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Abstract

Experimental investigation of frequency bandwidth dependence on geometrical char-
acteristics of microstrip patch antennas (MPAs) has shown that variations in im-
pedance are a dominant bandwidth limiting factor. Other functional techniques to
increase MPA bandwidth exist such as increasing the thickness of the substrate or de-
creasing the substrate permittivity, but there are obvious tradeoffs to these methods
including cost, increased mass and spatial footprint. In this work, there is a suppo-
sition regarding the restriction of basic design elements including choice of substrate
materials, thereby limiting the discussion to the first method in order to attack the
MPA narrow bandwidth problem in the context of manufacturability.

These MPAs suffer from variations in material electrical properties as well as in-
accuracies and variations of machining during fabrication which result in a shifting
of the resonant frequency of the patch antenna. The narrowband nature of MPAs
may result in a completely non-radiating build of hardware due to this real variability
during the manufacturing process. Low cost printed circuit board (PCB) fallout for

digital interconnect is not significant; however, variations in material have very sig-



nificant impacts on MPA performance. Thus with the advent of wireless commercial
electronics, methods to add robustness to RF designs are of increasing importance.
A rigorous process of computer simulation is applied to examine geometric ma-
nipulation of MPAs and how the introduction of two coplanar design element, ca-
pacitively gap coupled parasitic elements and an impedance matching network feed
line, can improve and increase MPA bandwidth sufficiently to overcome small errors

encountered in the MPA fabrication process.
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Chapter 1

General Introduction

1.1 Beginnings

The seminal work on the microstrip patch antenna (MPA) concept is attributed to
G. Deschamps and W. Sichak, “Microstrip Microwave Antennas” and first appeared
at the Third Symposium on the United States Air Force Antenna Research and De-
velopment Program in 1953 [1]. However, it was only declassified a decade later and
was not available for public consumption until 1965. Two years after the original
presentation of the Deschamps-Sichak work, a patent was filed by H. Gutton and G.
Baissinot. French Patent number 703113 is concerned with developing a flat aerial
for ultra high frequencies [2]. Ultra high frequencies (UHF) are in the range of 300
Megahertz (MHz) to 3 Gigahertz (GHz) and have wavelengths roughly measuring

anywhere from 10 cm to 1m in free space.



It was not until the early 1970’s that the first actual MPA fabrications appear in
recognized literature. In 1972, Howell [3] first reported a design and fabrication of
several L-band (1-2 GHz) and C-band (4-8 GHz) linearly polarized MPAs. Howell
observed that narrow bandwidth results from the large impedance transformation
to match the antenna. As well, techniques to alter the polarization to purify its
circularity are offered and details concerning the introduction of a second resonant
frequency are given. A follow up work of Howell delves into the topic of circular
polarization in greater detail and a general MPA design protocol is established [4].
During this time, Munson describes an MPA like system integrated into a cylindrical
rocket fuselage [5]. The use of microstrip technology is driven in this instance by the
physical design specifications of the application. The author identifies the need for
a ‘paper thin’ antenna which can conform to a rocket without disturbing air flow or
intruding into the rocket and causing mechanical interference. He highlights not only
the beneficial physical aspects of microstrip technology for this particular application,
but also its relative cost effectiveness. In his conclusion, Munson goes so far as to
suggest that, “It may be entirely possible to cover the entire outer surface of a missile
or aircraft with [a microstrip| antenna without large cost or weight penalties.” Authors
elsewhere in the literature agree with this opinion citing the need for conformal missile
and spacecraft antennas as the impetus of a grander scale of MPA research work in
the 70’s as opposed to the wider selection of available microstrip substrates [6], [7].

