those obtained from equation 5.5 were plotted as a
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Figure 5.14: Ratios of measured resonant frequency to those obtained from equation 5.5 and the
empirically derived correction factors versus substrate electrical thicknesses of all antenna elements
listed in Table 5.2.

function of ratios of substrate physical thicknesses and patch physical length of all antenna elements

listed in Table 5.2 as is seen in Figure 5.14.

A correction factor, p, was devised using Figure 5.14 focusing on the parameters of the
antennas using the same method as outlined in Section 5.4.1. The following correction term was

obtained

o = 2ﬁ[£j (514)

A new closed-form expression for the resonant frequency of a rectangular microstrip antenna
elements with substrates satisfying the criteria h > 0.0815 A, and 3.3 mm < h< 12.81 mm was

obtained by including expression 5.14 in 5.5:

h 2
f,=0 fo :CFL%j (5.15)

The differences between the calculated and measured results are given in the fourth column of

Table 5.2.
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Figure 5.15: Measured resonant frequencies and those obtained from equation 5.16 versus lengths

of all antenna elements listed in Table 5.2.

5.4.3 Formula Based on Curve Fitting Technique

A new closed-form expression for computing the resonant frequencies has been developed using the
measured resonant frequencies data given in the second column of Table 5.2. These data are
plotted as a function of patch physical lengths in Figure 5.13. After analysing the dependence of the
curve on substrate and patch parameters an expression was derived to fit this curve. The following
new closed-form expression was obtained for the resonant frequency of rectangular microstrip

antenna elements with thick substrates [86, 88].

(5.16)

where €, is the effective permittivity as a function of the patch length. It can be calculated from
equation 2.10 or equation 3.8 by replacing W with L. The resonant frequency results obtained from
equation 5.16 agree with results obtained from equations 5.13, 5.15 and the measured results as can

be seen in the third, fourth and the fifth columns of Table 5.2.
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5.5 Discussion of Results

The return loss of each antenna element given in Tables 3.3 and 3.4 was plotted as function of
frequency like those shown in Figures 5.1 - 5.10. The resonant frequency was determined for each
antenna element at VSWR minimum. The measured f; results are listed in the second columns and
calculated using the above methods in the third columns of Tables 5.1 and 5.2. These tables
respectively are a continuation of Tables 3.3 and 3.4 in Chapter 3 and also 4.1 and 4.2 in Chapter 4.
A comparison was made by determining the percentage difference of; between measured f; values
and those obtained by the methods described above of rectangular antenna elements whose

dimensions, feed point locations, thicknesses and relative permittivity of the substrate materials are

given in Tables 3.1, 3.3 and 3.4.

As is evident from the close agreement between the measured and calculated results in the
third column of Table 5.1 and in Figures 5.11 and 5.16, the equation 5.1 predicts the resonant
frequencies of antenna elements satisfying the criteria h < 0.0815 A, (h £0.13 Ay) for 2.22 <¢, <
10.2, with very good accuracy while equation 5.5 fails to calculate f satisfactorily. As shown in the
fourth column of Table 5.1 equation 5.1 gives f; within £1.16% of the measured values, but the
average discrepancy is 10.29 %. This is well within the average tolerances of the substrate material
parameters. However, comparison with experimental results shows that equation 5.1 gives error in
resonant frequency as high as 24% for antenna elements with thicker substrates, as shown in the

seventh column of Table 5.2 and Figure 5.16.
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Figure 5.16: Differences between resonant frequencies obtained from equation 5.1, 5.5 and 5.13
versus substrate electrical thicknesses of all antenna elements listed in Tables 5.1 and 5.2.
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Table 5.2  Measured and calculated resonant frequencies for antenna elements with thick
substrates, continuation of Tables 3.4 and 4.2.

Patch | Measured Present Method Modified Modified Empirical TLM CM
No f f. (GHz) TLM M Errors  Errors  Errors h h/Ag
(GHz) Eq. 5.13 Errors SEf“(?;S) E5fr (5‘7‘?6 5 (%) of (%) (MM
5 (%) o e 4225 Bq.51 Eq.55
Eq.5.13

1 8.000 7.973 -0.76 -0.83 1.11 -6.01 871 3.30 0.1405
2 7.134 7.156 -042 1.51 1.50 9.11 490 4.00 0.1519
3 6.070 6.031 -1.12 0.54 0.70 -7.63 6.72 4.50 0.1454
4 5.820 5.806 -0.73 0.94 1.04 -8.04 6.18 4776 0.1475
5 6.380 6.469 0.36 2.60 233 -1549 224 476  0.1617
6 5.990 5.906 -1.76 -0.23 -0.67 -1547 -320 5.50 0.1754
7 4.660 4.546 -2.68 -1.28 -1.28 -11.12 232 6.26 0.1553
8 4.600 4.549 -0.78 0.06 096 -20.64 -11.21 8.54 0.2091
9 3.580 3.532 -1.62 0.16 -0.73 2097 -479 9.52 0.1814
10 3.980 3.908 -1.68 -0.62 -1.50 -20.54 -991 952 0.2017
11 3.900 3.849 -1.33 -0.13 -0.94 -19.67 -8776 9.52 0.1976
12 3.980 3.935 -0.67 0.05 -1.00 -21.81 -11.80 10.00 0.2119
13 3.900 3.857 0.10 0.07 -1.23 2400 -15.04 11.00 0.2284
14 3470 3.452 0.31 0.66 -0.57 -2292 -13.51 12.00 0.2216
15 3.200 3.160 -0.40 -0.09 -1.25  -22.69 -13.15 128l 0.2182
16 2.980 2.947 -0.93 0.06 -0.87 2047 -993 1281 0.2032
17 3.150 3,123 -0.28 0.31 -0.79 22,11 -12.29 12.81 0.2148

Figure 5.16 shows the percentage tolerances between the measured resonant frequencies and
those obtained from equations 5.1, 5.5 and 5.13 as function of substrate electrical thicknesses of all

antenna elements given in Tables 5.1 and 5.2.

As is evident from the close agreement between the measured and calculated results in the third
column of Table 5.2 and in Figure 5.16, the equation 5.13 predicts the resonant frequencies of
antenna elements satisfying the criteria h > 0.0815 A, (h > 0.13 A,) with good accuracy. As shown
in the fourth column of Table 5.2 equation 5.13 gives f; within 12.68 % of the measured values, but
the average discrepancy is 0.9 %. Furthermore, as shown in the fifth and sixth columns of Table
5.2, the average tolerances of equations 5.15 and 5.16 are respectively £ 0.6 % and £ 1 %. These

small discrepancies can be due to a variety of factors eg. the tolerances associated with the thickness
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and permittivity of the substrate material, the error in the fabrication process, the actual patch
dimensions not being the same as the designed dimensions, and the tolerance of the network
analyser system. Even the best calibration process cannot provide accurate results when transitions

and connectors are badly mismatched or lossy.

5.6 Conclusion

This chapter has verified the applicability of the TLM, CM and the MWM analysis techniques for
calculating the resonant frequencies of rectangular microstrip antenna elements with various
substrate thicknesses and permittivities. Specifically, it also has demonstrated that the formula
based on the TLM for computing the resonant frequencies confines itself to elements with
substrates in the thickness range of h < 0.0815 A,. The average difference between the results
obtained by TLM and the measured results is + 0.29 % for antenna elements in this substrate
thickness range, Table 5.1, however, it has been found that the applicability of the formula based on
the CM is limited to substrate thickness less than approximately 0.04 A4 and the magnetic wall less
than 0.066 A,.

The inadequate performance in calculating the resonant frequencies of antenna elements with
thicker substrates prompted the introduction of a correction factor to the equation 5.1 or 5.5

derived using a curve fitting technique.

Three new closed-form expressions for calculating the resonant frequency of a rectangular
microstrip antenna elements with substrates satisfying the criterion h > 0.0815 A, and 3.3 mm<h <
12.81 mm for &, = 2.55 have been proposed. They are derived by modifying the TLM, the CM, and
by the curve fitting method. The correction factors were derived by means of a curve-fitting
method. The accuracy of the proposed expressions have been established by comparing calculated

results with measurements for all antenna elements listed in Table 5.2.

The contributions described in this chapter are therefore:

e A discussion of resonant frequency of rectangular antenna elements with various substrate

thicknesses and relative permittivities.
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The establishment of threshold of the applicability of the expressions based on the TLM, the CM,
and MWM analysis techniques.

The development of fast and efficient method for computing the resonant frequencies of thin

antenna elements.

The development of three new closed-form expressions for efficiently computing the resonant
frequencies of thick antenna elements. These expressions allow accurate resonant frequency

prediction for elements considerably thicker than those reported elsewhere.

The use experimental measurements to test and verify the expressions that are developed.
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Chapter 6

The Bandwidth of Rectangular Microstrip
Antenna Elements with Various Substrate

Thicknesses

6.1 Introduction

The desirable features of classical microstrip antennae are discussed in Chapter 1, as is the fact
that narrow intrinsic bandwidth is perhaps the most serious of their limitations. This arises from
the fact that the region under the patch is basically a thin resonant cavity with a high quality
factor. Despite the benefits and the drawbacks of classical microstrip antennae, they are useful in
many applications in civilian and military systems. In fact, small bandwidth, sometimes can be
considered as a benefit in some applications. While small bandwidth is useful in some
applications where the antenna itself acts as a filter for unwanted frequency components, in many
applications, such as in electronic intelligence (including signal intelligence and communication
intelligence), electronic support measures, radar, and electronic warfare, an imperative is that the

systems have a large bandwidth.
The design of microstrip antenna elements having wide bandwidth is an area of major

interest in microstrip antenna technology, particularly in the fields of electronic warfare,

communications systems and wideband radars. Over the years, many techniques have been
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suggested and implemented to improve the impedance bandwidth of microstrip antennae. Some

techniques include:

e physical shaping or alteration of the patch by the use of notches or stubs [2, 3],
e short circuiting of the antenna [141],

e using low-dielectric materials [142] (eg., hard foam with €, = 1.05),

e matching structure [143 — 144],

e using a parasitic element both horizontally [145] and vertically [146],
e stacking of elements [2, 9,‘148], |

e the loading of the patch with diodes [2, 149],

o log-périodic arrays [2, 9],

e microstrip spiral antennae [150],

e using miniaturised microstrip antenna elements [81, 84, 95 - 97],

o using thick patch conductor [151],

¢ using thicker substrates [86, 89, 90, 92, 94].

This chapter considers the use of thin and thick substrate materials of various relative
permittivity for possible impedance bandwidth improvement [89, 90]. However, microstrip
antennae with thick substrates excite surface waves which propagate along the air-dielectric
interface. This can produce undesirable effects on the radiation pattern (see Chapter 7) as well
as reducing the radiation efficiency and also the bandwidth of the antenna as will be shown in the

following sections.

Classical microstrip antenna elements have been analysed by many authors and several
methods [1, 2, 9, 14, 22, 32, 34, 37, 45, 53, 63, 106, 132, 134, 152] have been developed to
determine their bandwidth for given physical properties. Some of these methods include: the
transmission line model, TLM, [1, 2, 9, 132], cavity model, CM, [2, 9, 34], the electric surface
current model [63] and the moment method [53]. Many of these methods show good
quantitative agreement for cases given in the literature but the ranges of validity are generally not
known, and computed results using these methods may not be sufficiently accurate for many

practical values of dielectric constant and substrate thickness [89, 90].

This chapter

e carries out a study on bandwidth for rectangular microstrip antenna elements,
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accomplishes experiments for bandwidth of antenna elements with various substrate thicknesses

and relative permittivity,

discusses formulae based on TLM and CM for computing the bandwidth of these antennae,

e determines the threshold of the applicability of these formulae,

develops formulae that can determine the bandwidth of these antennae,

combines several formulae based on the cavity model and the transmission line model to produce
closed-form expressions for calculating the bandwidth of probe-fed rectangular microstrip
antenna elements with substrates satisfying the criteria h < 0.0815 A, for 2.22 < ¢, < 10.2, where
h is the thickness and €, the relative permittivity of the substrate and A, is the free space
wavelength. The formula takes into account the effects of radiation, conductor and dielectric
losses, with their quality factors. It also provides insight into the fundamental influence of the
substrate materials and antenna dimensions on bandwidth. The results obtained from this
technique confirm those calculated from the MSAnt program of Pozar [14], and measured
results. However, there is a dearth of both measured and analytical BW data for antenna
elements with thicker substrates in the literature. As far as its known, at present, BW can not be
calculated satisfactorily by using existing formulae for such antenna elements.

o develops a novel closed-form expression based on the TLM, the CM and the exact Green’s
function for a grounded dielectric slab, for computing the bandwidth of rectangular microstrip
antenna elements with thick substrates. This takes into account the power radiated in the
space waves and the power radiated in surface waves and an empirically derived correction
factor. The antenna elements investigated here vary in electrical thickness, defined as h/Aq,
from 0.1405 to 0.2284, and in physical thickness from 3.30 mm to 12.81 mm, and operate
over the frequency range 2.980 GHz to 8.000 GHz. The BW values obtained from the return
loss plots are compared with those calculated using the equations introduced in this paper and

with results obtained from Pozar's computer program, MSAnt.

Note that each data point in the figures presented in this chapter represent a measured or

calculated value of an individual antenna element.

6.2 Bandwidth Definitions

The bandwidth of an antenna is difficult to define in general terms, since the operating

specifications of an antenna may involve a variety of parameters, so it is important to specify the
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criteria being used when antenna bandwidth is quoted. According to ref [153] the bandwidth is
"the frequencies range within which the performance of the antenna, with respect to some
characteristic, conforms to a specific standard”. In the case of the microstrip antenna, which is

basically a strongly resonant device, the definitions of bandwidth are listed below [5]:

o Polarisation or Axial Ratio Bandwidth:
The polarisation properties (linear or circular) of an antenna are usually preferred to be

fixed with frequency. Specifying a maximum cross-polarisation or axial ratio level can be

used to find this bandwidth.

e Pattern Bandwidth:
The bandwidth, sidelobe level, and gain of an antenna all vary with frequency. If any of
these quantities is specified as a maximum or minimum, the operating frequency range

can be determined.

o Impedance Bandwidth:
The impedance variation with frequency of the antenna element results in a limitation of
the frequency range over which the element can be matched to its feed line. Impedance
bandwidth is usually specified in terms of a return loss or maximum Standing Wave
Ratio (SWR) over a frequency range. Conversation of bandwidth from one SWR level
to another is discussed in Section 6.4. Note that, for single microstrip antenna elements,
the impedance bandwidth is generally the limiting factor; the antenna directivity and

patterns generally vary little with frequency

6.3 Determination of the Bandwidth from Measured

Results

The return loss of each antenna element listed in Tables 6.1 and 6.2 was measured to determine
the resonant frequency and fractional BW, as illustrated in Figures 5.1 - 5.10 If the antenna
impedance is matched to the transmission line at resonance, the mismatch off resonance is related
to the voltage standing wave ratio, VSWR. The value of VSWR which can be tolerated then

defines the bandwidth of the antenna element.
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A return loss of 30 dB or better was used as the criterion for acceptable impedance
matching at resonance, and the fractional bandwidth [132, 154] was obtained as the frequency
difference between points either side of resonance where the loss is 9 dB, equivalent to a

VSWR =2.1

—f
BW = fo—l 100% (6.1)

r

Here f; is the centre of the operating frequency range, f; is the lowest operating frequency
and f, the highest operating frequency. Note that this relationship is only valid whilst the patch
behaves essentially as a simple tuned RLC circuit like that shown in Figure 2.2. Equation 6.1 has
been applied to all antenna elements listed in Tables 6.1 and 6.2. The obtained results are than

plotted as a function of substrate electrical thicknesses of these antenna elements in Figure 6.1.

6.4 Calculation of Impedance Bandwidth for Thin
Antenna Elements
Consider a probe-fed rectangular microstrip antenna element of resonant length L, width W, and

feed point location a over a ground plane with a substrate of thickness h, a relative permittivity €,

and loss tangent tand, as shown in Figure 1.1.
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Figure 6.1: Measured bandwidth versus substrate electrical thicknesses of all antenna elements

listed in Tables 6.1 and 6.2.
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Generally, the operating frequency range of the basic microstrip antenna element with thin
substrate is limited by its narrow impedance bandwidth. The equivalent circuit of a probe-fed
microstrip antenna element appears as a parallel RLC resonator with a high quality factor,
because of the thin substrate. Therefore, at resonance the microstrip antenna element may be
assigned a quality factor, Qr, to describe its bandwidth. The Qr factor is the total of all quality
factors associated with antenna losses, which include power dissipated within the patch due to
lossy metal conductors, Q., and substrate, Qa, and power lost due to radiation, Q.. For
rectangular antenna elements displaying a parallel RLC-type resonance response, the BW can be

based on the impedance characteristics [1, 2, 5, 30, 32, 89, 90, 106] and expressed as

(s-1)
BW = 100% 6.2
Q.vs (6.2)

where S is the maximum allowable VSWR (>1) within the band of operation.

The total quality factor of the antenna element is given by Carver et al [32] as:

Q, = [—+—+—] (6.3)

The quality factor associated with the radiation was derived using a closed resonator model

by Vandesande et al [22] as:

c
=——_J€ 6.4
QA 4hf ¥ ™ 9

where ¢, is the speed of light in vacuum and &.,, the effective permittivity can be calculated from
equation 2.10 or 3.8. Qq is determined by the dielectric loss tangent of the substrate and is given
by

Q,=tan"'d (6.5)

Q. for copper can be calculated from the formula given by Knoppik [135]:

z
Q. =07866 h=e |[f, (GHz) (6.6)

w
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Py is given by [134]

-1
P A W(0.94 + E) (1 + hj
h Tth 2h \\

= (6.7)

i w2 2 wATY’
— + ln{Zen(0.94 + —H
h i 2h

for W/h>2, where e = exp(1), and

)2

for W/h<2.

Here Z., is the characteristic impedance of a substrate filled strip line with strip line

thickness t = 0, as a function of &, h and W. According to Owens [102] this is given by:

R 2 e —1 .
7= Ra |y f4n, Ji6h® ) (& )(0.2258 0 1208) (69)
ny2(e +1)| (W VW’ (e, +1) &
for W/h<3.3, and
-1
R 0.0823(e, -1 +1
= W 04413+ (2‘ )+ & [0.231+0.1592 ln(E+O.94ﬂ (6.10)
2,€, | 2h €, €, 2h
for W/h=3.3

where R, = 120 7€2 is the vacuum resistance. Z, is the characteristic impedance of an arr filled
stripline derived from the characteristic impedance of a substrate filled strip line of width W.

Now setting €, = 1, one obtains for Wh <3.3

R 4h  [16h?
Zow =——|In| —+ +2 6.11
2n[ [w w? ﬂ ©.11)
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and for W/h >33

R -1
Ty = W o 09034+L 1n(E + 0.94) (6.12)
2 [2h © \2h

The surface wave power loss, however, constitutes only a very small proportion of the total
power loss for antenna elements with substrates thinner than approximately 0.00815 A,, and

therefore is not included in the calculation.

Equations 6.2 to 6.12 were used to calculate the bandwidth of all antenna elements listed in
Tables 6.1 and 6.2. Note that Table 6.1 is a continuation of Tables 3.3, 4.1 and 5.1 and Table
6.2 of Tables .3.4, 4.2 and 5.2. To check the accuracy of equations 6.2 to 6.12, the bandwidth
of all antenna elements given in Tables 6.1 and 6.2 are plotted as a function of their substrate
electrical thicknesses together with those results obtained from the MSAnt program and

measured results in Figure 6.2.

Note from this figure that equations 6.2 to 6.12 and the MSAnt program are found to yield
bandwidths of antenna elements with substrates respectively thinner than approximately 0.13 A4 and
0.1 Ay with good accuracy, however, they became increasingly inaccurate as the substrate
thicknesses increased. Thus, a formula for the calculating the bandwidth of antenna elements with

thicker substrates will now be proposed in the following section.
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Figure 6.2: Measured bandwidth results and those results obtained from equation 6.2 and MSAnt
program versus substrate electrical thicknesses of all antenna elements listed in Tables 6.1 and 6.2.
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Table 6.1 Measured and calculated bandwidth and efficiencies of antenna elements with thin
substrates (it is a continuation of Tables 3.3, 4.1 and 5.1).

Patch | Measured Present Method Calculated Calculated
No BW BW(%) BW(%) n [%] h/Ag h (mm) g
(%) Eq.6.2 MSAnt
[14]
1 1.07 1.08 0.80 98.32 0.0065 0.17 2.22
2 1.15 1.15 0.90 98.17 0.0071 0.17 2.22
3 2.20 2.11 1.50 96.08 0.0155 0.79 222
4 3.85 3.84 3.00 90.81 0.0326 0.79 222
5 2.05 1.94 1.60 81.06 0.0622 1.27 10.20
6 5.10 5.09 4.30 89.83 0.0404 1.57 2.33
7 4.90 4.83 4.00 - 90.30 0.0384 1.57 2.33
8 6.80 6.67 6.10 84.96 0.0569 1.63 2.55
9 5.70 5.69 4.90 86.87 0.0486 1.63 2.55
10 7.70 7.74 7.40 82.97 0.0660 2.00 2.55
11 10.90 10.71 11.70 71.97 0.0908 242 2.55
12 9.30 9.14 9.30 80.51 0.0778 2.52 2.55
13 10.00 9.92 10.50 99.75 0.0833 3.00 2.50
14 13.00 12.46 14.50 75.96 0.1039 3.00 2.50
15 15.60 15.26 19.70 72.21 0.1263 3.00 2.50
16 15.90 15.41 20.10 71.33 0.1292 4.76 2.55

6.5 Calculation of Bandwidth for Thick Antenna Elements

In this case the BW can also be calculated from equations 6.2 to 6.12 in which Qr is calculated
from [1]

Q = & (6.13)
m

where Q,, is the quality factor associated with the radiation is given for this case as a function of

the relative permittivity of the substrate as

Q. = (6.14)

and m is the radiation (space wave) efficiency as defined by Pozar [155]
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n:P ‘P 100% (6.15)

where P; is the power radiated in the space waves ( direct main beam power) is given by

R k2(k hY
Pr:M 1_i+i2 (6.16)
3 £ 5¢

r T

and P; is the power radiated in surface waves is given by

2 (e, —1) (k,hY
p - Roki (& 23( o) 6.17)

S 4 )

where k, = 21/A, is the free space wavelength. In addition, ignoring the dielectric loss,

P; + Py is the total power delivered to the microstrip antenna element.

An expression for bandwidth as a function of efficiency can be found by combining

equations 6.2 and 6.13:

(6.18)

To check the accuracy of equation 6.18, the bandwidths of all antenna elements given in
Tables 6.1 and 6.2 have been calculated and plotted as a function of their substrate electrical
thicknesses together with those obtained from equation 6.2 and measured results in Figure 6.3.
As is evident from the close agreement between the measured and calculated results equation
6.18 calculates the bandwidth of antenna elements with substrates in the range of h > 0.06A4 with
good accuracy. As can be also seen, neither the equation 6.2 nor that of 6.18 yield an explicit
expression for the bandwidth of antennae elements for the substrate thickness range h > 0.13A,,
so a correction factor for equation 6.18 was established by curve-fitting. The rationale behind
the derivation of the correction factor P follows. The ratios of the measured bandwidth results
and those obtained from equation 6.18 are plotted as a function of substrate electrical thickness

in Figure 6.6.
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versus substrate electrical thicknesses of all antenna elements listed in Tables 6.1 and 6.2.
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The details for these antenna elements are given in Table 6.2. After analysing the dependence
of the curves on the patch and substrate parameters, a correction factor was derived to fit the

measured results. The following correction factor, P, was obtained

p=2ow (6.19)

where Z,,, can be calculated from equation 6.9 or 6.10 and Z,, is calculated from equation 6.11 or
6.12.
A new closed-form expression for the bandwidth for an antenna with VSWR < S is then

derived by substituting equations 6.13 and 6.19 into 6.18:

BW (&%) = Qi(S—J_gl)P (6.20)

Equation 6.20 was used to calculate the bandwidth of all antenna elements listed in Table
6.2. The second and third columns of this table compare measured results with those calculated
using this formula. Results obtained from the new formulas conform well with measured results

for antenna elements with thick substrates.

6.6 Results and Discussion

The microstrip antenna elements investigated are rectangular patches with geometry as illustrated in
Figure 1.1. They are fabricated on PTFE (polytetrafluoroethylene) woven glass laminate material
(& = 2.50 and 2.55) and on duroid microwave substrate which is made of a glass microfiber
reinforced PTFE composite (g, =2.22, 2.33 and 10.2). These substrate materials are summarised in
Table 3.1. The inner conductor of the standard 50 ohm coaxial feed was extended to form the probe
through the substrate to all antenna elements tested. Antenna elements with substrate thicknesses in
the range of h < 0.13 A4 (or h < 0.0815 A4) are listed in Table 6.1 and are considered to be thin

antennae, otherwise thick. Thick antenna elements are listed in Table 6.2.

Table 6.1 gives the measured bandwidth (column two) for VSWR = 2.1 of these antennae
and the output values from equations 6.2 to 6.12 (column three) as calculated over a
representative range of antenna dimensions shown in Table 3.3. The fourth and fifth columns of

Table 6.1
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Table 6.2 Measured and calculated bandwidth and efficiencies of antenna
elements with thick substrates (it is a continuation of Tables 3.4, 4.2 and 5.2)

Patch Measured Present Method Calculated Calculated
No BW BW (%) BW(%) n (%) WA h (mm)
(%) Eqn. 6.20 MSAnt
1 17.50 17.00 18.10 69.60 0.1405 3.30
2 18.20 17.77 17.60 67.90 0.1519 4.00
3 17.90 17.34 17.90 68.85 0.1454 4.50
4 18.00 17.47 17.70 68.60 0.1475 4.76
5 19.00 18.42 17.20 66.50 0.1617 476
6 20.00 19.29 16.00 64.70 0.1754 5.50
7 18.70 18.01 17.10 67.40 0.1553 6.26
8 20.90 21.26 13.40 60.60 0.2091 8.45
9 20.00 19.66 15.50 63.90 0.1814 9.52
10 20.60 20.85 14.00 61.45 0.2017 9.52
11 20.30 20.61 14.40 61.90 0.1976 9.52
12 20.90 21.40 13.10 60.30 0.2119 10.00
13 21.96 22.26 11.50 58.50 0.2284 11.00
14 21.50 21.91 12.20 59.20 0.2216 12.00
15 21.60 21.73 12.40 59.60 0.2182 12.81
16 20.40 20.92 13.80 61.30 0.2032 12.81
17 21.20 21.55 12.80 59.95 0.2148 12.81

show respectively the bandwidth obtained from MSAnt program and the calculated radiation
efficiencies for these antenna elements. Table 6.2 however, gives the measured bandwidth
(column two) and the output values from equations 6.20 (column three) as calculated over a
representative range of antenna dimensions shown in Table 3.4. The fourth and fifth columns of
Table 6.2 show respectively the bandwidth obtained from MSAnt program and the calculated

radiation efficiencies for these antenna elements.

Although it is commonly assumed that the bandwidth increases with substrate thickness and
decreases as the value of the permittivity of the substrate increases, study of Figure 6.1 shows
that the BW dependence on these parameters is quite complicated. The BW increases rapidly,
except for antenna number 5 of Table 6.1, because its € =10.2, so that bandwidth of 1.07 % -
17.8% can be obtained for substrate thicknesses in the range of 0.0065 A, to 0.15A,. Beyond
this substrate thickness threshold it increases moderately, so that bandwidth of 18% - 22.2% 1is

obtained.
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Figure 6.5: Measured bandwidth results and those results obtained from equations 6.18, and 6.20
versus substrate electrical thicknesses of all antenna elements listed in Tables 6.1 and 6.2.
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Figure 6.5 shows the graphical representation of the bandwidth obtained from equations 6.2
and 6.20 as well as measured results as a function of substrate electrical thicknesses of all
antenna elements listed in Tables 6.1 and 6.2. Note from this figure that the bandwidth results
obtained from equation 6.2 agree well with measured results for antenna elements with substrate
thicknesses only when h < 0.0815 A,. Beyond this substrate thickness threshold, however,
equation 6.2 fails to accurately predict the bandwidth due to the omission of the surface wave
contribution. For this case, the bandwidth can be calculated with a considerable accuracy using

equation 6.20.

As substrate thickness increases the TM, surface mode becomes stronger, reducing the
efficiency and also BW, as can be seen in Figure 6.6. In this figure bandwidth and radiation
efficiencies are plotted as a function of substrate electrical thicknesses of all antenna elements listed
in Tables 6.1 and 6.2. Note that 1} decreases with increasing substrate thicknesses. For example, a
98.3% efficiency was calculated for an 0.0065A, thick antenna element, but only a 58.5% efficiency

with a 0.2284 A4 thick antenna was calculated.

Figure 6.7 shows the graphical representation of the calculated efficiencies and measured bandwidth
as a function of substrate physical thickness to patch length ratios (b/L ratios) of all antenna

elements listed in Tables 6.1 and 6.2. Note that this figure yields similar characteristics as Figure 6.6
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6.7 Conclusion

A study of the bandwidth of rectangular microstrip antenna elements with various substrate

thicknesses and relative permittivities has been presented. The study includes

e a technique based on the cavity model and the transmission line model have been given for
incorporating the various loss mechanisms including dielectric conductor and radiation losses,
into the equations for the calculation of bandwidth of probe fed rectangular microstrip
antenna elements with substrates ranging in thickness from 0.0065 A4 to 0.1292 A4 (0.17 mm
< h £4.76 mm) and operating over the frequency range 3.545 GHz to 8.450 GHz. The
results obtained from this technique are confirmed with those calculated from the MSAnt
program and measured results for all antenna elements given in Table 6.1. This research has
also revealed that increased substrate thickness produces increased bandwidth. For example,
a 1.07% bandwidth was measured for VSWR = 2.1 at 7.740 GHz with a 0.0065 A4 (0.17
mm) substrate thickness, but a 15.90% bandwidth was achieved at 5.100 GHz with a 0.1292
Aq (4.76 mm) substrate thickness. It has also been demonstrated that electrically thin antenna
elements are between 98.30 % and 71.30 % efficient. It has been shown that the method

given here gives results in good agreement with measurements.

e A novel closed-form expression based on the modified cavity model and the exact Green’s
function for a grounded dielectric slab has been developed for computing the BW of probe
fed rectangular microstrip antenna elements wit thick substrates taking into account both the
power radiated in the space waves and the power radiated in surface waves. The correction
factor was derived by means of a curve-fitting technique taking the inhomogeneus nature of
microstrip antennae into account. Substrate thicknesses of the investigated antenna elements
range h > 0.13 A4 (3.3 mm < h < 12.81 mm) for & = 2.55 and operating frequencies range
from 2.980 GHz to 8.000 GHz. The accuracy of the proposed expression has been
established by comparing calculated results with experimental measurements of BW for all
elements listed in Table 6.2. It has been shown that the method given here gives results in

good agreement with measurements.

This work has also revealed that increased substrate thickness produces a moderate
increment in bandwidth only. For example, a 17.50 % BW was measured for VSWR = 2.1 at
8.000 GHz with a 0.1405 A4 (3.30 mm) thick antenna, but only a 21.20 % BW at 3.150 GHz
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with a 0.2148 A4 (12.81 mm) thick antenna was achieved. It has also been demonstrated that
electrically thick antenna elements are between 69.60 % and 58.50 % efficient. Comparison

with measured bandwidth serve to confirm the accuracy of the computed results.

Among the important contributions of the work described in this chapter are:

e The bandwidth issue in general of microstrip antenna elements is discussed.

e Some of the more useful practical techniques for microstrip antenna bandwidth enhancement are
reviewed.

o The development of an accurate and computationally efficient method for the calculation of the
bandwidth of thin antenna elements.

e The development of an accurate and computationally efficient algorithm for the calculation of the

bandwidth of thick antenna elements.
e Experimental measurements are used to test and verify the techniques that are developed.

e The effect of the substrate thickness on the bandwidth and efficiency is described.
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Chapter 7

The Far-Field Radiation Patterns of Rectangular
Microstrip Antenna Elements with Various

Substrate Thicknesses

7.1 Introduction

In the close proximity of an antenna, the radiation fields exhibit complex characteristics, since
reactive components are present in addition to the radiated field. The reactive components vanish
and only the radiated field remains in the far field region when moving far enough away from the
antenna. The distance R between the calibrated reference antenna and the antenna under test must
satisfy the condition R = 2D/ \,, where D is the largest dimension of the antenna and A, is the free
space wavelength. In addition, the reactive field may be considered to be that region immediately
surrounding the antennae, and the radiating field is that region, beyond the reactive field, in which
the radiation pattern is dependent upon R [3]. All antenna elements considered for this chapter are
linearly polarised and the E- and H-plane radiation patterns are measured in the far field region.

Note that, the E-plane is the plane containing the electric field vector and the direction of maximum
radiation and the H-plane is the plane containing the magnetic field vector and the direction of

maximum radiation.
Radiation from a microstrip antenna occurs mainly from the fringing fields between the edge of

the patch conductor and the ground plane, Figure 7.1. The fields at the edges can be resolved into

normal and tangential components with respect to the ground plane. The tangential components
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(those parallel to the ground plane) are in phase, and are combined to give a maximum radiated field

normal to the ground plane.

Several analysis techniques have been proposed for the determination of the far-field radiation
patterns of microstrip antenna elements [1 - 16, 63, 64, 156]. Many of these analysis techniques
employ approximations which are valid only for thin substrates. Other more general approaches
suffer from a lack of computational efficiency, which is in practice can restrict their usefulness due

to high computational time and costs.

Based on this observation, this chapter investigates formulae based on the two-slot model,
TSM, the cavity model, CM, and the electric surface current model, ESCM, methods for calculating
the far field radiation patterns in both the E- and the H-plane respectively. This is because of their
applicability to the pattern analysis of rectangular microstrip antenna elements and their procedural
simplicity for computing the radiation patterns. Their respective regions of validity in theory and
applicability for a given antenna element have also been established by comparing the measured
results with those obtained from these models. For antenna elements with substrates in the range of
h < 0.0815 A, the TSM and CM have been verified and successfully used to calculate the far
radiation patterns in the field E- and H-plane, where h is the substrate thickness. However, as far as
it is known, there is no method available in the literature which calculate the E-plane radiation
pattern for antenna elements with thicker substrates. In reality, there is also no experimental work
that has been carried out on antenna elements with substrate ranges considered in this chapter. In
addition, this chapter will not review previous work on radiation patterns, the formulae that can be
relied upon to give a stated degree of design precision are given only. The formulae used to
calculate the radiation patterns and their modification are discussed briefly in the following sections.
Furthermore, the far field radiation patterns in the E- and H-plane are measured and compared with
results obtained from TSM, CM and ESCM for antenna elements with substrates thickness in the
range of 0.0071 Ay <h < 0.2148 A4, and physical thickness 0.17 mm < h < 12.81 mm, where A is
the wavelength in the dielectric substrate. They operate over the frequency range 2.980 GHz < f; <
8.450 GHz.

In this investigation the (1, 0) mode has been used, because in this mode the magnetic currents
on the two opposite radiating edges are constant. The magnetic currents on the remaining two
edges suffer a phase reversal and hence the fields radiated by them largely cancel. The pattern this

mode produces is linearly polarised and has a broadside maximum.
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The aim of the work presented in this chapter is to

e carry out a study on far-field radiation patterns in both the E- and the H-plane,

o discuss formulac based on the TSM, the CM and the ESCM models for computing these
patterns for rectangular microstrip antenna elements,

o determine the suitability and threshold of the applicability of these formulae,

e develop formulae that can determine the patterns for antenna elements with various substrate
thicknesses,

¢ conduct experiments for radiation patterns,

e verify the calculated results by comparison with experimental measurements,

¢ study the 3 dB beamwidths of these antenna elements,

e identify the fundamental effects associated with the dielectric substrate,

e study the effect of the edges of the ground plane to the radiation patterns.

For computing the E-plane radiation pattern for antenna elements with substrates in the range
of h > 0.0815 A,, the equation based on the TSM used for thin antennae was modified by adding the
line extension to patch resonant length. This is because the lines of the fringing field do not stop
abruptly at the edges of the patch. There is a stray field extending beyond the patch edges which
can be interpreted as an electrical lengthening of the patch, which implies an amount of stored

energy.

7.2 Experimental Procedures

Radiation pattern measurement requires two antennae: one to transmit the signal., the other to
receive it. The antenna under test acts as receiving antenna and is mounted on a large 183 cm
diameter circular aluminium ground plane in a 3 x 3 x 8.1 m microwave anechoic chamber lined on

all faces with 0.46 metre high microwave absorbing carbon impregnated foam pyramids.

All of the antenna elements considered for this research are fed by a standard 50 ohm coaxial
line. The APC-7 connector was attached to the back side of the printed circuit board, with its
central conductor passing through the ground plane and the dielectric substrate and connecting to a
suitable position on the patch. The dimensions of the APC-7 connector are: inner radius is 1.520

mm, outer radius is 3.500 mm. Moreover, a standard gain horn antenna with known electrical
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characteristics was used as a transmitting antenna (reference antenna). This was mounted on a fixed
pillar situated at the opposite end of the chamber, at a height equal to that of the test microstrip
antenna element. The distance between the antenna element under test and transmitting antenna

was 6 metres.

The test path of the automatic microwave network analyser system was then used to measure
both the E- and the H-plane radiation patterns at the polar coordinates of the microstrip test antenna
element. This was carried out by determining the magnitude of the scattering transfer coefficient Sy,
for the free space path loss between the receiving test antenna element and the transmitting horn. In
addition, the dimension of the substrate material, on which the patch is printed, was 100 by 100 mm
large. Absorbing material is placed around the perimeter of the ground plane to reduce diffraction
from the edge. This inhibits measurements at angles greater than approximately 80 degrees off the
z-axis; however, it extends the angular range over which measurements can be adequately made

with a finite ground plane size.

The accurate measurement of far-field radiation patterns in the E- and H-plane involves the
consideration of a number of factors, such as the physical and effective dimensions of the antenna
element, its feed point location, operational frequency and the environment in which it is operated
(eg. ground plane). In addition the feeding and construction discontinuities can cause asymmetry in

the radiation patterns.

7.3 The Calculation of Radiation Patterns

The configuration of a probe fed rectangular microstrip antenna element is shown in Figure 1.1.
The TSM, the CM and the ESCM methods have been used for calculating the far field radiation
patterns in the E- and H-plane and their variations compared with measurements.

The basic formulae for computing these patterns are given in the following sections.