Since the aforementioned original works, MPA technology has blossomed into a



vibrant area of research over the course of the last several decades. In 1979, at New
Mexico State University the first workshop on MPAs was held. The Workshop on
Printed Circuit Antenna Technology resulted in a dedicated special issue of IEEE
Transactions on Antennas and Propagation in January, 1981 [8]. That publication
contained almost 30 articles directly involving MPA technology and stimulated re-
search for a generation. Since then, there have been hundreds of research articles ap-
pearing in reputable publications and several texts written specifically on the subject.
This is partly due to advances in printed circuit substrates. The nature of microstrip
line technology versus stripline technology is that there is significant energy loss due
to radiation because of the former’s open structure. A stripline is a microstrip line
embedded in a substrate instead of etched on the surface of the substrate. When
MPAs were first proposed, dielectric substrates generally had low-permittivity which
further contributed to energy losses. Technology has since improved and evolved to
make available substrates that have higher permittivity and low-loss thereby reducing
energy losses and increasing the effectiveness and utility of MPAs [9].

In addition to the beneficial physical traits of MPAs, low fabrication costs, and si-
multaneously fabricated feed lines and matching networks result in antennas which are
amenable to mass production. Features such as differing polarizations (particularly
circular achieved with a single feed line), introducing dual-frequencies and integration
with microwave integrated circuits are all relatively easy to fabricate with MPA tech-

nology. This manifestation of antenna technology lends itself to certain applications.



The previously mentioned qualities are attractive to aerospace and satellite engineer-
ing applications as well as mobile communications for modern personal computer
systems.

A particular problem of interest is that of communications on an Unmanned Aerial
Vehicle (UAV). Typically, these vehicles depend on lightweight communication and
sensor systems. As well, there are bandwidth conservation issues in the sense a UAV
be outfitted with multiple devices which transmit and receive RF signals. Hence MPA
physical qualities and multi channel operation ability make this technology attractive
for UAV applications. Although not explicitly stated, the successful integration of
MPA technology on UAV is also a motivation for this work. The academic problem
of the thesis is framed in the context of increasing frequency bandwidth sufficiently
at a given frequency to overcome material variability as part of a large scale MPA

fabrication process with high volume.

1.2 Scope

In this work, the design and testing of a technique to overcome the classical narrow
bandwidth problem for an MPA with an operating resonant frequency of 900 MHz is
described. The experiment will focus on modifying the frequency bandwidth in such a
way as to successfully account for slight variations in the resonant frequency resulting
from significant, but industry reasonable inaccuracies involved in MPA fabrication

processing such as at Memorial University of Newfoundland’s Technical Services.



These inaccuracies are common to all printed circuit board (PCB) manufacturing
processes.

Many different approaches exist to tackle this problem; however, the goal of the
author was to do so in a cost-effective manner using solely the common low cost
materials and standard fabrication processes available. Modifying the MPA physically
by adding active hardware devices or by using different dielectric substrates is not
considered as an option in the discussion contained herein.

The second chapter is a general introduction to the language and terminology
of antennas. It includes an overview of antenna function and types. Much of the
discussion in this chapter is centred around general antenna parameters and their
usage in evaluating antenna performance. Many of the essential antenna parameters
are defined and explained.

The third chapter is the literature review for the thesis. It provides a general back-
ground to MPA antennas for a non-specialist. The MPA structure is divided into two
substructures: the radiating patch and the microstrip feed line. Both substructures
are examined in some detail. Relevant results from the literature will be considered as
they relate in this context and be discussed thusly. These sections survey the journal
publications related to the experiment and are a commentary on the state of research.

Chapter four is concerned with the narrow bandwidth problem and characterizes
the problem studied in this thesis. Several MPA modelling methods are explained.

The fifth, sixth and seventh chapters focus on the design of an optimal 900 MHz



antenna element that can overcome reasonable fabrication variations in order to func-
tion according to specification. In the fifth chapter, the control for the experiment, a
rectangular MPA model with simple coplanar microstrip feed line is designed using
current analytic methods available in the literature. A high accuracy finite element
(method of moments) computer simulation is used for model analysis and evaluation
of certain antenna parameters for comparison to experimental measurements. The
sixth chapter describes the insertion of the first of two additional coplanar design
elements into the existing control MPA model. A set of gap coupled strips are added
to the design along the non-radiating edges of the control MPA for tuning purposes.
The design approach is detailed and then treated by a course of computer simula-
tion. The last of the design chapters, chapter seven, describes the analytic derivation
of an impedance matching feed network as prescribed by Pues and Van de Capelle
[10]. Computer simulation to adjust the model is employed in order to optimize the
antenna performance parameters of interest.

The role of simulation in the sixth and seventh chapters differs significantly from
chapter five. In chapter five, computer simulation is employed purely as an assessment
tool for the purposes of evaluating certain antenna parameters of interest for the
control model. In the subsequent two chapters, simulation is a design as well as an
assessment tool. The simulation reconfigures the models of chapters six and seven to
optimize specific antenna parameters according to specification.

Chapter eight describes the experimental test measurement results and compares



the actual measurements with the computer simulation. The parameters compared
for this work are the radiation pattern and reflection coefficient in the form of return
loss and voltage standing wave ratio (VSWR). A measure of the radiation patterns of
the fabricated patch antennas signifies a base level of functionality for the MPAs. It is
possible to ascertain if the fabricated MPAs exhibit the general radiation characteris-
tics of MPAs and more importantly if the fabricated MPAs perform adequately in the
range of the desired resonant frequency of 900 MHz. MPAs normally have bandwidth
on the order of a percent or less. Improvement in this bandwidth to at least a level
of several percent is a desired outcome of this work The return loss measurements
are the true measure of the MPAs ability to function according to specification and
a gauge of the success of this work.

The conclusion is contained in the ninth and final chapter of this work. It includes
a summary of the experimental measurement results and a series of recommendations
that pertain to extensions of this work. The novel concepts found in the thesis are
stated and future research problems stemming from this topic are offered.

There are several appendices in the thesis. They include simulation data, actual
measurement data and the code for several MATLAB programs used in the course of

this work.



Chapter 2

Antennas and General Parameters

This chapter includes definitions and explanations of the terminology used in this
thesis. The non-specialist can appreciate this casual introduction to antennas. A
more rigorous exposition of the subject is available in C. Balanis’ fundamental text

[11] or W. Stutzman and G. Thiele’s book [12].

2.1 Antennas and their types

An antenna is a conductive mechanism that converts electromagnetic waves on a
transmission line to electromagnetic waves propagating in free space. The IEEE
Standard Definitions of Terms for Antenna [13] formally defines an antenna as, “that
part of a transmitting or receiving system which is designed to radiate or to receive
electromagnetic waves.” Figure 2-1 depicts the basic structure of an electrical sys-

tem utilizing antennas to transmit electromagnetic waves (a signal). This radiation
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Figure 2-1: Basic antenna operation between a transmitting and receiving device.

of electromagnetic waves originates from charge acceleration on the transmitting an-
tenna resulting from an oscillating current, a constant current moving along a curved
medium, or a current encountering a truncation, a load or some type of discontinu-
ity. The resulting radiated energy will excite surface currents on a receiving antenna
which can then be converted into a useable signal by a specified electronic device. In
addition to the aforementioned capacity of energy transmission, antennas are often
required to focus radiated energy in a particular direction. They can be designed
to accentuate radiation toward certain spatial areas of interest and suppress it in
other areas (see Sections 2.2.4 and 2.2.5). This feature can be attractive to certain
applications such as satellite communications and satellite television receivers.
There are multiple antenna configurations currently in use. Pozar [14] groups

them into several categories:

e Wire antennas include dipoles, monopoles, loops, sleeve dipoles, Yagi-Uda ar-
rays and related structures. Such antennas generally have low gains and are
often used at lower frequencies HF to UHF (3 MHz to 3 GHz). The advantages

of this type of antenna are that they are typically light-weight, low cost and of



simple design.