7.3.1 Formulae Based on the Two-Slot Model Method

Generally, the fringing fields which give rise to the slot model for patch antenna radiation, occur

around the four sides of the patch. The fringing fields at the top and bottom of a patch (patch
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length walls) are depicted in Figure 7.1. These fields represent the preferred sources of radiation for
the antenna, which is vertically polarised. The fields along the side walls (patch width walls) radiate
horizontally polarised power and cannot be avoided. Based on this observation, the antenna
element can be regarded as an antenna system equivalent to the two-slot model shown in Figure 7.1.
The E-plane pattern (x-z plane) is determined by multiplying the radiated field of a single slot by an
array factor corresponding to the arrangement of two slot array. The total radiation field in the E-

plane of rectangular microstrip antenna element operating in the TM,o mode is given by [6] as

. g TR
Ee(e)l 0=0 = _JVoWko(%—R)FE ©®) (11)
where
k,h k,h o (kL
F; ((-)):sin( ®—sin 6)( °—sin 9) cos( ©—sin 6) (6.2)
2 2 2
For the H-plane (y-z plane),
e TR
E,(0), =—jV,Wk F, (6 6.3
(). == [ ) 3
where
kW k,W B
F, (6):sin( "2 sin 9)( "2 sinG) cos® (6.4)

where k, is the propagation constant in free space, W and L are the patch width and length, V, the

voltage across the slot, 6 and ¢ are the spherical coordinates defined in Figure 7.1.

7.3.2 Formulae based on the Cavity Model

As briefly described in Chapter 2 this model treats the region between two parallel conductor
planes, consisting of a patch conductor and ground plane, as a cavity bounded by the electric walls
and a magnetic wall along the periphery of the patch. The fields in the antenna element are assumed

to be those of this cavity [28].
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DIELECTRIC
SUBSTRATE

GROUND PLANE

Figure 7.1:  Rectangular antenna element represented as two slot radiating slots with
dimensional parameters.

This cavity will support quasi-discrete TMy,, modes transverse to z, where m and n are the
mode numbers associated with the y and x directions respectively. The radiating mode of interest is
the TM,o mode, obtained for L = A4¢/2. The radiation patterns in the E- and H-planes can be derived
from equations 2.60 and 2.64 respectively.

For the E-plane

k,h kL
F,(6,90°) = cos| —2—cos6 |cos| ——*sin6 (1.5)
’ 2 2

and for the H-plane

. (kW .
K h s1n( 5 sin 9)
F,(6,0°) = cos[ ; cos 9) cos9 (7.6)

k W
( ° esinﬁj
2

where W, and L. are the effective dimensions, taking into account the fringing fields at the

edge of the patch. In the case of the TM,o mode, W, and L. may be approximated as follows
[6]

(1.7)

L, = L1+ §(Lyoter
€

r

and
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W, =W (7.8)

with

nE

T r

0.164(¢, —1
S(L) = %{0882 N (jr ), &+l [0.758 + 1{% + 1.88)}} (7.9)

where €, is the effective relative permittivity as a function of the patch resonant length, and

can be calculated from 2.10 or 3.8 by replacing W with L.

Of interest is that equations 7.5 and 7.6 correspond to equations 2.22 and 2.24, derived by

the transmission line model, TLM, method, when the h is assumed to be zero.

7.3.3 Formulae Based on the Electric Surface Current

Model

The antenna element is replaced by as assumed surface current distribution, and the fields are
solved taking into account the presence of the dielectric layer. Calculation takes place in the
Fourier domain. The far field, calculated asymptotically from this solution, is used to get the

radiation patterns of the antenna element.

The radiation pattern in the E-plane is functionally expressed as [63, 64]

cos{nsme-]

2./E 0

F.(8,0=0)=¢_|l+¢&, cot’(k h e J|——"—%

E( o ) € [ € CO ( JS_)](Sinze—eew)z
cos*(e, —sin” 6)

| (€, —sin® @) +¢7 cos’ Gcotz(k(,h,/er —sin’ 6)

(7.10)

and for the H-plane
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cos’ 0

| (€, —sin’ 6)cot2(k“hqf8r —sin® 9)+cos2 0

(7.11)

The brief derivation of equations 7.10 and 7.11 follows that of [63, 64] and is given in Appendix A.

7.4 The Radiation Patterns for Thin Antenna Elements

The radiation pattern in the E-plane of rectangular microstrip antenna elements with substrates in
the range of h < 0.0815 A, can be calculated by equation 7.2, or 7.5, because all three equations
yield similar results. The results obtained from these formulae agree well with measured results at
desired frequency range values as can be seen in Figures 7.2 - 7.6. However, the agreement
between the measured radiation pattern in the E-plane results and those obtained from equation

7.10 has been found not to be promising.

As the substrate electrical thickness increases the formulae for calculation of E-plane radiation
patterns equations 7.2 and 7.5 begin to lose accuracy and also applicability, as will be shown in
Section 7.5. Thus, a formula for calculating radiation patterns in the E-plane for antenna elements

with any substrate thickness and frequency will now be proposed.

As is evident from the close agreement between the measured and calculated patterns in the H-
plane shown in Figures 7.7 - 7.10 the formulae based on the TSM and the CM calculate these
patterns for antenna elements with substrates in the range of h < 0.0815 A, with good accuracy.
Similar to the E-plane case, the agreement between the measured radiation pattern in the H-plane

results and those obtained from equation 7.11 is once again not promising.

Note that the results for the radiation pattern in the E- and H- plane obtained from equations

7.2 and 7.4 are similar to the results obtained from 7.5 and 7.6 respectively.
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7.5 The Radiation Pattern for Thick Antenna Elements

For this case the antenna element is assumed to be an open circuit microstrip line, as outlined in
Section 2.2.1.1. The electric fields at the open end of a microstrip line are distorted by an abrupt
termination at the edges, resulting in fringing electric fields which leak out into the dielectric
surrounding the conductor pattern and also out into the air region and around the substrate. Since
the patch is modelled as a transmission line of length L, an electrical lengthening of AL will occur,
due to this open-end effect, at both patch ends. This forms the slots, as shown in Figure 7.1. To
improve the accuracy of equation 7.2 the line extension has been taken into account by replacing the
physical patch length by (L + 2AL). The resulting formula for the radiation pattern in the E-plane

(x-z plane) of rectangular antenna elements with thick substrates can be given as

; ol ¢
sm[ ) s1n6] ko (L +2AL)
Fr(0) = cos{ ° 5 sin 9}

= (712)

sin@

where AL is the edge extension as a function of patch length, and can be calculated from equation

2.11 by replacing W with L as follows

(e, +0300)(L L !
AL=0412 h—=————< ( +0. 264](— + 0.813) (713)
(e, —0.258)\ h h

It has been found that formulae based on the TSM (equation 7.4) and the CM (equation 7.6)
for calculating the H-plane patterns are valid for rectangular microstrip antenna elements with

substrates of any thickness, as will be shown in the following section.

7.6 Results and Discussion

Far field radiation patterns were measured for angles from -90° to 90° in both the E-and H-plane for
all antenna elements given in Tables 3.3 and 3.4. These antenna elements were fabricated on
substrate materials given in Table 3.1. However, patterns in the E- and H-plane of only five thin

and five thick antenna elements have been selected for this chapter. These provide sufficient
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validation for the proposed methods. Numerical results obtained from the methods described above

are compared with these pattern measurements.

The radiation patterns of rectangular microstrip antenna elements are hemispherical, but both
the E-and H-plane patterns have a null in the horizontal plane + 90°. Evidently any E-plane
radiation pattern in this plane occurs in the form of surface waves. All radiation patterns for both

the E- and H-planes were measured and calculated at resonant frequency.

Figures 7.2 - 7.6 show the selected measured E-plane radiation patterns of thin antenna element
numbers 2, 4, 8, 12 and 14 of Table 3.3 compared with results obtained from equations 7.5 and
7.10. The patterns obtained by equation 7.5 agree very well with measured values at desired
angular regions below £ 60° on the E-plane, while equation 7.10 fails to predict these patterns

satisfactorily.
Note that diffraction from the edges of the ground plane has a profound effect on these antenna

patterns above + 60°. In the main beam region, the ideal patch pattern is modulated by diffracted
fields.

90°

120°
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‘4=ilili=§§ 30°

\

clative Power (dB)

]illllllll 0

0
3 -10
330°

0N

N 9

Measured
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— - — Egquation 7.10 |— 300

270°

Figure 7.2: Measured far-field radiation pattern in the E-plane at 8.450 GHz for antenna element
number 2 in Table 3.3 compared with results obtained from equation 7.5 and 7.10.
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Figure 7.3: Measured far-field radiation pattern in the E-plane at 7.730 GHz for antenna element
number 4 in Table 3.3 compared with results obtained from equation 7.5 and 7.10.
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Figure 7.4: Measured far-field radiation pattern in the E-plane at 6.560 GHz for antenna element
number 8 in Table 3.3 compared with results obtained from equation 7.5 and 7.10.
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Figure 7.5.: Measured far-field radiation pattern in the E-plane at 5.800 GHz for antenna element
number 12 in Table 3.3 compared with results obtained from equation 7.5 and 7.10.
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Figure 7.6: Measured far-field radiation pattern in the E-plane at 6.570 GHz for antenna element
number 14 in Table 3.3 compared with results obtained from equation 7.5 and 7.10.
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Figures 7.7 - 7.10 show the selected measured H-plane radiation patterns of thin antenna element

numbers 2, 4, 9 and 14 of Table 3.3 compared with results obtained from equations 7.6 and 7.11.

The patterns obtained by equation 7.6 coincide well with measured values while equation 7.11 fails

to accurately calculate them.
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Figure 7.7: Measured far-field radiation pattern in the H-plane at 8.450 GHz for antenna element
number 2 in Table 3.3 compared with results obtained from equation 7.6 and 7.11.
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Figure 7.8: Measured far-field radiation pattern in the H-plane at 7.730 GHz for antenna element
number 4 in Table 3.3 compared with results obtained from equation 7.6 and 7.11.
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Figure 7.9: Measured far-field radiation pattern in the H-plane for at 5.600 GHz for antenna
element number 9 in Table 3.3 compared with results obtained from equation 7.6 and 7.11.
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Figure 7.10: Measured far-field radiation pattern in the H-plane at 6.570 GHz for antenna element
number 14 in Table 3.3 compared with results obtained from equation 7.6 and 7.11.



Figures 7.11 - 7.15 show the selected measured E-plane radiation patterns of thick antenna
element numbers 4, 7, 8, 9 and 17 of Table 3.4 compared with results obtained from equations 7.5,
7.10 and modified equation 7.12. The patterns obtained by the modified equation 7.12 coincide
very well with measured values at desired angular regions below & 60° on the E-plane. But the
results obtained from equations 7.5 and 7.10 are not valid for antenna elements with thick

substrates.

The E-plane radiation patterns vary significantly with substrate thickness as is shown in these
figures. They are also slightly affected by the surface waves and the edges of the ground plane.
Since the substrate is thick, the E-plane patterns exhibit variations that could be caused by surface

wave and diffraction at the substrate edges.

Figures 7.16 - 7.19 show the selected measured H-plane radiation patterns of thick antenna
element numbers 4, 7, 11 and 17 of Table 3.4 compared with results obtained from equations 7.6
and 7.11. The patterns obtained by equation 7.6 coincide very well with measured values, while

equation 7.11 fails to calculate these pattern accurately.
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Figure 7.11: Measured far-field radiation pattern in the E-plane at 5.820 GHz for antenna element
number 4 in Table 3.4 compared with results obtained from equation 7.5, 7.10 and 7.12.
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Figure 7.12: Measured far-field radiation pattern in the E-plane at 4.660 GHz for antenna element
results obtained from equation 7.5, 7.10 and 7.12.
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Figure 7.13: Measured far-field radiation pattern in the E-plane at 4.600 GHz for antenna element
results obtained from equation 7.5, 7.10 and 7.12.
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Figure 7.14: Measured far-field radiation pattern in the E-plane at 3.580 GHz for antenna element
number 9 in Table 3.4 compared with results obtained from equation 7.5, 7.10 and 7.12.
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Figure 7.15: Measured far-field radiation pattern in the E-plane at 3.150 GHz for antenna element
number 17 in Table 3.4 compared with results obtained from equation 7.5, 7.10 and 7.12.
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Figure 7.16: Measured far-field radiation pattern in the H-plane at 5.820 GHz for antenna element
number 4 in Table 3.4 compared with results obtained from equation 7.6 and 7.11.
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Figure 7.17: Measured far-field radiation pattern in the H-plane at 4.660 GHz for antenna element
number 7 in Table 3.4 compared with results obtained from equation 7.6 and 7.11.
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Figure 7.18: Measured far-field radiation pattern in the H-plane at 3.900 GHz for antenna element
number 11 in Table 3.4 compared with results obtained from equation 7.6 and 7.11.
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Figure 7.19: Measured far-field radiation pattern in the H-plane at 3.150 GHz for antenna element
number 17 in Table 3.4 compared with the results obtained from equation 7.6 and 7.11.
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Figure 7.20: Beamwidths in the E- and H-planes versus substrate electrical thicknesses of all
antenna elements considered for this chapter.

The dependence of half-power beamwidths in E- and H-plane of all antenna elements

considered for this chapter on substrate electrical thicknesses is depicted in Figure 7.20.

Note that the E-plane beamwidth decrease with increasing substrate thicknesses, while the H-

plane slightly increase.

In summary,

e the agreement between the calculated and measured result for patterns in the E-plane is very
good, except for the noticeable effects of the diffraction at large angles from the z-axis due to the
imperfect ground plane used in the measurements,

e the E-plane patterns of thick antenna elements exhibit variations below + 60° that could be
caused by surface wave and diffraction at the ground plane edges,

o the agreement between the calculated and measured result for patterns in the H-plane is also
good,

e despite the use of a very thick substrate, the microstrip antenna element exhibited satisfactory

and nearly symmetrical E- and H-plane radiation patterns.
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7.7 Conclusion

A study of the far field radiation patterns in both the E- and the H-plane for antenna elements with
substrates ranging in thickness from 0.0065 A4 to 0.2284 A4 and physical thickness from 0.17 mm to
12.81 mm, and operating over the frequency range 2.980 GHz to 8.450 GHz, has been carried out.

This chapter has verified the applicability of the TSM, the CM and the ESCM methods for
computing the far field radiation patterns in both the E- the and H-plane of rectangular microstrip
antenna elements. It has also demonstrated that the formulae based on the TSM and the CM are
found to yield the radiation patterns in the E-plane of antenna elements with substrates in the order
of h < 0.0815A, with good accuracy, but they become increasingly inaccurate as the substrate
thickness is increased. It has also been demonstrated that the applicability of the formulae based on
the TSM and the CM for predicting the radiation patterns in the H-plane are not restricted to a
certain material and substrate thicknesses. They are valid for all antenna elements introduced in this

thesis.

The inadequate performance of the formulae based on the TSM, the CM and the ESCM for
predicting the radiation patterns in the E-plane of antenna elements with thicker substrates prompt
the necessity of modification of the formulae based eg on the TSM to fit the measured results. This
has been done by taking into account the line extension. The modified equation 7.12 gives the
radiation patterns in the E-plane for substrates in the range of h > 0.0815 A, correctly, as is evident
from the close agreement between the calculated and measured results. Measurements confirmed

the calculated results for all cases.
The effect of substrate thickness and the aspect ratio on the far-field radiation patterns for
rectangular microstrip antenna elements has been shown to be quite significant. The characteristic of

the pattern is changed for a different thickness of the substrate.

The relationship between half power beamwidth in the E- and H-plane and the substrate

thicknesses has also been successfully investigated.
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Chapter 8

Novel Broad-Band Miniaturised Rectangular

Microstrip Antenna Elements

8.1 Introduction

The many desirable features of classical microstrip antennae are well known, as is the fact that
narrow intrinsic bandwidth is perhaps the most serious of their limitations. This arises from the fact
that the region under the patch is basically a thin resonant cavity with a high quality factor. The
bandwidth that can be obtained with a single antenna element operating at the lowest mode is from
less than 2% to 6% for thin substrates satisfying the criteria h < 0.06 A4 for 2.22 < ¢,< 10.2 and for
VSWR of 2:1, as the results of Chapter 6 and [3, 89, 90] indicate. where A4 denotes the wavelength
in the dielectric substrate material at resonance, €, is the relative permittivity of the substrate and

VSWR is the voltage standing wave ratio.

In electronic warfare, wideband radar and communication systems applications, the antenna
must meet particularly demanding specifications. Physically, it must be low profile, light weight,
able to withstand thermal stress and be extremely rugged. Moreover, it should neither protrude
inwardly to disrupt the mechanical structure, nor disturb the acrodynamic flow across the skin of the
platform. The electrical characteristics of the antenna must include high efficiency and wide

frequency bandwidth, together with low side-lobes.
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In recent years much research has been carried out on methods for impedance bandwidth

enhancement, since the narrow bandwidth of the basic element is usually the dominant characteristic

that may limit its application. Because of the low-profile geometry, the basic microstrip antenna

element does not make very effective use of the entire volume of its enclosing sphere. Therefore,

some of the available enhanced bandwidth design methods can be interpreted as either increasing

the enclosing volume, eg., by using adjacent parasitic elements or as employing the enclosing

spherical volume more effectively eg., by stacking patches. Note that the narrow bandwidth of the

basic microstrip antenna element is not caused by the size of its enclosing volume, but by the thin

grounded substrate. As a result, improved impedance bandwidth can only be achieved with

larger size which leads to a larger enclosing sphere,
greater complexity by making more effective use of the enclosing volume, or

the introduction of loss which reduces the radiation efficiency.

Some of the methods for impedance bandwidth enhancement include [2, 5]:

using a passive coplanar matching network [157, 158]

by combining a patch radiator and an FET amplifier with an optically fed photodiode [159],

by inclusion of transistors in the matching network to combine amplification with the matching
function [160],

with a circular or linear very narrow gap in the patch conductor around the feed point of a patch
fed with a coax probe [161] (fabrication of the gap is problematic),

using a two layer proximity-coupled design [162],

using a stacked patch configuration [148, 163] with bottom patch fed a coaxial probe or
microstrip feed line [164, 165] or aperture coupling [166],

using the coplanar arrangement of a fed element with one or more parasitic patches 167, 168],
by adding a 6 dB attenuator in series with a microstrip antenna [5],

using a substrate with low unloaded quality factor, Q, [169] and

using thick substrates [89, 90, 125, 132].

Note,

e if the substrate is not very thin, some consideration may have to be given to spurious

radiation from the matching and tuning network,

e the network must be as close as possible to the radiating element in order to achieve best

results of bandwidth.
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The wider bandwidth is usually accomplished by using a thick substrate with low permittivity;
yet there is a limit on the maximum useable substrate thickness such that surface waves will not be
radiated. Here increasing the substrate thickness increases the excitation of surface waves, resulting
in lowered efficiency and also bandwidth [90]. The design of the antennae is complicated by the
added matching structures, diodes, shorting pins and their associated biasing structures. When a
frequency greater than 10 GHz is used, the size of antenna elements becomes small, hence it is not
possible to accommodate the diodes underneath each element. The stacked antennae, however, are
thicker than those of single element and the low profile characteristics of such antennae is slightly

compromised.

This Chapter introduces a novel broad-band miniaturised rectangular microstrip antenna
element (or microstrip block antenna element) [81, 95-97] which consists of a metal patch on one
side of a dielectric sheet in which the dielectric substrate is restricted to the same size as the metal
patch, and a ground plane on the other side as shown in Figure 8.1. It is fed by a coaxial line from
the back through the ground plane. It also reports on a simple and accurate design procedure based
on the transmission line model and the cavity model for this antenna and presents the experimental

and analytical results.

Measured data on the performance characteristics of the new antenna element is presented and
compared with the characteristics of a conventional microstrip antenna element having the same

dimensions. The results obtained from this technique are in good agreement with measurements.

i
SUBSTRATE

Figure 8.1: Configuration of a broad band microstrip antenna element with dimensional
parameters.

Miniaturised antenna elements fitted to the surfaces of space borne vehicles have appropriate
mechanical and thermal characteristics and do not result in any aerodynamic drag. Other

advantages of these antennae are: the usual configuration with the antenna behind a radome is
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eliminated completely, hence the typical pattern distortion effects caused by radomes will not occur,
it is also simple to manufacture, and the materials are low cost compared with traditional solutions
using high tolerance machining of metal, it requires less space and is light weight, it does not require
different processing methods or modification for use on doubly curved surfaces, and it has wider
bandwidth, higher gain and it can be mounted on and/or embedded into the bodies of a surface and

space borne vehicles.

This antenna can be used as single antenna element or as an element of a large planar phased

array, where single antenna or array size is a major concern.

8.2 Physical Properties

The following physical parameters must be considered and calculated in the process of designing a
miniaturised rectangular microstrip antenna element: the length, the width, and the feed point

location. The important physical parameters of such antenna elements are illustrated in Figure 8.1.

An accurate calculation of the input resonant resistance of an antenna element is necessary to
provide a good match between the element and the feed point. This requires a thorough
investigation of the antenna dimensions and feed location as well as their effect on the operating

characteristics.

8.2.1 Element Width

The width, W, of the broad band miniaturised antenna element suitable for producing efficient

operational properties is given by [81, 95-97]

Co

8.1
foer &

W = 045

where ¢, is the velocity of the electromagnetic waves in the free space and f; is the resonant

frequency.
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8.2.2 Element Length

The resonant length of the broad-band miniaturised elements can be calculated by [81, 95-97]

Lot o M (82)

2de | 24e,

where A, is the wavelength in free space.

8.2.3 Feed point Location

The miniaturised antenna element is excited from a coaxial feed whose inner conductor (standard 50
Q feeding line) is fed from the inside through the dielectric material and connected to the outer
copper conducting patch surface. The outer conductor is connected to the backplane. The inner
conductor or probe perturbs the field inside the antenna, thus causing the element to radiate. The
distance to the coaxial feed point from the nearest edge of the patch, a, is approximately one-third

of the element length. This position of the feed probe provides an optimum impedance match.

8.3 Electrical Properties

8.3.1 Input Impedance

The input impedance, Z,, of an antenna is an essential property which directly affects the efficiency
of energy transfer to or from the antenna, as already discussed in Chapter 4. It varies according to
antenna physical properties and, owing to its effects on the efficiency of energy transfer, should be
gauged with a high degree of accuracy in order to provide a good match between the antenna

element and its feed.
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The input impedance of the broad-band miniaturised antenna elements may be given in terms of
the loaded quality factor, and the inductive reactance of the probe as outlined in Chapter 4 [81, 95,
96, 97, 108] as

Zin = + X, (8.3)

with

X = 1-jQ, (f?j (84)

where Ry, is the input resistance at resonance, f the operating frequency of the antenna and Qris the
total quality factor which includes all quality factors associated with conductor loss, dielectric loss
and loss due to the radiated power. The Qrcan be calculated from equation 2.53.

The lumped series reactance, X;, may be approximated by [58].

o T h O
x, = Refely, [;J (8.5)
Co do T f, £

where R, = 1207 Q is the vacuum medium resistance and d, is the diameter of the probe.
As discussed in Chapter 4, the resonant input resistance for the broad band miniaturised

antenna element can be given by [1, 81, 95, 96, 97]

Q, h 5 (anj
Rin = cos’ | — 8.6
ne, e, f, WL (86)

where €, =8.854 10" F/m, is the permittivity of vacuum.

8 3.2 Resonant Frequency

The resonant frequency of a microstrip antenna is defined to be the frequency at which the input
impedance is purely real (Zi, = Riy) as discussed in Chapter 5. Experimentally, the resonance occurs
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at a minimum in the measured VSWR corresponding to a minimum in the magnitude of the

reflection coefficient.

The expression for the resonant frequency of the miniaturised antenna element is obtained using
the rectangular cavity model assuming the cavity is driven at its fundamental TM;o mode as [17, 81,

95, 96, 97]

fo = 8.7)

This expression has been used to calculate the resonant frequencies of these antenna elements.

8.3.3 Bandwidth

The impedance bandwidth of an antenna is related to the VSWR and a value of VSWR =2 is a
common standard as a range over which the bandwidth of microstrip antenna element can be
evaluated. As discussed in Chapter 6, many antenna characteristics including gain, beamwidth,
sidelobe level, polarisation, and impedance are determined by the frequency. The variation of any of
these characteristics may limit the useful frequency band of the antenna. Therefore, the bandwidth

must be determined accurately.

The return loss characteristics of the miniaturised antenna elements were measured to
determine the resonant frequency and the bandwidth, similar to that in Figures 8.2 and 8.3. The

following frequency relationship is defined to obtain the bandwidth of this antenna elements

fz_fl

BW = 100% (8.8)

where f; and f, are the lower and the upper band edges for S;; = -9 dB which is equivalent to

VSWR =2.1.
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8.3.4 The Radiation Patterns

The radiation pattern describes the relative strength of the radiated field in various directions from
the antenna. The source of radiation for the antenna is the electric field that is excited between the
edges of the element and the ground plane. The far field E- and H-plane radiation patterns are

calculated using the two slot model shown in Figure 7.1.

As discussed in Chapter 7, for two slots spaced a distance L apart, the E-plane radiation pattern

may be expressed as [16, 81, 95, 96, 97]

. { mh

Sm(x—) niL

F9 (e)’ 0=0 = TCh—O COS[—] (8 9)
~—sinB Ao

The H-plane radiation pattern is given by

cos9 (8.10)

The half power beamwidth has also been obtained as the angular width between directions

where the radiated field reduces to (2)°° of the maximum value, or the gain decreases by 3 dB.

8.4 Results and Discussion

The novel miniaturised microstrip antenna element is fabricated on a PTFE woven fibre glass
microwave substrate material of relative permittivity & = 2.55 as shown in Figure 8.1. The

dimension and feed point location of these antenna elements are given in Table 8.1.
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The return loss, input impedance, E- and H-plane radiation patterns and bandwidth are

measured as a function of the dimension of the patch and the thickness of the dielectric substrate.

The return loss versus frequency of each of the new elements listed in Table 8.1 for the coaxial
feed positioned 3.40 mm and 4.30 from the nearest edge of the elements are shown in Figures 8.2
and 8.3 respectively. This suggests that impedance matching of the feed usually occurs at
approximately 1/3 of the element length. It is seen from the return loss plots that the resonance of
the proposed elements occurs at 8.650 and 7.230 GHz, corresponding to an error of 0.17 % and

1.2 % in comparison with the predicted frequency using equation 8.7 respectively.

| 2=7) 1 MAG M
REF 0.0 & - B.E5 GH=z
67 5.0 B~ —37.639
—37. 539 c3
G ]
g &-—\‘\\ |
MARIKER &L
8.65 |[GH=
poirf 144 \ //

START 5.000000000 GH=z
gsToP 10, QVDDDT2D GHz=

Figure 8.2: Measured return loss characteristics as a function of frequency of the broad antenna
number 1 given in Table 8.1.

The fractional bandwidth is also determined from these return loss characteristics, as the
frequency difference between points where the loss is -9dB and the maximum loss occurring at the
centre frequency (resonant frequency), is the fractional bandwidth. Experimental results confirm
that for VSWR = 2.1 bandwidth of the order of 9.3% and 9% are available with these antenna
elements respectively compared to the 4.3% of a conventional microstrip antenna of the same

dimension.

It is seen from the corresponding Smith charts of Figures 8.4 and 8.5 and Table 8.1, that a good

impedance match has been obtained with the loops at the 50 Q point for both miniaturised antenna
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1 5.0 dB/
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1- //”*
© [MARKERN
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Figure 8.3: Measured return loss characteristics as a function of frequency of the broad antenna

number 2 given in Table 8.1.

| 50.869 Q
o

START S. V2P0DXPDD GH=
STOP 10. 0220070020 GHz

Figure 8.4: Measured input impedance characteristics as a function of frequency of the broad

antenna element number 1 in Table 8.1.
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elements. The measured input resistances at resonant frequencies of both elements are 50.8 and 50
Q, corresponding to an error of 3 % and -2%, in comparison with the calculated resistances using
equation 8.6 respectively. The results are given in columns nine and ten of Table 8.1. These
discrepancies are again attributable to small differences in the element dimensions and feed point

locations and secondly, to minor variations in €.

The E-plane radiation patterns for both antenna elements were measured respectively at 8.650
and 7.230 GHz and compared with results obtained from equation 8.9. The excellent agreement
between the results obtained from this equation and the measured results are easily seen in Figures

8.6 and 8.7.

S11 p4

REF 1.0 Units

1 200.0 mUnits/

V se.098 a -e.2012 Q

hp

MARKER
7.

START 6.625000000 GHz
STOP 8.000000000 GHz

Figure 8.5: Measured input impedance characteristics as a function of frequency of the broad
antenna element number 2 in Table 8.1.

The H-plane radiation patterns for both antenna elements were measured at 8.650 GHz and
compared with results obtained from equation 8.10. The excellent agreement between the results

obtained from this formula and the measured results are easily seen in Figure 8.8.
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Figure 8.6: Measured far-field radiation pattern in the E-plane at 8.650 GHz for antenna
element number 1 in Table 8.1 compared with results obtained from equation 8.9.
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Figure 8.7: Measured far-field radiation pattern in the E-plane at 7.230 GHz for antenna
element number 2 in Table 8.1 compared with results obtained from equation 8.9.
Table 8.1  Comparison of physical properties for the novel and conventional antenna elements
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L W a h Measured Calculated
{(mm) (mm) (mm) (mm) f; (GHz) f; (GHz)
Block Nr. 1 10.00 9.80 3.40 1.63 8.650 8.635
Block Nr. 2 13.15 11.9 4.30 1.58 7.230 7.143
Conventional 13.15 11.9 4.30 1.58 7.100 7.143
microstrip element
Cont.
Measured  Calculated ~ Bandwidth E-plane H-plane
Beamwidth Beamwidth
Rin (€2) Ry, () %o
(Degrees) (Degrees)
Block Nr. 1 50.8 49.3 9.3 91 79
Block Nr. 2 50.0 51.0 9.0 77 N/A
Conventional 50.0 50.0 4.3 78 N/A
microstrip element
90°
120° 60°
0 q
150 30°
\ Relative power (dB)
1800 i : ::::::':1' ..'l..::OO
0 -1 220 ' 0 -10 ()
210° \ 330°
- - =~ Calculated
———— Measured
240" T 300°

Figure 8.8: Measured far-field radiation pattern in the H-plane at 8.650 GHz for antenna

270°

element number 1 in Table 8.1 compared with results obtained from equation 8.10.
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In addition, accurate measurement of far field radiation patterns involve the consideration of a
number of factors, such as physical dimensions, operational frequency band and the operational
environment. The measured half-power beamwidth at resonant frequency of each of these antenna

elements are respectively 91° and 76°.

The results obtained for the bandwidth show that using a miniaturised antenna element is an
excellent way of widening the bandwidth. An investigation of the far field radiation patterns

indicates that the increased bandwidth is obtained without any pattern degradation.

A comparison has been made between the proposed antenna elements and a conventional
microstrip antenna element of the same dimension to highlight the merit of the former in respect of

bandwidth. The results are listed in Table 8.1.

8.5 Conclusion

A novel broad-band miniaturised rectangular microstrip antenna element has been developed,
designed and implemented. Design details, analysis, calculations and experimental observations
of this antenna element have been discussed. The experimental results of these antenna elements

reveal that

their bandwidth can be broadened to as high as 9.3% which is 2.16 fold the bandwidth of a

conventional microstrip antennae having the same patch dimensions,

e they are capable of very good performance with regard to important design parameters,
e their overall reduction in the size is as high as 70% of a corresponding rectangular patch antenna,
e they are very simple to manufacture and are very economical,

e they are capable of being mounted on and/or embedded into the bodies of surface and space-

borne vehicles,

e they can be used as single antenna or in an array environment.
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Among the important contributions of the work described in this chapter are:

e The review of some of the more useful practical techniques for microstrip antenna bandwidth

enhancement.

e The introduction, design and implementation of a novel miniaturised rectangular microstrip

antenna element which may also be called microstrip block antenna element.

o The development of an accurate and computationally efficient method for the analysis of these

antenna elements.

e Discovery of the effects of the reduction size of substrate material to the same size as the metal

patch.

e The development of a broad-band antenna by using a single layer of substrate and a single feed

point.
The analysis that has been developed and applied takes account of all the physical parameters of
the antenna, and has revealed that this antenna has the potential to offer excellent performance

characteristics.

The research presented in this chapter has therefore, elucidated engineering design

opportunities for a novel broad-band antenna element not previously available.
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Chapter 9

A Novel Dual-Band Miniaturised Rectangular

Microstrip Antenna Element

9.1 Introduction

A dual-band antenna is useful in situations where it is required to operate in two distinct frequencies
which may be too far apart for a conventional microstrip antenna to perform efficiently at both

frequencies.

The search for new microstrip antenna configurations for dual frequency operation has been a
dominant feature of recent research where several methods of obtaining dual-band operations have

been developed and discussed in the literature. Some of these methods include

e multilayer patches [170 - 173],

e stacked patches [145, 173 - 176],

e terminated microstrip patch radiators [176],

e parasitic elements coupled to the main patch [145, 168],

e asingle layer rectangular patch loaded by two slots which are etched close to the radiating edges
[166],

e disc resonant radiators with small tabs attached to the edge [177],

e dual-band microstrip antennae with reactive loading [178],

e log-periodic or quasi-log periodic antennae [138, 179],
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patch antenna with a spur-line band-stop filter [180],

patch antenna with an inclined slot [181,

patch antenna with inhomogeneously filled dielectric substrate [182],

reactively loaded patches with varactor diodes [183] short pins (posts) [184] or optically
controlled pin diodes [185],

stagger-tuned resonators developed either to perform dual frequency operation or to increase the

bandwidth [186].

Unfortunately, there are some disadvantages associated with each of these methods, such as

(once they are designed and etched):

e The design of the patches is complicated by the added components such as varactor diodes,
optically controlled pin diodes etc. and their associated biasing circuit. For high frequencies (eg
frequencies greater 10 GHz), the patch sizes are small and it is difficult to accommodate the
diodes and shorting posts underneath each patch. In addition, the precise positions of shorting
posts are also important.

e The added components in design multiply for an array consisting of a large number of elements.

e The multi layer and stacked structures are thicker than the single patch and the low profile
characteristics of the microstrip antenna are slightly compromised. These structures bring
problems in the design and manufacture stages along with an increase in height. In addition,
increasing the substrate thickness increases the excitation of surface waves resulting in lowered

efficiency.

These are just a few of the attempts already made to perform dual frequency operational
microstrip antennae. A closer investigation of these examples, however, reveals that it is still
desirable to obtain a dual frequency antenna element without increasing either its height or the size,

or adding any component.

The analysis design, fabrication and testing of a novel dual-band microstrip antenna resonating
at frequencies 6.850 and 7.190 GHz is introduced and discussed in this chapter. It consists of a
metal patch on one side of a dielectric sheet in which the dielectric substrate is restricted to the same
size as the metal patch, and a ground plane on the other side, Figure 8.1. The antenna is fed by a

coaxial line from the back through the ground plane [ 81, 82, 95, 96, 97]



A novel numerical technique is also developed for the dimensions and operational properties for
these antennas. Measured performance data of miniaturised antenna elements are presented and
compared with the calculated results. Very good agreement between theory and experiment was

achieved.

In many applications, only a few distinct frequency bands are needed, rather than a continuous
spectrum of operating frequency such as in the Global Positioning System (GPS). The novel dual-
band miniaturised antenna element occupies a minimum space. It can be distributed and/or
embedded over or in the surface of surface and space borne vehicles, eg. aircraft, ships, missiles, etc.
It is also applicable to satellite systems where two channels are needed to receive/transmit the
telecommand and telemetry signals. Phased arrays based on these antennas can be easily designed

for use in Space-Borne Imaging or Synthetic-Aperture and Secondary Surveillance Radar systems.

9.2 Physical Properties

The following physical parameters must be considered and calculated in the process of designing a
dual band miniaturised microstrip antenna element: the length, L, the width, W, and the feed point
location, a. The important physical parameters of this element are illustrated in Figure 8.1. These

factors will be discussed individually in the following sections.

9.2.1 Element Width

The width of the miniaturised dual band antenna element suitable for producing efficient operational

properties can be given as in Chapter 3 and [81]
| 1o Ao
W = h)\.d In T -1 (91)

where h is the substrate thickness and A4 is the wavelength in the dielectric substrate material.
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9.2.2 Element Length

The length of the dual-band miniaturised microstrip antenna element suitable for producing efficient

operational properties can be calculated from [18]

Ao

.

L =0.49 (9.2)

where A, is the free-space wavelength and ¢, is the relative permittivity of the substrate.

9.2.3 Feed Point Location

The dual-band miniaturised microstrip antenna element is excited from a coaxial feed whose inner
conductor (standard 50 Q feeding line) is fed from the inside through the dielectric material and
connected to the outer copper conducting surface. The outer conductor is connected to the back
plane. This configuration is shown in Fig. 8.1. The inner conductor or probe perturbs the field
inside the antenna, thus causing this antenna element to radiate. The distance to the coaxial feed
point from the nearest edge of the patch, a, is approximately one-third of the element length. This

position of the feed probe provides an optimum impedance match.

9.3 Electrical Properties

9.3.1 Input Impedance

The input resistance at both frequencies of the antenna elements can be obtained from Chapters 4

and 8 [81, 82, 95, 96, 87]

R e —— 1 cos{ﬂ) 9.3)
ne, € fr WL L



where €, =8.854 10" F/m, is the permittivity of vacuum. The factor Qr is the total of all quality
factors associated with antenna losses, which include conductor loss, dielectric loss and loss due to

the radiated power. It can be calculated from formula 2.53.

9.3.2 Resonant Frequency

The resonant frequency of a microstrip antenna is defined to be the frequency at which the mput
impedance is purely real (Z;, = Ry,), as discussed in Chapters 5 and 8. Experimentally, the resonance
occurs at a minimum in the measured voltage standing wave ratio, VSWR, corresponding to a
minimum in the magnitude of the reflection coefficient.

The frequency of the first resonance is calculated using the transmission line model [1, 81, 82]

Co

fq =
' TO2(L+2AW) Jeu

94

where &, is the effective relative permittivity of the substrate as obtained from formula 2.10 and

AW is the line extension obtained from formula 2.11.

The second resonant frequency is calculated using the rectangular cavity model assuming the

cavity is driven at its fundamental TM,, mode as discussed in reference 17 and Chapter 5

fo = —2 (9.5)

2L AJe,

Note that the values of both frequencies depend strongly on the element length and the

permittivity of the dielectric material.

9. 3.3 The Radiation Patterns

The radiation pattern describes the relative strength of the radiated field in various directions from
the antenna. The source of radiation for the antenna is the electric field that is excited between the

edges of the element and the ground plane. The far field E-plane radiation pattern is calculated
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using the two slot model shown in Figure 7.1 or the cavity model as discussed in Chapters 7 and 8.