Aperture antennas include open-ended waveguides, rectangular or circular horns,
reflectors and lenses. Common applications for aperture type antennas utilize
microwave and millimetre wave frequencies. These antennas usually have high

gains.

Printed antennas include printed slots, printed dipoles, printed monopoles and
microstrip patch antennas. These antennas can be made with photolithographic
methods, with both radiating elements and associated feed circuitry fabricated
on dielectric substrates. Printed antennas are often used at microwave and

millimetre wave frequencies, and can be arrayed for high gain.

Array antennas consist of regular arrangements of antenna elements with a feed
network. Pattern characteristics such as beam steering angle and side lobe
levels can be controlled by adjusting amplitude and phase distributions of the

individual array elements.

2.2 Parameters

Antenna parameters are used quite often to describe an antenna and quantify its

performance. It is essential to have a regimental method for describing antenna

parameters so that practitioners can be assured they are speaking the same language

when it comes to antenna theory and design. Some important parameters will be
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Figure 2-2: The standard reference axis used to describe antenna parameters. A
point is described in terms of rectangular (z,y, z) or spherical (8, ¢, r) coordinates.

discussed. Before engaging this topic further, recall the antenna coordinate system
as seen in Figure 2-2. Both rectangular and spherical coordinates are commonly used

to describe an antenna’s parameters.

2.2.1 Radiation pattern

A radiation pattern or antenna pattern is the spatial distribution of a quantity which
characterizes the electromagnetic field generated by an antenna [13]|. It is expressed
as a function of the elevation angle, 8, the azimuth angle, ¢, and the radial distance,
r, from the centre of the antenna. Radiation patterns are typically measured in the
Fraunhofer or far-field region. It is in this region that the distance from the antenna

can be overlooked and the field pattern is reduced to a function of § and ¢, that is,
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the region of the field of an antenna where the angular field distribution is essentially
independent of the distance from a specified point in the antenna region [13]. Let D
represent the largest dimension of the antenna. To be valid, D must also be large
compared to the signal wavelength (D > A). For example, on a circular parabolic
dish it would be the diameter and on a rectangular microstrip patch it would be the

length. Then the far-field region, R, is defined mathematically to be

2D?
R> = (2.1)

when D is large compared to A [11].

It is necessary to be clear when discussing specific radiation patterns of an an-
tenna. Sometimes it is the power pattern which is the radiated parameter of interest,
but it can also be the electric or magnetic fields which are the patterns of signifi-
cance (referred to as amplitude field patterns). The electric field is an indicator for
directivity for example. Radiation properties have come to include several concepts
such as: power flux density, radiation intensity, field strength, directivity, phase and
polarization.

For a simple illustration of some antenna radiation patterns, consider basic pat-
terns for a Hertzian or infinitesimal dipole in Figure 2-3. Note that a Hertzian dipole
is a dipole antenna which is sufﬁciently’ small compared to its transmission wavelength
(I < A) such that it can be treated as a point for analysis purposes. In three dimen-

sions, the power pattern for the Hertzian dipole is realized as a torus with no hole, but
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Figure 2-3: Radiated power patterns for a Hertzian dipole in the elevation plane (8-
plane) and in the azimuthal plane {¢ — plane).

rather a point for its centre. Antennas with the guality of having a constant pattern
in the azimuthal direction, like the Hertgian dipole, are called omnidirectional.

The radiation pattern for an antenna or array of antennas is not always geomet-
rically symmetric or uniform. In fact, directionality is often a design requirement for
most antennas, It will be shown that MPAs are directional because of their structure,
Comsider the given general illustration of a radiation pattern in Figure 2-4. Along
the y-axis is the main lobe and along the x and 2 axes are minor or side lobes, Most
of the antenna’s energy is focused through a main lobe. Sometimes back lobes exist
which are oriented in the opposite direction to that of the main lobe (although none
are pictured in Figure 2-4). A lobe is a portion of the radiation pattern bouncded by
regions of relatively weak radiation intensity [11]. The main or major lobe is then the

radiation lobe containing the direction of maximum radiation [13].
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Figure 2-4: Power pattern for directional antenna with main lobe along the y—axis
and four minor side lobes.