It may be expressed as [16, 81, 82, 95, 96, 97]

. [ ®h
Sm[l } L
Fe(9)|¢:0 = Tl:hio cos(l—] (9.6)

—sin@

o

The half power beamwidth has also been obtained as the angular width between directions

where the radiated field reduces to (2)® of the maximum value, or the gain decreases by 3 dB.

9.4 Results and Discussion

An element was fabricated by cutting a 11.93 mm by 13.19 mm block of a PTFE woven fibre glass
laminate with a nominal relative permittivity of 2.55, dielectric loss tangent, tand, of 0.002, and
thickness of 1.58 mm. The dimensions and feed point location are listed in Table 9.1. The return
loss characteristics as a function of the frequency is shown in Figure 9.1. It is seen from this figure
that the dual-band frequencies of the element occur at 6.850 and 7.190 GHz. The first and second
resonant mode frequencies correspond to an error of 1.69% and 0.95% respectively in comparison
to the predicted result using equations 9.4 and 9.5. These small discrepancies are attributed to small
differences in element length and secondly, to minor variations in the relative dielectric constant of

the substrate material.

It is seen from the corresponding Smith chart of Figure 9.2 and Table 9.1 that the measured
input resistances at both frequencies of the dual-band element are 56 and 52 Q. The discrepancies
between the measured results and those obtained from equation 9.3 are 2.6% and -0.2%,
respectively. These discrepancies are again attributable to small differences in the element widths

and feed point locations and secondly, to minor variations in €.

The far-field radiation pattern in the E-plane of the dual-band antenna element were measured
at 7.190 GHz and compared with calculated results. The excellent agreement between the results
obtained from equation 9.6 and the measured results can be observed in Figure 9.3. In this case the

pattern was measured for angles from -180° to 180°. Despite the reduction in the size of substrate
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Figure 9.1: Measured return loss characteristics as a function of frequencies of the dual-band
microstrip antenna element.
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Figure 9.2: Measured input impedance characteristics as a function of frequencies of the dual-band
microstrip antenna element.
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material to the same size as the metal patch and the use of a 700 mm by 700 mm small ground
plane, the dual antenna element exhibited a very good and symmetrical E-plane radiation pattern as
can be observed in Figure 9.3. In addition, accurate measurement of far field radiation patterns
involve the consideration of a number of factors, such as physical dimensions, the operational
frequency band and the operational environment. The measured half-power beamwidth at the
second frequency is 80° and the gain is 7dBi +1.5dB. Note, that Table 9.2 presents the measured
and calculated frequencies of the first mode, f;;, and second mode, f,, the input resistances of the

first mode, R;,;, and the second mode, Rjy;.

Calculated [—__ |

——— Measured
240°
270°
Figure 9.3: Measured H-plane radiation pattern for the dual-band microstrip antenna element at
7.190 GHz.
Table 9.1: Measured and calculated physical and electrical characteristics for the dual-band
microstrip antenna element.
L W a h
(mm) (mm) (mm) (mm)
13.19 11.93 4.29 1.58
measured calculated measured calculated
f: (GHz) f(GHz) Rin () Rin(€2)
frl fr2 frl fl’Z Rinl RinZ Rin Rin2
6.850 7.190 6.734 7.525 56 52.4 57.5 52.3




9.5 Conclusion

A novel dual-band miniaturised rectangular microstrip antenna element which performs efficiently at

two distinct frequencies has been developed, designed, manufactured and tested.

Design details, analysis, calculations and experimental observations of this antenna element

have been discussed. The experimental results of this antenna elements reveal that

this antenna operates at two distinct frequencies which are 340 MHz apart,

they are capable of good performance with regard to important design parameters,

their overall reduction in the size (area) is as high as 70% of a corresponding rectangular patch

antenna,

they are capable of being mounted on and/or embedded into the bodies of a surface and space

borne vehicles,

they are very simple to manufacture and are very economical.

Among the important contributions of the work described in this chapter are:

The review of some of the more useful practical techniques of obtaining dual-band operations.

The introduction, design, implementation and measurement of a novel miniaturised rectangular

microstrip antenna element which may also be called dual microstrip block antenna element.

The development of an accurate and computationally efficient method for the analysis of these

antenna elements.

Discovery of the effects of the reduction in size of substrate material to the same size as the

metal patch.
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e The development of a dual-band operation by using a single layer of substrate and a single feed

point.

The analysis that has been developed and applied takes account of all the physical parameters of
the antenna, and has revealed that this antenna has the potential to offer excellent performance

characteristics.

The research presented in this chapter has therefore, elucidated engineering design
opportunities for a novel miniaturised rectangular microstrip antenna element not previously

available.



Chapter 10

A Novel Miniaturised Microstrip Ring Antenna

Element

10.1 Introduction

The search for novel microstrip antenna designs with wider bandwidth and better physical and
operational properties has been a dominant feature of the literature, because conventional
microstrip antenna designs inherently have very a narrow impedance bandwidth [1 - 11],
Chapters 6 and 8. The typical size of conventional microstrip antennae can be quite large for
some surface and space borne vehicle applications. A study of published microstrip antenna

designs reveals that it is still desirable to reduce size without sacrificing performance properties.

This Chapter describes a novel design for a broad-band miniaturised microstrip ring antenna,
consisting of a metal ring on one side of a dielectric sheet, in which the dielectric substrate is
restricted to the same size as the metal ring, and a ground plane on the other side, like that
shown in Figure 10.1. The ring antenna is fed by a coaxial line from the back through the
ground plane.
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Figure 10.1: Configuration of a miniaturised microstrip ring antenna element with dimensional

parameters.

Also reported is a simple and accurate design procedure for this antenna, together with

experimental and analytical results [84, 93].

This antenna occupies a minimum space, and can be distributed or embedded over or in

the surface of surface and space borne vehicles.

The design, fabrication, testing and analysis of a novel miniaturised microstrip ring antenna
is described. A novel analytical technique is developed for the dimensions and operational
properties for this antenna. Measured performance data of the ring antenna is presented and
compared with calculated results. Very good agreement between theory and experiment was

achieved.

10.2 Physical Properties

The goal of this section is to determine the dimensions of the ring antenna element necessary to
satisfy the specific performance characteristics over the required frequency band. The required

inner and outer diameters and feed point location have been obtained by a trial-and-error design
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technique, because there are no formulae to calculate them. The design procedure takes the line

extension into account.

10.2.1 The Inner Diameter

The resonant inner diameter of the ring antenna suitable for producing efficient operational

properties can be expressed by [84, 95] as

d= —¢— (10.1)

where h is the thickness of the substrate and A4 the wavelength in the dielectric substrate given

by

7\,d=

(10.2)

Co
frafEc

where c, is the velocity of the electromagnetic waves in free space, f; the resonant frequency and
¢, the relative dielectric constant of the substrate. The open-end extension due to the fringing
effects is incorporated into equation 10.1. Here the line extension is assumed to be the same as

the substrate thickness, h.

10.2.2 The Outer Diameter

The outer diameter of the ring antenna suitable for producing efficient operational properties can

be calculated from [84, 95]:

D= — + === (10.3)

where D is the outer diameter of the ring.
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10.2.3 Feed Point Location

The miniaturised ring antenna is excited from a coaxial feed whose inner connector (standard 50
Q feeding line) is fed from the inside through the dielectric material and connected to an outer
copper conducting surface. The outer conductor is connected to the back plane. This
configuration is shown in Figure 10.1. The distance a between the coaxial feed probe and the

nearest edge of the ring antenna is obtained from [84, 95]

a =~—— (10.4)

W =D-d 10.5)

This position of the feed probe provides an optimum impedance match.

10.3 Electrical Properties

10.3.1 Resonant Frequency

As discussed in Chapters 5, 8 and 9, the resonant frequency is defined to be the frequency at
which the Voltage Standing Wave Ratio, VSWR, corresponds to a minimum in the magnitude of
the reflection coefficient (return loss). The resonant frequency is calculated using the

transmission line model [84, 95]

fo = (10.6)

Co
21W (e, —1

where €., is the effective relative permittivity as a function of the ring width W and obtained

from equation 2.10.
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10.3.2 Input Impedance

Similar to Chapters 4, 8 and 9 the resonant input resistance can be obtained from [84, 95]

Qr h 2(375)
Rpn = ———— —cos’| — 10.7
n 80 8r fr A W ( )
where A is the surface area of the ring antenna
A = 2r(R* - %) (10.8)

The factor Qr is the total of all quality factors associated with antenna losses, which includes

conductor loss, dielectric loss and loss due to radiated power. It is given in Chapters 2 and 4 as

-1

Qr = (Q/'+Q'+Q7) (109)
the contribution of the radiation is given by [137]

A
= o 10.10
Q = >k, (10.10)

where A, is the free space wavelength.

The loss in the dielectric, Qq, is the same as the loss tangent, (tanS)'l, of the substrate

material. The loss in the conductors is given by [134]

Q. = O.786%h(mm),/fr (GHz) (10.11)

w

Py is given for W/h>2
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-1
2n LA E(0.94 P (1 + i)
h rth 2h W

= (10.12)

P
w 2
E + 3 In 2en[0.94 + E)
h =« 2h

where Z.,,, is the characteristic impedance of an air-filled microstrip line of width W derived from

the characteristic impedance of a substrate filled line of width W given in equation 2.4 by setting

€, = 1. The resulting equation for W/h>3.3 is

-1
Z, = 60m W +0.903 + lln(0.94 + Ej (10.13)
2h T 2h

Note that the width of the ring was assumed to be equal to width of the stripline in equations
10.12 and 10.13.

10.3.3 The Radiation Patterns

The far field radiation patterns in E- and H-plane are calculated using the two slot model shown
in Figure 2.4. For two slots spaced a distance TW apart, the E-plane radiation pattern may be

expressed for -90° < ¢ < 90° as [84, 95]

. (nh]
sin| — W)
Fe(0) = — Ao cos(n(n ] (10.14)
—sin ¢ Ao
and for the H-plane radiation pattern

sin[@sinej

Eo(®) . = —Ahe o cos© (10.15)

i “Zsin0

(4]

The half power beamwidth has also been obtained as the angular width between directions

where the radiated field reduces to (2)°° of the maximum value, or the gain decreases by 3 dB.
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10.4 Results and Discussion

An antenna was fabricated by cutting a ring of outer diameter 17.01 mm and inner diameter
10.98 mm of a PTFE woven fibre glass laminate with a nominal dielectric constant, €, of 2.55,
dielectric loss tangent, tand, of 0.002, and thickness of 1.63 mm. Figure 10.1 shows the
important physical parameters of this antenna element. The measured return loss characteristics
of the ring antenna versus frequency for a coaxial feed positioned 1.7 mm from the nearest edge
of the element is shown in Figure 10.2. Note from this plot that resonant frequency of the ring
occurs at 7.450 GHz, corresponding to an error of 2%, in comparison with the calculated
resonant frequency from equation 10.6. This small error is attributed once again to a small
differences in element physical parameters and to a minor variation in the relative permittivity of

the substrate material.

REF 2.0 o8 ’?';wm S
5.0 B - 4S5 Gz
V —302.184 =8 —30.184

s L
START S. DDA GH=
STORP 10. 3020DDDDD GH=,

Figure 10.2: Measured return loss characteristics as a function of frequency of the
miniaturised microstrip ring antenna element

The fractional bandwidth is determined from the return loss characteristics shown in Figure
10.2 as the frequency difference between points where the loss is -9dB and the maximum loss
occurred at the centre frequency. Experimental results confirm that VSWR =2.1; bandwidth of
the order of 9.8% is available with this antenna compared to about 5.3% for a conventional

microstrip ring antenna of similar dimensions.
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It is seen from the corresponding Smith chart of Figure 10.3 that a good impedance match has
been obtained with the loop (locus) at 48 Q. The measured input resistance at resonant
frequency is 48 Q, corresponding to an error of -0.2% in comparison with calculated nput

resistance from equation 10.7.

»S 2 KMARRER 1]
1.0 Units 7.45 GHz

i 200.@ mUnits~s 48,244 Q

V 48.244 @ -2.5293 Q -2.5293 Q

P

START 5. 00B20D008 GH=z
STOR 10, 0VRDOODDD GH=z

Figure 10.3: Measured input impedance characteristics as a function of frequency of the
miniaturised microstrip ring antenna elements

The E- and H-plane radiation patterns for this antenna elements were also measured at
7.450 GHz and compared with results obtained from equations 10.14 and 10.15 respectively.
The excellent agreement between the results obtained from these equations and the measured

results are easily seen in Figures 10.4 and 10.5.

In addition, accurate measurement of far field radiation patterns involve the consideration of a
number of factors, such as physical dimensions, operational frequency band and the operational
environment. The measured half-power beamwidths at resonant frequency for E- and H-plane are

respectively 71° and 67°.
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Figure 10.4: Measured far-field radiation pattern in the E-plane at 7.450 GHz compared with
results obtained from equation 10.14.
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Figure 10.5: Measured far-field radiation pattern in the H-plane at 7.450 GHz compared with

results obtained from equation 10.15.

10-9



The results obtained for the bandwidth show that using a miniaturised antenna clement is an
excellent way of widening the bandwidth. An investigation of the far field radiation patterns

indicates that the increased bandwidth is obtained without any pattern degradation.

10.5 Conclusion

A novel broad-band miniaturised microstrip ring antenna element has been developed, designed
and implemented. Design details, analysis, calculations and experimental observations of this

antenna element have been discussed. Its experimental results reveal that

e its bandwidth can be broadened to as high as 9.8% which is 1.8 fold the bandwidth of
conventional microstrip ring antenna having the same ring size,

e it is capable of very good performance with regard to important design parameters,

e its overall reduction in the size is as high as 70% of a corresponding ring antenna,

e it is capable of being mounted on and/or embedded into the bodies of a surface- and space-
borne vehicles,

e it is very simple to manufacture and is very economical,

e it can be used as a single element or in an array environment.

Among the important contributions of the work described in this chapter are:
o The introduction, design and implementation of a novel miniaturised microstrip ring antenna
element.
e The development of an accurate and computationally efficient method for the analysis of this
antenna element.
e Discovery of the effects of the reduction in size of substrate material to the same size as the
metal patch.
e The development of a broad-band antenna element simply by using a single layer of substrate.
The analysis that has been developed and applied takes account of all the physical
parameters of the antenna, and has revealed that this antenna has the potential to offer excellent
performance characteristics
The research presented in this chapter has therefore, elucidated engineering design

opportunities for a novel broad-band miniaturised microstrip ring antenna element not previously

available.
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Chapter 11

The Mutual Coupling Between two Rectangular
Microstrip Antenna Elements with Various

Substrate Thicknesses

11.1 Introduction and brief overview

In the design of a microstrip array, the individual antenna elements can be either in the E-plane or in
the H-plane coupled configuration. In such an array, the elements are close to each other. Hence

each active element induces current in its neighbouring elements and this is called mutual coupling.

As part of the array design process, for proper operation of each antenna element of an array,
the influence of the nearby elements must be calculated in advance. An understanding of the effect
of mutual coupling between antenna elements is of great importance in the design of an array
because it can result in mismatches of the individual elements to their feeds, and the degradation of
the radiating properties of each of the coupled antenna elements such as radiation patterns, gains
and polarisation, variation with scan angle. This is because the impedance of the array element is
different from that of the individual element, and therefore the excitation value of each array element

cannot be determined independently.



The array designer may require mutual coupling data for many orientations and spacings,

therefore a method of calculating the mutual coupling is necessary.

In the last two decades there has been a great deal of interest in arrays consisting of microstrip
antenna elements, because their printed circuit constructions make them well suited for use in large
scanning arrays. Mutual coupling has been calculated and/or measured by several authors [1 - 5],
[9, 18, 28, 42, 85, 98, 121], [187 - 205], with a wide variety of analytical methods. These are
complicated, time consuming and are not easily implemented in a CAD package. Moreover, all the
calculated results to date have been based upon approximations valid only for substrates in the order

of h <0.0815 A, where A, is the free space wavelength and h 1s the substrate thickness.

Jedlicka et al [193] and [194] reported measured data on the scattering transfer coefficients as a
function of element separation for two coupled L-band '1.58 mm and 3.17 mm thick antenna
elements in E-plane and H-plane configurations. Here neither the dimensions or the location of the

feed probe, nor the permittivity of the substrate are mentioned

Krowne et al [195] modelled the H-plane mutual coupling between two 1.58 mm thick
rectangular antenna elements using a coupled transmission line approach and method of moment
technique to compute even and odd mode transmission line parameters, and the E-plane mutual
coupling using an equivalent T-network of capacitances, where the capacitance values were then
obtained by an approximation to a quasi static formulation of the gap in a microstrip line.
Unfortuhately the results for the scattering reflection coefficient were not compared with any

measurements.

Malcomes [196] evaluated the mutual coupling for two 0.5 mm thick antenna elements using a
formula for the mutual impedance based on the reaction concept and the cavity model. The
measured and calculated E- and H-plane scattering transfer coefficient agreed to within 4 dB for

frequencies up to 10 GHz.

Penard et al [197] calculated the scattering transfer coefficient using the reaction theorem with
a cavity model of the patch field of H-plane coupled 1.52 mm thick rectangular microstrip antennas.
This method takes into account all the equivalent slots around the patch, but neglects the width of
the slots, the surface waves, the radiation of the ideal field distribution on the slots versus frequency

and higher cavity modes. The calculated magnitude of the transfer coefficient was shown to agree
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with their own measurements to within 1 dB for separations greater than 0.1 A, for elements

operating on a typical substrate at 2.298 GHz.

Pozar [42] has presented a moment method solution which used an exact Green's function for a
dielectric slab above a grounded plane. This is regarded as accurately accounting for surface waves
and radiative coupling between 3.17 mm thick patches. The agreement between the calculated
mutual coupling and that measured by Jedlicka et al is good; however, the value of the effective
dielectric constant was chosen to ensure this agreement. Even the much more sophisticated theory
of Pozar brings no major improvement for computing the mutual coupling between antenna

elements with thick substrates.

Krowne [198] published work which is an expanded combination of the works reported in

[195] and [199] but does not include any comparison with measurements.

Van Lil et al [200] used the transmission line model for the patches using the reaction concept
to calculate the mutual admittance between two distinct elements with substrates thinner than 1.57
mm. This model is effectively equivalent to Penard et al [197], with the coupling due to the non
radiating wall of the patches being neglected. Hence the computed results generally agree less

closely with the experiment than those of [197].

Mohammadian et al [201] adopted an approximate model to calculate the mutual coupling
between two 1.59 mm and 3.2 mm thick antenna elements which is based on a cavity model
expression. This method is time consuming and does also not bring improvement for computing the

mutual coupling between antenna elements with thick substrates.

Dubost [202] used the volume equivalence theorem and classical Schelkunoff theory to
calculate the mutual impedance and coupling coefficients between two antenna elements in E- and
H-plane configurations for the dominant mode TMj,. The agreement between the calculated
coupling coefficient between two 0.0075A, thick antenna elements in the H-plane and that measured
by Jedlicka et al [194] is good. But the calculated coupling coefficient results between some thicker
antenna elements (h = 0.012 ) in the H-plane agree less closely with that measured and calculated
by Penard et al [197]. The calculated coupling coefficient results between two 0.012A, thick
patches in the E- plane agree well with those calculated using the cavity theory reported by Penard
[203]. Therefore, the method proposed by Dubost [202] can be categorised as computationally
equivalent to cavity theory suggested by Penard [203] and valid for thin microstrip arrays only.
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As far as it is known, the mutual coupling results available in the literature are given for antenna
arrays with substrates thinner than 3.20 mm. Further, many of these methods are complicated, time
consuming, not valid for thicker substrates and are also not easily implemented in a Computer

Aided Design, CAD, package.

It is important to note that there is almost no data or details on mutual coupling in the open

literature for microstrip arrays with substrates satisfying the criteria h > 0.08154, [85, 98].

This chapter develops formulae that calculate the mutual coupling coefficients between two
identical rectangular antenna elements in E- and H-plane configurations for the dominant TM;o
mode. These formulae are derived using the volume equivalence theorem and the classical
Schelkunoff theory [202] as a basis. The mutagl coupling coefficients between two antenna
elements with various substrate thicknesses are calculated using these formulae and these
coefficients are compared with experimental results. It will be seen that, as the thickness of the
substrate increases the differences between the measured and calculated results increases
unacceptably. Thus, modifications to these formulae need to be made to increase the accuracy of
the predictions for the mutual coupling coefficient [85, 98]. These modifications must take into
account the effective properties of the antenna elements, the surface wave and also the mismatch
that may occur between the elements for both the E- and H-plane configurations. As described in
the preceding chapters, the antenna element is modelled as a transmission line of length L ,and an
electrical lengthening of AW will occur, due to open-end effect, at both edges of the antenna
element. A similar effect will occur at the sides of the antenna element, increasing its width
electrically. The effect on the periphery is accounted for by replacing the physical width and length

by effective width and effective length.

It is well known that a proportion of the total input power supplied to the antenna is consumed
in the excitation of the surface wave. The lost power is dissipated within the dielectric substrate
material. Thus, the accurate design of microstrip arrays with thick substrates requires not only the

inclusion of the space waves to mutual coupling effects but also the surface waves.

The measured and calculated mutual coupling coefficients are presented as a function of
separations between two antenna elements with substrates ranging in electrical thickness, defined as
h/Ag, from 0.0419 to 0.2189 and physical thickness from 1.50 mm to 9.52 mm, in E-and H-plane
coupling configurations for the dominant TM,, mode, where A4 is the wavelength in the dielectric
substrate. This technique is original, simple, and is easily included in a CAD system.
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Measured results are compared with calculations using this technique and published formulae
[202, 204]. This comparison shows that the present technique is accurate enough for practical
microstrip array analysis and design. The basic differences between the present work and that of
Dubost are in the method of computation of the radiation resistance, R,, the consideration of the
physical and effective dimensions of the antenna elements, the permittivity and thickness of the

substrate and the method of inclusion of surface wave contributions.

Note that the formulae given in Chapter 3 are applied to determine the dimensions and the feed

point locations of the antenna elements used in the array design.

11.2 Experimental Procedure

Verification of new formulae reported herein is provided for rectangular antenna elements of
various substrate thicknesses, as well as elements of various dimensions, by comparing computed
results for the mutual coupling coefficient with measurements made on two identical element test
arrays. Measurements were performed with two antenna elements fabricated on a 100 mm by 200
mm microwave substrate, and mounted on a 700 mm by 700 mm aluminium ground plane with a
centre slot cut so that the spacing between adjacent elements could be continuously varied. A
continuous substrate was simulated by inserting dielectric spacers of the same substrate material
between the elements as shown in Figure 11.1. The substrate material is made of a
polytetrafluoroethylene (PTFE) woven fibreglass laminate with a nominal dielectric constant of

2.55, and loss tangent of 0.002.

Specific calibration procedures were followed for the reflection measurements. The resonant
frequency was measured for each individual patch and a slight mismatch from the calculated results
was noted which was attributed to fabrication tolerances. Matching of each element was obtained

by a proper choice of the feed location.

The magnitude of the E-plane and H-plane are measured as a function of the distance between

the patch edges, which is normalised with respect to the free-space wavelength A..
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Figure 11.1: Experimental arrangement for the measurement of microstrip antenna array S-
parameters.

Mutual coupling between two identical rectangular patch antenna elements is measured by
exciting one patch and measuring the relative amplitude, S, (dB), of the power coupled mto the
other patch antenna at the resonance frequency. The measurements were performed using an
HP8410 automatic microwave network analyser system, controlled by an HP9845 desk computer

and dedicated computer programs.

The measurements were taken for substrate thicknesses of 1.50, 1.63, 3.00, 4.76, 6.26, 7.76
and 9.52 mm by varying the separation between two antenna elements from 0.2 A, to 1.4 A,. For

each separation the coupling amplitude, S, was measured in both the E- and the H-plane.

Matching of each element was obtained by a proper choice of the feed location.

11. 3 Formulation and numerical implementation

The test of practical and analytical data has been carried out by means of two identical element
arrays consisting of rectangular patch antennas with coaxial feed, shown in Figure 11.1. The
analytical expressions for the mutual impedance and coupling coefficients in the E- and H-plane

configurations for the dominant TM,, mode are obtained using the modified volume equivalence
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theorem and the classical Schelkunoff theory suggested by Dubost [202, 204]. The derivation of
the expressions is outlined briefly in Appendix B.

The mutual coupling coefficient, C,, between two microstrip antenna elements at resonance can
be calculated from [202] in which radiation resistance R, is replaced by the total resistance at
resonance, Ry, of the antenna. This change takes into consideration the influence of the antenna
losses, \including radiation out of the walls, heat loss in both the dielectric and conductor (copper)

[85, 98]. The mutual coupling coefficient is now given by

Z R R
C. =20log —2 _40log ~| [Rre , [Bn 111
" 2R, 2{VR, VR,

where Z;y; is the modular of the mutual impedance and Ry is the normalisation resistance. The
subscript  has been used to represent either the E- or the H-plane coupling, and o has been used to

represent either the patch resonant length, L, or width, W.

At resonance Rt can be calculated from the equation in references [28, 85, 121] in which the
subscript ¢ and the surface wave excitation resistance, R;, have been additionally taken into

consideration as follows

R, = R, + R; + R, + K| (112)

o

Note that the subscript o will only be considered when thick antennae are used. The resistance

used to account for the power loss in the conductor may be calculated from
R, = 000027Q’ %Jfr (GHz) (113)

where f; is the resonant frequency and Q; is the radiation quality factor derived from the

transmission line model [1, 22] as

A
=—2./ 4
Q ap Ve (114)
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where &.,, the effective permittivity as a function of W and can be calculated from equation 2.10 or

equation 3.8. The resistance due to power loss in the dielectric material may be expressed as

tand hA_
R, = 30 — . 115
d £ WL Qr ( )

r

where €, is the relative permittivity of the substrate and tand is the loss tangent of the dielectric
substrate.
As defined in Section 4.2 the radiation resistance and the capacitance of the TM;p mode at

resonance are [1, 28]

R = (116)

with

117)

where © = 27if, is the angular frequency and &, = 8.854 x 10" Farad per meter (F/m) is the

permittivity of free space.

With a microstrip antenna in mind, it is well known that the existence of a dielectric layer over a
ground plane is responsible for the excitation of surface waves along the air dielectric interface.
These surface waves are guided away by the substrate even though they do not radiate except for
producing uncontrolled radiation at substrate edges or at other geometrical discontinuities. The
power in the surface waves must therefore be considered along with antenna loss. It is important to
note that this work only considers the propagation of the dominant lowest-order TM, mode which

is excited for usual values of the normalised substrate thickness h/Aq and which has a zero cutoff

frequency. The equivalent resistance of the surface waves can be derived from the ratio of the

power lost to surface waves, P, and radiation power, P, given by Hall et al [138]

\

P _R,_ gk} cos’(k,h)

= (118)
P. R, gXklcos’(kh) +kjhk,

where k; and k; are surface wave propagation coefficients determined from
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tan(k,h)=¢, %— (119)

and
kI +k; =ki(e, - 1) (1110)
When W/A, « 1, k; is found by
| 1
ki == —(—ef+er e? +4h’k (e — 1))’ 1111
' W2 J ( )) (1L11)

A Maclaurin’s series expansion is used for tan(hk;)

1 3 2 s 17 7
tan(k,h) = Kh+=(kh) +—(k;h) +—(kh) +--- 1112
(kih) ki 3( 1 ) 17(1(1 ) 315( ! ) ( )
Combining (11.9) and (11.12) one obtains
k 1 3 2 s 17 7
k, = k,h+—=(kh) +—(k,h) +—(hk 1113
=Sl S + ) + STk | a1y
Substituting (11.13) into (11.8) yields for R
R, =T R, (11.14)
with
2
T, =(hk‘—+Tj +(3151+—T"Jhk1 cot?(hk, ) (1115)
81' 8l'
and
1 3 2 s 17 7
T =—(kh) +—(kh) +—(kh 1116

A new equation for the calculation of the total input resistance of thick antennae can be given

by substituting equation 11.14 into equation 11.2 as

11-9



R, =R, (1 +T)) + Rc + Ry (1117)

Note that for a matched antenna Ry is equal to Ry.

11.3.1 Coupling in E-plane (Collinear Position)

The antenna elements are end coupled (E-plane oriented) with the direction of propagation

perpendicular to the two adjacent coupled antenna ends, Figure 11.1.

CGROUND PLANE

Figure 11.2: Experimental arrangement for the measurement of the mutual coupling in the E-
plane between two identical antenna elements.

11.3.1.1 Coupling in E-plane Between two Antenna
Elements with Thin Substrates

At resonance the coupling coefficient in E-plane C,e can be calculated from equation 11.1 (by
setting £ = E) in which Z,,g is the mutual impedance referred to the feed point location. Z,ok can be
calculated from the equation given in by Dubost [202], equation B.13 in Appendix B, in which one
replaces both the free space wavelength by the wavelength in the dielectric substrate material to take
into consideration the influence of the relative permittivity of the substrate and W by L. The

resulting formula for Z;,g [98] is

11-10



25¢2hR A* E T
Zi = — | 1+ 7‘“2 cos’ (1118)
n'S(e, —1DL 4hSr’e, 2+e,

where R, = 1201 Q is the vacuum medium resistance and S is the distance between two patches. In
the following formula Ry is obtained from equation 11.2 by setting o = L and assuming the effect of
the surface wave is insignificant (Rs = 0 Q) for substrates satisfying the criteria h < 0.0815 A,. The

resulting formula for C can be given as

25¢2R, h)? 5
C,; =20logs— £ % 2 L is <— |cos® n
8 n(e, —1) SL* Ry 4Shn’e, 2. /e,

1{ R, [30
—4010g|:§[,/¥+ /RTL ﬂ (11.19)

As is evident from the good agreement between the measured and calculated coupling

coefficient in the E-plane shown in Figures 11.3 - 11.6, the equations 11.1 to 11.19 calculate C, for
antenna arrays with substrates in the thickness range of h < 0.0815 A, with good accuracy. As the
substrate becomes thicker, however, these equations lose accuracy and also applicability, as will be

shown in next section.
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Figure 11.3: Computed and measured E-plane mutual coupling coefficient between two
rectangular antenna elements with 1.50 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 1 of Table 11.1)
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Figure 11.4: Computed and measured E-plane mutual coupling coefficient between two
rectangular antenna elements with 1.63 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 2 of Table 11.1)
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Figure 11.5: Computed and measured E-plane mutual coupling coefficient between two
rectangular antenna elements with 3.00 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 3 of Table 11.1)
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Figure 11.6: Computed and measured E-plane mutual coupling coefficient between two
rectangular antenna elements with 3.00 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 4 of Table 11.1)

Table 11.1 Dimensions of thin antenna elements of which mutual couplings in E- and/or H-plane
were measured and computed

\\% L f, h a £
h/Ag
Array No (mm) (mm) (GHz) (mm) (mm)
1 0.0419 15.85 17.20 5.300 1.50 4.60 2.50
2 0.0434 16.80 18.30 5.000 1.63 5.10 2.55
3 0.0814 15.70 16.80 5.150 3.00 5.00 2.50
4 0.0854 15.00 16.00 5.400 3.00 4.60 2.50

The dimensions, resonant frequencies and substrate thicknesses of the array antenna elements

considered for this section are summarised in Table 11.1.

In order to calculate the mutual coupling factor C,e between two antenna elements on thicker

substrates, further modifications have been considered in the following section.
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11.3.1.2 Coupling in E-plane between two antenna elements

with thick substrates

At resonance, the coupling factor C,r between two antenna elements with substrate thicknesses of
h > 0.0815 A, can be calculated from equation 11.1. Zz is calculated from equation 11.18, in
which one replaces both the L and €, with effective length, L., and effective permittivity, €., to take

into account the inhomogeneity of the antenna elements. For this case the resulting formula for Z;,g

is [85]

2585 R0h7\,2 2 T
Zig =— - d2 1+ MZ cos’ (1121
n°S(e, —1)L%| 4hSw’e, 2.,

Here €. is the effective permittivity as a function of L. It can be calculated from equation 2.10
by replacing W with L. A formula for L is given in preceding chapters, but for convenience sake it
is reproduced here. It takes into account the influences of the fringing field at the patch edges and

the dielectric inhomogeneity of the antenna element. It may be obtained from [137]

W, - W +0300
L, =L+ |- Con (1122)
2 e —0258

and W, is the equivalent patch width [138] calculated from the planar waveguide model:

R, h
W, = ——e— (1123)
E ZCW SCW

where Z.., is the characteristic impedance of a microstrip line determined by the €, h and W of the

stripline. A formula for Z, is given in preceding chapters, but for convenience sake it is reproduced

here [102]
for Wh<3.3

2 _
y R S N L DS L (& 1)[0.2258 +wj (1124)
m2(e, +1)| (W W) (e +1) &
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and for W/h >33

0.0823(¢. — 1 |
Zow = —"[E + 04413 + (f’f ) , &+
2h - .

r r

-1
: (0.2310 + 0.1592 IH(ZEh + 0.94))}

The radiation resistance of a patch equivalent to a lossy opened line of length L and width W

(1125)

can be given as [85]

2
R = R, (—5—) (11.26)

o Lo+ 2A0

The differences between equation 11.26 and that of Dubost [202] expression for R, given as
equation B.6 in Appendix B, are in considering the line extensions at the periphery of the patch, in
calculating R, as a function of L or W respectively and in replacing A, by Ag. It is well known that at
the immediate vicinity of the patch edges there are fringing fields, Aol, making the patch dimensions
larger than the physical dimensions. The influence of these fringing fields has been taken into

account by adding Ao to o in equation 11.27. The term Aot is given by [85, 105] as

(04
¢ 10264
(e, +0.300) [hJ’ J

Ao = 0412h o
(Bex =0258) (%+0.813]

(11.27)

A closed-form expression for the coupling factor in the E-plane is derived by substituting equations
11.17, 11.21 and equation 11.26 into equation 11.1 and considering the case o0 = L which is

replaced by L., Aot = AL in equation 11.26 and setting Ry = 50 Q (ie a matched load) [85]

25R g% h)\? Ay Y
C,, = 20log) —omofe My 1 Ny, 1 (—dj cos”| —2
21’ (e, —1)SL% Ry | hSg, \ 27 2./eq

1 fRTL f 50
—4010g[5( P + R, H (11.28)
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Equation 11.28 was used to calculate the coupling factors in the E-plane of all antenna elements
listed in Table 11.2. As is evident from Figures 11.7- 11.11, this formula gives the required C
results for antenna elements with thick substrates. The coupling factor results obtamed from

equation 11.28 agree well with measured results.
The dimensions, resonant frequencies and thicknesses of the substrates of the antennae

considered for this section are summarised in Table 11.2.

Table 11.2 Dimensions of thick antenna elements for which mutual coupling in E- and H-plane
were measured and computed (€=2.55)

e w L fe h a
Array No. (mm) (mm) (GHz) (mm) (mm)
I 0.1495 10.60 15.15 5.900 4.76 3.45
2 0.1666 10.00 18.70 5.000 6.26 4.55
3 0.2065 7.51 21.04 5.000 7.76 2.75
4 0.2189 6.20 20.43 5.300 7.76 3.45
5 0.2027 9.48 26.00 4.000 9.52 3.20
0p—— ; ; , : . .
-10F .
: 21\%;.\
_ T ]
%;u 30F o Rl SV 2
SN i T ==
_4():- ]
: e— -» Equation B.46 1
50 +— -+ Equation 11.28 :
: o- — -0 Measured
74 L S SV PRSP Y S [ S S

0 0.2 04 0.6 0.8 1.0 12 14 1.6
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(o]

Figure 11.7: Computed and measured E-plane mutual coupling coefficient between two
rectangular antenna elements with 4.76 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 1 of Table 11.2)
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Figure 11.8: Computed and measured E-plane mutual coupling coefficient between two
rectangular antenna elements with 6.26 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 2 of Table 11.2)
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Figure 11.9: Computed and measured E-plane mutual coupling coefficient between two
rectangular antenna elements with 7.76 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 3 of Table 11.2)
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Figure 11.10: Computed and measured E-plane mutual coupling coefficient between two
rectangular antenna elements with 7.76 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 4 of Table 11.2)
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Figure 11.11: Computed and measured E-plane mutual coupling coefficient between two
rectangular antenna elements with 9.52 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 5 of Table 11.2)
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11.3.2 Coupling in H-Plane (parallel position)

The two identical probe fed rectangular antenna elements are parallel coupled (H-plane oriented)
with the direction of propagation parallel to the coupled antenna edges of length L, as shown in

Figure 11.12.

7

GROUND PLANE

Figure 11.12: Experimental arrangement for the measurement of the mutual coupling in the H-
plane between two identical antenna elements.

11.3.2.1 Coupling in H-plane between two antenna elements

with thin substrates

At resonance the coupling coefficient in H-plane C,y can be calculated from equation 11.1 (by
setting = H) in which Z,,y is the mutual impedance referred to the feed point location. Zoy can be
calculated from the equation given in by Dubost [202], equation B.21 in Appendix B, in which one
replaces both the free space wavelength by the wavelength in the dielectric substrate material to take
into consideration the influence of the relative permittivity of the substrate. The resulting formula

for Zjoy i

12H —

R 5
2R, Ad sin(nwj (11.29)

2P W3S? Aa
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A formula for C, was derived by substituting equations 11.2 and 11.29 into 11.1 considering the

case of .= W and assuming Ry= 0 and Ry = 50 €2 (ie. matched load)

25R, A’ R
Cou = 201log| —>—"— ! sin W —40log 17 Raw + Sl (11.30)
2 W3S Ry, \ A, 2\V50 TRy

As is evident from the close agreement between the measured and calculated results shown in

Figures 11.13 - 11.16, the equation 11.30 calculates Cyy for antenna arrays with substrates i the
range of h < 0.0815A, with good accuracy. As the substrate becomes thicker, however, these

equations lose accuracy and also applicability, as shown in next section.

Similar to Section 11.3.1.2 a modification to equation 11.30 is made to obtain Cyy results for

arrays with thicker substrates. This modification is given in the following section.

O L 1 ] T T T T
-10F .
20f .
g | ;
@] i ]
X v— -v Equation B..23 i
-50¢ x x Equation 11.30 1
5 o— —o measured ]
_60 [ i L L 1 " " L 1 1 1 i 1 1 i I 1 i 1 i 1 i i i 1 n I L
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

S/

O

Figure 11.13: Computed and measured H-plane mutual coupling coefficient between two
rectangular antenna elements with 1.50 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 1 of Table 11.1)
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Figure 11.14: Computed and measured H-plane mutual coupling coefficient between two
rectangular antenna elements with 1.63 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 2 of Table 11.1)
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Figure 11.15: Computed and measured H-plane mutual coupling coefficient between two
rectangular antenna elements with 3.00 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 3 of Table 11.1)
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Figure 11.16: Computed and measured H-plane mutual coupling coefficient between two
rectangular antenna elements with 3.00 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 4 of Table 11.1).