2.2.2 Polarization

Polarization is a fundamental parameter design consideration and an antenna term
which requires further clarification. This term can be used as a descriptor for the
antenna itself as well as for the type of radiation pattern emitted by the antenna.
Technically, polarization of a wave refers to the polarization of the plane wave used
to represent the radiated wave at a point lying in the far-field of the antenna and in
a specified direction from the antenna. In short, it describes the tip of the E-field
vector for a radiating antenna. Generally, this polarization pattern is elliptical but
there are special cases where it is linear or circular. It is also possible to designate
elliptical polarization as either right handed or left handed based on the curl in the
E-field vector in the direction perpendicular to the direction of propagation. The
polarization pattern of an antenna, is the spatial distribution of the field vector excited

by an antenna taken over its radiation sphere. See Figure 2-5 for example.
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Figure 2-5: Examples of (a) Left-handed circular and (b) linear polarization patterns
where the electric field vector is denoted by E..

Polarization may be used to isolate different forms of communication . Some de-
vices such as television typically utilize horizontally polarized signals, whereas satellite
communication signals are circular due to the unknown orientations of the transmit-
ter and receiver. When referring to a specific antenna, it is not uncommon to make

reference to the antenna’s polarization.

2.2.3 Radiation intensity

It is necessary to consider the higher dimensional analogue to the radian. A steradian
is the solid angle with vertex at the centre of a sphere radius r subtended by a surface

2. The element of the solid angle is denoted by d{). A geometric

area equal to r
interpretation of a steradian can be found in Figure 2-6.

Now, radiation intensity in a given direction is the power radiated from an antenna

per unit solid angle [11}, denoted by

U=U(9,¢) =r?|B,| W/sr
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Figure 2-5: Examples of (a) Left-handed circular and (b) linear polarization patterns
where the electric field vector is denoted by E..

Polarization may be used to isolate different forms of communication . Some de-
vices such as television typically utilize horizontally polarized signals, whereas satellite
commiunication signals are circular due to the unknown orientations of the transmit-
ter and receiver. When referring to a specific antenna, it is not uncommon to make

reference to the antenna's polarization.

2.2.3 Radiation intensity

It is necessary to consider the higher dimensional analogue to the radian. A steradian
is the solid angle with vertex at the centre of a sphere radius r subtended by a surface
ared equal to %, The element of the solid angle is denoted by df), A geometric
interprotation of a steradian can be found in Figure 2-6,

Now, radiation intensity in a given direction is the power radiated from an antenna

per unit solid angle [11], dencted by

U=U(d¢)=r"|1P] W/s
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Figure 2-6: Geometric representation for steradian (sr).

where

—

1 — —
Paz iRe{E X H*}

is the time averaged Poynting vector. The Poynting vector given by P = E x H, is the
instantaneous power density measured in W/ m?. For an isotropic source, that is a
lossless antenna which radiates power equally in all directions, the radiation intensity
is constant and given by

B
UO_E

where

Prz/ﬁa-ds"

is the average radiated power of the antenna and dS is the spherical surface element

of a spherical surface surrounding the antenna.
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2.2.4 Directivity

Directivity is the ratio of the radiation intensity in a given direction from the antenna

to the radiation intensity averaged over all directions and given by

U

Note that directivity is a dimensionless quantity and in some cases is considered
in the direction of its maximum value [11]. It is possible to consider directivity
as a standardized measure of how much more intensely an antenna radiates in a
direction compared to an isotropic radiator transmitting with the same total amount
of power. In practice, the antenna should be of significantly larger size compared to its
wavelength in order to achieve directivity appreciably more than unity. For instance,
phased arrays or full-wave antennas have been used to get such results. However, in
the case of some single element antennas such as dipoles problems can arise because
as the length of the dipole increases beyond one wavelength, the number of lobes
increases [11]. Although this may result in greater directivity in the direction of
maximum radiation, it introduces nulls in the radiation pattern and can detrimentally

impact main lobe beamwidth.
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2.2.5 Gain