11.3.2.2 Coupling in H-plane between two antenna elements

with thick substrates

At resonance, the coupling factor C,y between two antenna elements with substrate thicknesses of
h >0.0815 A, can be calculated from equation 11.1. In this case Zy is also referred to the feed
point location can be calculated from equation 11.29, in which one replaces the W with We. The

resulting formula for Z;2y is [85]

25R A3 A\
Ly = 3 037\4d2 Sin(n Efj (1131
2TC Wef S 7\4d

where W,; is the effective patch width, taking into account the influences of the fringing fields at the
edges and the dielectric inhomogeneity of the antenna, similar to equation 11.22, it can be calculated

from [137]

Lo - L)(g, + 0300
We = W + | = ) E 1132
' ( 2 (seL — 0.258 (1132)
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where L. is the equivalent patch width calculated from

h
L = L (11.33)
ZcL EeL

Z.1 is the characteristic impedance as a function of the patch length. This can be calculated from

equation 11.24 or 11.25 in which L replaces W to account for the lengths of the antenna elements.
The final formula for coupling coefficient in the H-plane is then derived by substituting

equations 11.17, 11.26 and 11.31 into 11.1 and considering the cases of { = H and o = W which is
replaced by Wes and Aot with AW in equations 11.26 and 11.27 and setting Ry= 50€2

25R, A W, 1( [R
Cp=20l0g BRe Ko L [ MW || _4o10g) L[ [Rrw , |50 (1134)
’ AT STWE Ry | A 2(V50 YRy,

The coupling factor results in the H-plane obtained from equation 11.34 agreeing well with

measured results.

As is evident from the close agreement between the measured and calculated Cyy coefficients
shown in Figures 11.17 - 11.19, the formula 11.34 calculates Cpy for antenna arrays with substrates

in the range of h>0.0815A, with good accuracy.

11.4 Results and Discussion

Verification of new formulae reported herein is provided for rectangular antenna elements of
various substrate thicknesses and patch dimensions, by comparing computed results for the mutual
coupling in the E- and the H-plane with measurements made on two identical element test arrays.

Substrate and patch physical characteristics together with their resonant frequencies of the antenna

elements used in this chapter are listed in Tables 11.1 and 11.2.
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Figure 11.17: Computed and measured H-plane mutual coupling coefficient between two
rectangular antenna elements with 6.26 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 2 of Table 11.2)
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Figure 11.18: Computed and measured H-plane mutual coupling coefficient between two
rectangular antenna elements with 7.76 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 3 of Table 11.2)
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Figure 11.19: Computed and measured H-plane mutual coupling coefficient between two
rectangular antenna elements with 9.52 mm thick substrate versus edge spacing normalised with
respect to free space wavelength between them (array Nr. 5 of Table 11.2)

Figures 11.3 - 11.6 show the measured mutual coupling results in the E-plane as a function of
the normalised separation, S/A,, between the edges of two antenna elements and compares these
results with those obtained from the new modified equation 11.19 and from equations B.16 and
B.46. The dimensions, substrate characteristics and the resonant frequencies of these antenna
elements are given in Table 11.1. As can be seen the calculated results using the new equation are
in good agreement with the measurements, but, equations B.16 and B.46 fail to accurately predict
the coupling factors. Note that the E-plane coupling decreases rapidly for small spacings and slowly

for large spacings.

Figures 11.7 - 11.11 show the measured mutual coupling results in the E-plane as a function of
the normalised separation, S/A,, between the edges of two antenna elements and compares these
results with those obtained from the new modified equation 11.28 and from equation B.46. The
dimensions, substrate characteristics and the resonant frequencies of these antenna elements are
given in Table 11.2. As can be seen the calculated results using the new equation are in good
agreement with the measurements, but, equation B.46 fails to satisfactorily predict the coupling

factors of these arrays when S <0.5 A, and h < 0.2A,.
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Figures 11.13 - 11.16 show the measured mutual coupling results in the H-plane as a function
of the normalised separation, S/A,, and compares these results with those obtained from the new
modified equation 11.30 and from equation B.23. The dimensions, substrate characteristics and the
resonant frequencies of these antenna elements are given in Table 11.1. As can be seen that the
results obtained from the new equation 11.30 better agrees with measurements than those results

obtained from equation B.23.

Figures 11.17 - 11.19 give the measured H-plane coupling results as a function of the
normalised separation, S/A,, and compare these results with those obtained from new equation
11.34 and the results obtained from equation B.23. The dimensions of these antenna elements are
listed Table 11.2. As can be seen the calculated results using the new equation are in good
agreement with the measurements presented while the results obtained from equation B.23 does not
yield satisfactory results due to the omission of the effects of relative permittivity and thickness of

the substrates, as well as the contribution of surface waves.

Similar to antenna arrays with thin substrates, the H-plane coupling level decreases monotically
with separation. However, coupling in the E-plane is much stronger than that in the H-plane, due

partly to enhanced coupling to the substrate surface wave modes.
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Figure 11.20: E-plane mutual coupling coefficients versus substrate electrical thicknesses of all
arrays listed in Tables 11.1 and 11.2 for S =0.13 A, and S = 1.4 A, values.
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Figure 11.21: H-plane mutual coupling coefficients versus substrate electrical thicknesses of all
arrays listed in Tables 11.1 and 11.2 for S =0.13 A, and S = 1.4 A, values.

It is known, that a common property of most microsprip antennae is that the antenna launches
surface wave modes, in addition to the fields radiated into space. In the case of finite-size
substrates, the power launched into the surface waves diffracts from the edges of the substrate,

resulting in a disturbance of the radiation characteristics of microstrip antennae and arrays.

The E- and H-plane mutual coupling as a function of substrate thicknesses of all arrays listed in
Tables 11.1 and 11.2 are plotted in Figures 11.20 and 11.21 for S =0.13 A, and S = 1.4 X, values in
order to ascertain whether the surface wave significantly contributes to the coupling. These figures
indicate that the excitation of surface waves results in increased mutual coupling between distant
antenna elements in both the E- and H-plane, since the surface wave fields decay more slowly with
radial distance than do the space wave fields. For these reasons the excitation of surface waves is

generally undesirable and can not be neglected.

11.5 Conclusion

The mutual coupling in both the E-and the H-plane are studied from the point of view of mutual

coupling where the thickness of substrates of the antenna elements are considered to vary between

11-27



0.0419 A £h £0.2189 A4 (1.50 mm < h £ 9.52 mm) and the distance between the edges of the

elements between 0.13 A, <S <14 A..

A set of formulae have been developed for computing the mutual coupling coefficients between
two identical probe fed rectangular antenna elements in E- and H-plane configurations by modifying
the formulae published by Dubost taking into account the substrate permittivity and thickness,
antenna effective dimensions, mismatching, and losses associated with dielectric substrate,

conductor, radiation and surface waves.

A number of antenna arrays are designed, manufactured, and tested to validate the developed
formulae which lead to a simple, fast and accurate computation of the mutual coupling coefficients
in E- and H-plane configurations. Therefore, the method presented here is significant for practical

computer aided design of mutual coupling.

The accuracy of the modified formulae was demonstrated by comparing computations with
measured results for mutual coupling. Good agreement was obtained between the calculated and
measured results for antenna elements with substrates thinner than approximately 0.0815A,.
Consequently, for antenna elements with thicker substrates Dubost's equations were modified
again by taking into account the permittivity and thickness of the substrate and the contribution of

the surface waves.

The calculated values of mutual coupling coefficient in the E- and also H-plane of elements
with thicker substrates are very similar to the measured data. This verifies the accuracy of the
modified equations for evaluating the mutual coupling in both the E- and H-plane configurations in

the case of thick antenna elements.

The contributions described in this chapter are therefore:

e The study of mutual coupling for rectangular microstrip antenna arrays with various substrate

thicknesses.

e The establishment of the threshold of application of the considered method for computing the

mutual coupling coefficient.
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e The development of a computationally efficient closed form expression for the computation of
mutual coupling coefficient in the
e [E-plane between two antenna elements with thin substrates,
e H-plane between two antenna elements with thin substrates,
e [E-plane between two antenna elements with thick substrates,

e H-plane between two antenna elements with thick substrates

o The development of a computationally efficient method which allows accurate mutual coupling

prediction for rectangular antenna arrays considerably thicker than those reported elsewhere.

e The conducting of experiments to validate numerical predictions.

e An understanding of the fundamental effects of
e thin substrates on mutual coupling,
e thick substrates on mutual coupling,

e surface waves on mutual coupling.

e The discovery of the small mutual coupling for the widely separated antenna elements with thick

substrates.

e The incorporation of the effective dimensions, the effective permittivity, losses associated with
dielectric, copper, radiation and surface waves and the mismatch that may occur due to the
interaction between two elements as the spacing increases into the mutual coupling coefficient

equation.

It is important to note that calculations for the E-plane and the H-plane coupling coefficients
are especially sensitive to substrate thickness. It is also apparent that H-plane coupling is stronger
than E-plane for small separations. This coupling decreases more rapidly than the E-plane coupling,

which is sustained by the surface wave and slightly changes for greater spacings.
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Chapter 12

Conclusions and Recommendations

12.1 Conclusions

The aim of this chapter is to summarise the thesis contents, contributions and findings, and

highlight some possible directions for future research.

Owing to the great variety of analytical techniques for microstrip antennae this thesis could
not provide extensive information about each analytical techniques. But some of these
techniques with some indication of limitations and considerations when designing and analysing
microstrip antennae at microwave frequencies are briefly discussed without mathematical
derivations and formulations, in Chapter 2. It was found the majority of the previously
proposed analytical techniques are only of academic interest. The use of traditional models
such as the transmission line model and the cavity model has been identified as having practical
potential and advantages over other techniques in designing and analysing microstrip antenna
elements. They have provided good results for thin antennae designs but needed modification

for thicker antennae.
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This thesis is essentially analytical, numerical and practical in nature. The formulations
used aim to fully convey the principles involved but with only as much mathematical detail as is
necessary for a clear understanding of the points being made. In addition, the mathematics is
used as a tool to explain basic concepts to design and study antenna performance. In fact,

some of the material covered represents lessons learned from hardware development.

The suitability and threshold of the applicability of the formulae available in the literature
on the design of physical properties of rectangular microstrip antenna elements are
demonstrated, and new empirical formulae to aid in the design of these properties are
developed in Chapter 3. The applicability of a formula based on the TLM for computing the
resonant lengths of thin antenna elements is identified and applied. It has been found that
antenna elements designed using formulae available in the literature for calculating patch width
and feed point locations did not resonate for the range of substrate thickness considered in this
thesis. New empirical formulae for computing widths for antenna elements with respectively
thin and thick substrates and lengths for antenna elements with thick substrates are devised
from the experimental data obtained by a trial-and-error design technique. Feed point locations

were also determined experimentally because no formulae are available to compute them.

Because a microstrip antenna has air dielectric above it, an effective permittivity must be
computed for use in the design equations. A formula for effective permittivity has been derived
from the relationship of the velocity of light in air and the phase velocity in the substrate

material.

The influence of substrate thickness on the antenna physical properties is also discussed in

Chapter 3.

Three new methods for the calculation of the resonant input resistance of rectangular
microstrip antenna elements are presented in Chapter 4. The first method is based on the
refinement of the cavity model and the transmission line model considering the antenna element
in the fundamental modes and is modelled by a simple resonant parallel RLC circuit in series
with conductance X;,, which represents the feed probe. The RLC element values are related to
the physical parameters, such as patch length, width, feed point location, relative permittivity
and thickness of the substrate. Due to the resonant nature of the investigated antenna element,

its resonant input resistance is related to the quality factors associated with the system losses.
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This technique has been used successfully to calculate the resonant input resistance of

rectangular antenna elements with thin substrates.

A second method based on the improved cavity model has been developed for computing
the resonant input resistance for antenna elements with thick substrates by considering the
antenna in the fundamental mode, modelled by a simple resonant paralle]l RLC circuit. It takes
into account the effective patch dimensions, the substrate dynamic permittivity, the resistance
due to power loss in the surface wave, the radiation resistance of the patch, and the resistances
due to losses in the conductor and dielectric. A third method is an alternative formula for
computing the resonant input resistance for antenna elements with thick substrates. It has been
derived empirically using experimentally derived resistance data. A detailed set of graphs based
on formulae and experimental data is given for a representative set of parameters, and the

predicted results are backed by experimental confirmation.

The applicability of both the TLM, the CM and the magnetic walls models for calculating
the resonant frequencies of rectangular microstrip antenna elements is verified in Chapter 5.
The formula based on the TLM demonstrates its suitability for computing the resonant
frequencies of antenna elements with thin substrates. The formulae based on the CM do not
yield satisfactory results for the investigated substrate thickness range. For computing the
resonant frequency of thick antenna elements, the formula used for thin antennae was modified
by adding a new empirically derived correction factor. An alternative formula for computing
the resonant frequencies of thick antenna elements is also derived using a curve fitting method.
Both formulae, the modified and the alternative formula, give the resonant frequencies for
antenna elements with thick substrates correctly, as is evident from the close agreement
between the calculated and measured results. An investigation of the relationship between
patch lengths and resonant frequencies has also been performed. This has been shown to hold

true for various thickness of substrates.

Several formulae based on the CM and the TLM are combined to produce a closed-form
expression for calculating the impedance bandwidth of antenna elements with thin substrates in
Chapter 6. The expression takes into account the effects of radiation, conductor and dielectric
losses, with their quality Q-factors. It also provides insight into the fundamental influence of
the substrate materials and antenna dimensions on bandwidth. The bandwidth values obtained
from this formula confirm those obtained from MSAnt program and from measured return loss

plots of all antenna elements investigated in Chapters 3, 4 and 5. This research has also
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revealed that increased substrate thickness produces increased bandwidth. For example, a
1.07% bandwidth was measured for VSWR = 2.1 at 7.740 GHz with a 0.0065 A4 (0.17 mm)
substrate thickness, but a 15.90% bandwidth was achieved at 5.100 GHz with a 0.1292 A4
(4.76 mm) substrate thickness. It has also been demonstrated that electrically thin antenna

elements are between 71.3 % and 99.8 % efficient.

A wider bandwidth is usually accomplished by using a thick substrate with low
permittivity; yet there is a limit on the maximum useable substrate thickness such that surface
waves will not be radiated. Increasing the substrate thickness increases the excitation of
surface waves, resulting in lowered efficiency and also lowered bandwidth. For thicker
substrates the effect of surface waves is predominant and must be taken into account. Existing
methods as well as the proposed formula for computing the bandwidth, are inaccurate for thick
substrates. This chapter, a new closed-form expression based on the cavity model and the
exact Green’s function for a grounded dielectric slab has been developed for computing the
bandwidth of rectangular microstrip antenna elements with thick substrates taking into account
both the power radiated in the space waves and the power radiated in surface waves and a
correction factor. The correction factor was derived by means of a curve-fitting technique and
is the ratio of the characteristic impedance of an air filled microstrip line and the characteristic

impedance of a substrate filled microstrip line.

The accuracy of this formula has been established by comparing calculated bandwidth
results with those obtained from return loss plots of antenna elements investigated in Chapters
3,4 and 5. It has been shown that the method given here gives results in good agreement with

measurements.

This work has also revealed that increased substrate thickness does not produce increased
bandwidth as expected. For example, a 17.50% bandwidth was measured for VSWR = 2.1 at
8.000 GHz with a 0.1405 (3.30 mm) thick antenna, but only a 21.60% bandwidth at 3.200
GHz with a 0.2182 A4 (12.81 mm) thick antenna was achieved. It has also been demonstrated

that electrically thick antenna elements are between 58.5 and 69.6 percent efficient.

Chapter 7 discusses formulae based on the two-slots model, the TLM, the CM and the
electric surface current model for calculating the far field radiation patterns in the E- and H-
plane respectively of rectangular microstrip antenna elements with various substrate
thicknesses, and assesses their suitability and threshold of their applicability. It has been
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demonstrated that formulae based on the two-slots model, TLM and CM yield the radiation
patterns E- plane of antenna elements with thin substrates with good accuracy, but they
become increasingly inaccurate as the substrate thickness is increased. For computing the E-
plane radiation pattern of antenna elements with thick substrates, the line extension is
incorporated in the formula eg based on the two-slot model to account for the inhomogeneity
of the medium and fringing field, respectively. This formula gives the E-plane pattern in good
agreement with measurement. It has also been demonstrated that the applicability of the
formula on the two-slots, the TLM and the CM for calculating the radiation patterns in the H-
plane are not restricted to a certain material permittivity and/or thickness of the substrates.

They are valid for all antenna elements introduced in this chapter.

A study of the effect of the substrate thickness on the patterns shows these to be quite
significant.  Generally, the microstrip antenna elements exhibited satisfactory and nearly
symmetrical E-and H-plane patterns, but very thick antennae exhibited some variations that
could be caused by surface wave diffraction at the substrate edges. The half power beamwidth
in the E- and H-plane have also been determined for each of the antenna elements investigated

in this thesis.

In electronic warfare, wideband radar and communication systems applications, the
antenna must meet particularly demanding specifications. Physically, it must be low profile,
light weight, able to withstand thermal stress and be extremely rugged. Moreover, it should
neither protrude inwardly to disrupt the mechanical structure, nor disturb the acrodynamic flow
across the skin of the platform. The electrical characteristics of the antenna must include high

efficiency and wide frequency bandwidth, together with low side-lobes.

The many desirable features of conventional microstrip antennae are well known, as is the
fact that narrow intrinsic bandwidth is perhaps the most serious of their limitations. This arises
from the fact that the region under the patch is basically a thin resonant cavity with a high
quality factor. Chapter 8 is devoted to a novel miniaturised microstrip antenna element which
provides a broad bandwidth as high as 9.3% which is 2.16 fold the bandwidth of a conventional
microstrip antenna having the same patch dimensions. It consists of a rectangular metal patch
on one side of a dielectric sheet, in which the dielectric substrate is restricted to the same size as
the metal patch and a ground plane on the other side. This broad-band antenna is fed by a
coaxial line from the back through the ground plane. This antenna offers an overall reduction

in the size as high as 70 % and in the cost 90% of a corresponding rectangular patch antenna.
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A novel numerical technique based on the TLM and the CM is developed for the
calculation of physical and operational properties for this antenna element. Measured data on
the performance characteristics of this antenna element are presented and compared with the
characteristics of a conventional microstrip antenna element having the same patch dimensions.

The results from this technique are in good agreement with measured results.

A dual-band antenna is useful in situations where it is required to operate in two distinct
frequencies which may be too far apart for a conventional microstrip antenna to perform
efficiently at both frequencies. The design, fabrication, testing and analysis of a novel dual-
band miniaturised microstrip antenna is introduced and discussed in Chapter 9. It consists of a
rectangular metal patch on one side of a dielectric sheet in which the dielectric substrate is
restricted to the same size as the metal patch and ground plane on other side. The antenna is

fed by a coaxial line from the back through the ground plane.

A numerical method based on the TLM and the CM for computing the dimensions and
operational properties for this antenna element is developed. Measured performance data is
presented and compared with the calculated results. Good agreement between theory and
experiment was achieved. The overall reduction in the size of this antenna element is as high as

70 % and in the cost 90 % of a corresponding dual band antenna element.

In many applications, only a few distinct frequency bands are needed, rather than a
continuous spectrum of operating frequency such as in the Global Positioning System. The
novel dual-band miniaturised antenna element presented here fulfils the following demands
compared to the dual-band antenna elements introduced by other authors: it is economical,
occupies a minimum space, improved electrical performance and is capable of being
distributed over and/or embedded into the bodies of surface borne and space borne vehicles,
eg. aircraft, ships, missiles. It is also applicable to satellite systems where two channels are
needed to receive/transmit the telecommand and telemetry signals. Phased arrays based on
these antennas can be easily designed for use in Space-Borne Imaging or Synthetic-Aperture
and Secondary Surveillance Radar systems. The physical and electrical properties of this

antenna element are satisfactorily predicted.

Design details, analysis, calculations and experimental observations of a novel miniaturised
microstrip ring antenna element are described in Chapter 10. It consists of a metal ring patch

on one side of a dielectric sheet, in which the dielectric substrate is restricted to the same size as
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the metal ring patch, and a ground plane on the other side. This ring antenna is fed by a coaxial
line from the back through the ground plane. Measured performance data is presented and
compared with calculated results. Good agreement between numerical results and experiment

was achieved.

Miniaturised antenna elements or arrays attached on or embedded in bodies of space borne
vehicles have appropriate mechanical and thermal characteristics and do not result in any
aerodynamic drag. Other advantages of these antennae are: the usual configuration with the
antenna behind a radome is eliminated completely, hence the typical pattern distortion effects
caused by radomes will not occur, they are also very simple to manufacture, and the materials
are low cost compared with traditional solutions using high tolerance machining of metal, they
require less space and are light weight, they do not require different processing methods or

modification for use on doubly curved surfaces, and they have wider bandwidth.

In Chapter 11 several formulae, based on the volume equivalence theorem, classical
Schelkunoff theory and a theoretical model equivalent to a lossy transmission line, are
combined to produce a closed-form expressions for calculating mutual coupling coefficients
between two identical probe fed rectangular microstrip antenna elements in both respectively
the E- and H-plane coupling configurations for the dominant TM,, mode.

A number of antenna arrays have been designed, constructed, and measured to validate
these formulae. The substrate thicknesses of the designed antenna arrays are considered to
vary between 0.0419 A4 <h <0.2189 A4 (1.50 mm < h< 9.52 mm) and the distance between
the edges of the elements between 0.1337 A, < S < 1.364 A,. Good agreement was obtained
between the measured results and those obtained from these formulae for antenna arrays with

substrates thinner than approximately 0.0815 A..

As the substrate becomes thick the differences between the measured and calculated
results become large. Thus, modifications to these formulae are made, in order to increase the
accuracy of the predictions for the mutual coupling coefficient. These modifications take into
account the surface wave contribution, mismatching that may occur between the elements, the
thickness and relative permittivity of the substrate material and the effective dimensions of the
antenna elements. These are applied to a number of antenna arrays that have been designed,
constructed, and tested for both the E-and H-plane coupling configurations for the dominant

TM;o mode resulting in good agreement.
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Note that, the formulae given in Chapter 3 are applied to determine the dimensions and the

feed point locations of the antenna elements used in the array design.

From the results it is noted that the use of electrically thick dielectric substrates produces
antenna elements which exhibit low mutual coupling. This fact is useful for microstrip based
array design. It is also found that electrically thick substrates may be employed at lower
frequencies to reduce mutual coupling effects. In addition, the method presented here has

significant advantages for practical computer aided design of mutual coupling.

12.2 Point Summary of Contributions

In summary, this thesis describes the development of design formulae based on the TLM and
CM for microstrip antenna elements and the mutual coupling between two elements with
various thicknesses and permittivities of substrate materials. The original contributions of the

research are outlined in the body of the thesis, however the main achievements of the work are:

e A brief discussion of existing methods with a view to understanding their merits and

limitations.

e For completeness the more common features, advantages, disadvantages and applications of

microstrip antennae are briefly described.

e Typical antenna design criteria are listed and the outstanding design problems that are

fundamental to microstrip antennae are reviewed.

e The development of efficient computational tools to aid in the physical and electromagnetic

design of antenna elements, miniaturised antenna elements and arrays.
e The establishment of design trends for microstrip antennae.

e An understanding of the fundamental effects of substrate thickness on the physical and

electromagnetic properties of microstrip antenna elements and arrays.
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e The development of formulae for computing the physical and electrical properties of
antenna elements with thin and thick substrates by modifying the formulae based on the

TLM and CM.

o The design, analysis and exploration of physical and electromagnetic properties of

miniaturised broad-band, dual-band and ring antenna elements.

o The development of a method for calculating the mutual coupling coefficient based on the
volume equivalence theorem and a theoretical model equivalent to a lossy transmission line,
take into account surface wave contribution, mismatching, effective dimensions of the

antenna elements, and effective relative permittivity of the substrate materials.

The research represents substantial advances in the design and analysis of microstrip antenna
elements with various thickness and relative permittivity of substrate materials, the calculation
of mutual coupling coefficients between two antenna elements, and the design of novel

miniaturised antenna elements for microwave frequency applications.

12.3 Recommendations for future work

The research presented in this thesis and in the above publications has demonstrated that the
introduced method is a viable and effective practical approach to the design of rectangular
microstrip antennae, arrays, miniaturised broad-band, dual-band, and ring antenna elements

with various thickness and relative permittivity of the substrate materials. However, this
conclusion is based on numerical and experimental studies only. In view of the development
of a practical design method for circular antenna elements, arrays, miniaturised circular antenna
elements, and arrays with various thicknesses and relative permittivities of the substrate

materials, there are some theoretical and practical areas in which further research is suggested.

The impetus for future design and development of miniaturised, circular or dual polarised
broad-band, and dual-band antenna elements and arrays will be provided by the traditional
military oriented applications, as well as commercial applications. Therefore, trends toward

super light weight, very cost-effective and easily manufacturable antennae and arrays will
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increase. It is appropriate to point out several areas in which further research could be carried

out.

Further development of miniaturised antennae is required to achieve:
e circular polarisation operation with a single feed in the proper position,
¢ dual-polarisation operation obtained by means of four narrow slots close to the edges,
e several applications in radar, missile, satellite and communication systems require the use of
a circular or dual polarisation.
¢ large bandwidth and gain obtained by stacking antenna elements,
¢ design of miniaturised antenna elements for biomedical applications,

e design of a miniaturised antenna element fed by a microstrip line.

Control of the polarisation properties of microstrip antennae is another area of activity
arising largely out of the current awareness for making greater use of the polarisation

properties of waves, particularly in radar.

The effect of varying the patch conductor thickness on the electromagnetic properties of

rectangular microstrip antenna elements have been investigated.

The effect of varying the thickness of patch conductor on the electromagnetic properties of
classical and miniaturised rectangular microstrip antenna elements is another field to be
investigated further. As it is documented in a work published by the author [206] using a thick
patch on a thin substrate is an excellent way of widening the bandwidth of an antenna element

[151, 206].

The methods developed in this thesis are shown to be suitable for the design and analysis
of all the significant physical and electrical properties of the conventional rectangular and
miniaturised microstrip antenna elements, and the mutual coupling coefficients between two

antenna elements with various thickness and permittivity of the substrate materials.
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Appendix A

Formulae Based on the Electric Surface

Current Model

The electric surface current model [63, 64] primarily depends on an “educated guess” of the
current density distribution on the patch surface under the assumption that the radiation is
small, ie, the Q of the antenna is high. Assuming the patch is absent the Green’s function,
which is defined as the electric field generated by a unit current source on the surface on the
substrate can be determined. The component of this electric field is parallel to the interface at

the plane z = h.

This model uses the Fourier transform domain for the analysis of microstrip antennae.
Consider a rectangular microstrip antenna element whose ground plane is at the plane z = 0.
The patch surface current J(x, y) is thus related to its two dimensional Fourier transform

J(kx, ky) by the equation

I(x.y) = 4;2 (17 k, e " (A)

where ky and k, are parameters in the Fourier domain. Similar relationships hold between E

and H fields and their Fourier transforms.



In order to find the field due to an arbitrary current distribution J(X, y) on the surface the
wave equation for the electric field can be solved under appropriate boundary conditions.
Fourier components of the electric field as a function of the corresponding Fourier component

of the current can be shown that [63, 64]

(A2)

where the tildes denotes the Fourier transforms, and the elements of the G matrix. The

elements of the matrix G are given by

G, = C(k2 — k2 Jy, tany,h + jy, (e?k2 — K} (A3)
G,, = C[-kk,(iv, — v, tany;h)| (A4)
G,, = (]-k,k, (jv, - 7, tany,h)] (A5)
G,, = C(k2 K2y, tany,h + jy,(e7k} — k?) (A6)
with
C= : (A7)

k, (j'Y| coty,h— YI) Y1 =72 tan"f:h)

¥, =k - ki -k} (AS8)

Y2 =e k2 -k - K (A9)

where M,=1207% Q is the free-space wave impedance; h and &, are the thickness and dielectric

constant of the substrate, respectively and j = (-1)"°.

Once the Green’s function is known, the electric field in the space domain can be

calculated by taking the inverse Fourier transform of E(k, ky), provided that the patch surface

current is known

a

O ey 1
O o [ H

NAARY
P, _{z J s F(6,0)d¢d6 (A.10)

with



,msinfoost

f(6.9)= 2o )2 sin cz(Wk0 sinesingj-

(sin” Ocos” 0 —¢,,,

cos” OsinBsin’ ¢ cos” Bsin6(g, —sin’ 6)cos’

(¢, —sin’ 6)cot{ic b, —sin” ) +cas’ 6 (g, —sin’6) +¢ cos”6cot’ I pye, —sin’ 6)

(A1)

The E- and H-plane patterns can be obtained from the integrand of equation A.10 and the

normalised V/Z, = 1. The E-plane radiation pattern is functionally expressed as [63, 64]

o 7sin®
2\/e.,

(sin”0-¢,, )2

F,(0,0=0)=¢,,[1+&, cot’ (k,hyE, )|

cos’ (e, —sin’ 0)

: (A12)
(e, —sin”©)+¢ cos’ Gcotz(koh g, —sin’ 9)
and the H-plane radiation pattern is
AN 2 . o Wk, sinOsin¢
FH(G,q) —5)— [l+ercot (koh\/g)]smc ( :
2
cos” 0 (A13)

‘ (€, —sin® E))cotz(kohq}er —sin? 6)+ cos” 0

The electric surface current model incorporates the surface wave effects in the analysis. Its
limitations are the assumption of an infinitely large ground plane, the assumption of a constant
transverse current (which may be of questionable accuracy for large W/A, values) and the omission

of feed location in the calculation of the input impedance.



Appendix B

Mutual Coupling Between two Rectangular

Microstrip Antenna Elements

At resonance the coupling coefficient, C,, between two rectangular antenna elements expressed in
decibels is given by
C, =20loglS,,| (B1)

where Sy, is the scattering transfer coefficient which may be calculated by [205].

S| = (B.2)
‘ 12| ‘( Ga )2 ZIZZ
where 7, is the normalised mutual impedance, which is equal to
— Z
Z,=—% (B.3)
RN

where Ry = 50Q2 the normalisation resistance, and Z,, is the mutual impedance, which is given by
[202]
U

Z, = L0 (B.4)

where I(0) is the fed patch input current, U, is the input induced voltage on the second open-

circuited patch, and (_}a is the normalised radiation conductance which is equal to

G, =—= (B.5)




where R, is the radiation resistance, related to the feed point located on the patch edge. At

resonance it can be calculated by [202, 204]

5R_(A.)
R, = M; [Wj (B.6)

where R, = 120 nQ is the vacuum medium resistance, A, the free space wavelength. When
considering two identical rectangular antenna elements in a collinear position at resonance, using

equations B.1 and B.2, the coupling factor C, can be written as

C, =20logC, —20logC, (B.7)
with
z]2
= B8
P1 }ZGa ( )
and

2

2
= R
sz =z Ga +% = —1‘ Rr + =
2 G| 2R, VR,

Equation B.8 ignores the feed point location, while equation B.9 takes mismatching into

(B.9)

account. For a matched antenna the coupling coefficient reduces to equation B.8, because
R, =R

In the next section the E- and H-plane coupling will be separately investigated.

B.1 Coupling in the E-Plane (Collinear Position)

Dubost [202] derived the total electric field induced on the second patch due to the fed patch

electric and polarisation currents for ¢ =0 and 6 =b/S, as

(Bo), =R, Zn. 1, (o) COS(zJE,j'“@,-Q (sj] p[z\/gj (B.10)

with

A

o]

O = exp(—jZnijé (B.11)

where S is the distance between the two antenna elements.
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The polarisation current induced in the second patch is given by [202], as

2 1
I, = j=——Whe,(Be), (B.12)

Taking the boundary conditions into account and assuming that h< S, the resolution of the two

equivalent transmission line differential equations, from equation B.4 [202] yields

Z.,=-R 10h e, cos?| —— [ 1+ Ay expj L
= *1’S (g, - 1) 2,[e, 4m*hSe, ! 2,e. A,
-{1+exp£—j%ﬂ (B.13)
81’

Using equation B.8, yields

10h ¢’ % T
C_ = 20lo L 1+ 2 cos? B.14
” g{nzs (e, —1)[ 4hSnzeJ (2 €, ]} (B19)

Substituting equation B.6 into B.9 one deduces the mismatching coupling factor, Cy, as:

Gy, = l( R: + ﬁ] (B.15)
2 \/RN \j R,

Then, using equations B.7, B.14 and B.15 one deduces the coupling coefficient, C,, in the E-plane

in dB, as:

2 2
C_ =20log 210h£r 1+ A, - |cos® T —40log 1R, By (B.16)
P n*S(e, 1) 4hSe.m 2.[e, 2{VR, VR,

B.2 Coupling in the H-Plane (Parallel Position)

The induced voltage, U,, given in equation B.4 was derived by applying the classical Schelkunoff
theory

_ (Ee) Ao .
S (s 0 taner\/.s_: (o + _]k):l (B.17)
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with

3
o = iWh[ﬁj (B.18)
5
k= CELE (B.19)
C

o}

where (E,)p/2 is the electric field which is parallel by the fed patch electric current distribution. This

field was obtained for 8 = g and ¢ = (g - g) as

.5 h(hY. (W
(Eodnz = J;tho\IfIE (0)§(W) sm[nrj (B.20)

(4]

Using equations B.4, B.21 and B.20, the mutual impedance related to the feed point location was

deduced as

25Ro( Mo Y (Ao Y o TW .27S
Zis = _2—11:8 (%) (%) sm(n}w )exp(— )\'LOJ (B.21)

Then, using equations B.7, B.8 and B.21, the mutual coupling, C;, was deduced as

0

2W(SY 1

C. = -20log 2| 2|~ ___|-40logC B.22

P 875 x(:&u) n[nw) e (B.22)
hﬂ\

Then, using equations B22 and B.15, one deduces the mutual coupling in the H-plane as

wmw(sY 1 R R
C =-20lo S| — l_40log |—r 4 [N B.23
’ #1 . {l] .[an g(\IRN '\IRFJ (B23)
sinj| ——

A

(i3

Note that equation B.23 is independent of the feed point location, substrate relative permittivity and

thickness and it does also not take into account the surface wave contribution.

The following section presents analytical forms, deduced from a rigorous analysis to express the

influence of the surface wave upon the coupling between antenna elements.
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B.3 Influence of surface wave upon mutual coupling in the

E-plane

As the TM, has a zero cut-off frequency, this mode is always present in the substrate, regardless of
the values of the substrate height and dielectric constant [4]. But, James et al [133] estimated that
surface wave excitation is not important if h/A, < 0.09 for €, = 2.3 and /A, < 0.03 for g, = 10. A

formula for Cyg will be given in terms of both space wave and surface wave.

When the volume equivalence theorem is applied, the elementary polarisation current parallel to

x axis and located in the xoz - plane is given [204] by the formula:

dI, = jo(e, —l)eOWV(z)% (B.24)

_(hYd
dB, :J”"(x_j( pxj (B.25)

In the vacuum medium the magnetic induction field just above the ground plane and due to the

and

elementary electric moment Hdlx is given by equation B.25. When considering a TM mode inside

the substrate sheet the magnetic induction at a short distance is expressed as:
ux \ dz
dB, = —4fe p €,A(z)cos W F (B.26)

A is a function of z to be determined, u is given by equations B27 and B.28:

utgu = Ve, (B.27)
2mh Y’
u?+v? = [_;_] (e. - 1) (B.28)

For a TM mode in the substrate sheet, we have the relation:

E €
x - NZe /“" (B29)
H, ¢ Vg,

B-5




with

e, =€ —(“7‘°j (B.30)

Expressing the conservation principle of energies in the two mediums, we obtained the A(z)

function from equations B,24, B.25, B.26 and B.29 as
Az) = ( )( 1jfe, \/_ V(z) (B.31)

The electric field dE, radiated at a distance p above the ground plane when 0 < x <h by the current

element located at the origin is equal in cylindrical coordinates and for p>>A, to:

_ge ) 1 w2 (_ ]
dE, =P 2 o 1. V(O)Llo] 7ob exp( JpB)exp( 4)cos - dz (B.32)

with B:2n\/€.

With V(z), is the potential distribution along the antenna acting at the

resonance,

cosh[y(h —z)]

V(z) = Vio)— - -

(B.33)

the total electric field into the substrate and due to the polarisation current distribution is equal to:

tV@
E = ‘([ Vo) exp(jPzcos o E, (B.34)

When putting cosh(h)= cosh(ath + jm) = —cosh(oth) = 1 and with equations B.32, B.33 and

B.34 we can write after integration and with k = i—n\/e— X

T
o]

Eheos
E, =-] prme -1 L exp[ (_Bﬂcosq) Bp - nﬂ COS¢cos( 2 )
X 4 €, \/; ko 2 kZ_Bz COSZq)

. \/niﬁp V(o) cos(%) (B.35)
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The electric field tangential component E,, is deduced as:

E,2me, = jutg(%)(x" )E (B36)

h
with
E__ exp(jph)—ch
U, =—ue p(iBh) - chiph (B37)
Y- +P shyh
and
E, = Ep(x =h,¢ =0) (B.38)
From
3
on =47 LWh (B.39)
5 A
5./€
and if: W_2h << 2\/3 , equation B.37 is equal to:
] T
5\ :
U, | = 222 [B,, | —cos = |- iz (B.40)
2n €ow TE¢ 2\e,, /Wh
From equation B.4 one can write:
Z, U
‘ = zl > (B.41)
2R, | [2V(0)

With equations B.35, B.36, B.38, B.40 and B.41 one can deduce in E-plane:

3N e —1) e, .[¢
= 54.u.sinu.[—9~) —l—cos2 T | (d)) —— (B.42)
47 h f_S 2\e,, ) e, €L, —¢.
kc

ZIZ
2R,

S is the distance between the two patches. If /A << 1 from equations B.27 and B.28 one obtains:

7\, 2
usin u[?} ~ 41’ (e, — 1) (B.43).

Then equation B.42 becomes:



ZIE 5 (Er _l).1 Ecw‘v'ac 1 2 .Tt €,
== e cos’| — |—— (B.44)
2R,| =m* Je, €l -¢€l [S 2Ney

Where &, is the effective relative permittivity and is given as [104]

e = 0.5|:(8r +1)+ (e, —1)(1+%)_' ] (B.45)

Using equations B.7 and B.44, one can deduce the mutual coupling in the E-plane as a function of

the surface wave

2
€ —1) €,,/8 R R
C.. =20log i_z( 1) av®e 1 02| E 18 |l 4010 St SN (B.46)
’ T ‘\ljel’ E;w _81-: S 2 ew RN Rr

A,

(]
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