Gain is closely related to directivity. It is possible to define an antenna’s radiation
efficiency, €., by the ratio of the total power radiated by an antenna to the net power
accepted by the antenna from the connected transmitter [13]. That is

Py

&r

where Py is the power delivered to the antenna itself (ignoring any transmission
line ohmic losses). A mathematical definition of gain can be expressed in terms of
directivity

G(6,8) = 4r (Pi) —e.D.

IN

Intuitively, the higher the antenna gain then the higher the energy output of an
antenna in a given direction. If an antenna has high gain in a particular direction,
then it focuses much of its energy in that direction. Technically, gain is the ratio of
the radiation intensity, in a given direction, to the radiation intensity that would be
obtained if the power accepted by the antenna were radiated isotropically [13]. Gain

is commonly expressed in dB by

G(dB) = 10log(G).
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Figure 2-7: Antenna in transmit mode connected to a source.

2.2.6 Input impedance

The impedance presented by an antenna at its terminals is known as the input im-
pedance [13]. The input impedance, Z;,, relates to the ability of an antenna to accept
power from a source as in Figure 2-7.

Impedance is a complex quantity and defined by

where R;, is the antenna resistance at the terminals (ohms) and X, is the antenna
reactance at the terminals (ohms). The real resistive part of Z;, can be further

subdivided into two components

Ry = R, + Ry

where R, is the radiation resistance given by 2P, /|I|? for a feed current of I, and Ry, is

loss due to conduction or dielectric effects (i.e. heat dissipation). Input impedance is
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Figure 2-8: Basic circuit model for an antenna.

Transmitter Antenna

almost always treated as a function of frequency [11]. There are only a limited number
of cases where analytical methods have been used to determine an antenna’s input

impedance; most require experimental analysis to determine the input impedance.

2.2.7 Reflection coefficient and associated parameters

It is possible to consider an antenna using a simple circuit representation depicted in
Figure 2-8.

The characteristic impedance, Zy = Ry + j Xy, is the impedance attributed to the
transmission source and feed line. Ideally, for maximum power transmission there
needs to be a matching of the characteristic and input impedances. Indeed, conjugate
matching is required for this to occur, i.e. Zy = Z},. In most cases when there is not
an ideal match, power is reflected back toward the transmitter. A measure of this
reflected energy is known as the reflective coefficient and calculated as a ratio of the

difference to the sum of the input impedance of the antenna and the characteristic
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impedance of the feed line
o Zin — ZO.
Zin + ZO

The return loss of the antenna, in decibels (dB), is a parameter which gives a good
indication of the power that is actually transmitted (or lost) by the antenna and is
not reflected back to the transmitter. Loss in this case is a good thing. The return

loss of an antenna is defined as

RL(dB) = 20log|T'|.

A small I indicates a small return loss, i.e. not too much reflection.

Another parameter which is a good indicator of the impedance matching or mis-
matching is the Voltage Standing Wave Ratio (VSWR). If not all power is through-
put and there are reflections then standing waves are created. The VSWR can be

expressed as a function of the reflection coeflicient

It can also be expressed as a ratio of the maximum voltage amplitude to the min-
imum voltage amplitude. In practice, 1 < VSWR < oo with a perfectly matched
antenna having a VSW R = 1; however, a VSW R of 2 is sufficient for most applica-
tions and this corresponds to a return loss of approximately —9.54 dB. This represents
approximately an 89% power throughput for the antenna. This value constitutes an
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acceptable operational specification which will be used in the thesis. Return loss per-

formance above the —9.54 dB level will be judged to be unsatisfactory for operation.

2.2.8 Bandwidth and Q-factor

Bandwidth refers to the range of frequencies within which the performance of the
antenna, with respect to some characteristics will conform to a specified standard [13].
Quantifying the frequency bandwidth for an antenna depends on the nature of that
antenna. If an antenna is broadband, then its bandwidth is referred to as a ratio of
its higher acceptable operating frequency to its acceptable lower operating frequency.
In the case of a narrowband antenna, the bandwidth is expressed as a percentage. It
is calculated by the difference in higher and lower operating frequencies divided by

the antenna’s resonant frequency within that band,

Af

B = ra

(2.2)

The resonant frequency, f., of an antenna is defined as a frequency at which the
input impedance of an antenna is nonreactive [13] and Af = fo — f; is the range
in frequencies for which a certain return loss level is achieved. Usually, the value
of bandwidth is specified at a given value of return loss or VSWR. For example, a
certain antenna may have a 1% bandwidth at —10 dB.

The quality factor or Q)-factor, is another parameter of interest used to describe
antennas performance. It is representative of an antenna’s losses [11]. A larger Q-
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factor is indicative of narrower bandwidth and lower efficiency. In its general form it

is defined by

1_ 1 1 1
Qt Qrad Qc Qd st

where

@: is the total quality factor,

®@raq 1s the quality factor due to radiation (space wave) losses,
Q. is the quality factor due to conduction (ohmic) losses,

(24 is the quality factor due to dielectric losses,

(25w is the quality factor due to surface waves.

In practice, the quality factor is determined from actual experimental measurements.
The analytical derivation of this value can be tedious [15]. However, there are simpler
definitions in order to compute (); as mentioned in [6] and [11]. Formulae used to

calculate ); are

fr
Q: = 2.3
Al (2.3)
and a slightly refined

f  _ VSWR-1
fs—fo QNVSWR

which takes into account impedance matching at the input terminals of the antenna.

Similar to equation (2.2), the parameter @); is defined in terms of some frequency
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band Af = fz — f,. In this situation, Af is taken as the band over which the power
reflected is not more than one-fifth (~ —7 dB) of that absorbed at resonance when
matched to the feed line [6]. The definition of @), given by equation (2.3) will be

employed in this work.
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Chapter 3

Literature Review

3.1 General

A basic MPA, in a physical sense, is simply a printed circuit board (PCB). What
makes a printed circuit into an actual MPA is its ability to radiate energy in a manner
suitable to an antenna engineer and the end user. All printed circuits emit energy,
but when this energy is being utilized for electronic signal transmission the PCB can
be qualified as an MPA. The Institute of Electrical and Electronics Engineers (IEEE)
defines an MPA as an antenna which consists of a thin metallic conductor bonded
to a thin grounded dielectric substrate [13]. The radiation behaviour of an MPA is
unstable and it is highly sensitive to changes in the dielectric substrate, the patch
element and the feed line. Depicted in Figure 3-1 is an illustration of an MPA in its

basic form.
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Figure 3-1: General construction of a rectangular MPA with coplanar microstrip
feedline.

Progress in research has resulted in contemporary MPAs having notable variation
in structure, The basic design components do not change except for the layering
complexity and element placement changes. Zurcher and Gardiol |9 describe a semi-
inverted orientation in which the patch is separated from the feed by a dielectric
layer and the patch itself is on the underside of the top most dielectric layer known
as the Strip-Slot-Foam-Inverted Patch antenna or SSFIP design. Employing multiple
layers is a common technique which allows for multiple frequency operations. Many
researchers have examined this stacking technique in detail [16], [17].

For the purposes of this work, a single layer design and a static dielectric substrate
will be considered. However, despite the fact that the material itself is a known quan-
tity, some slight variability in its physical properties is expected once the fabrication
process is engagoed. So in this context, the MPA can be separated into two funda-
mental elements: the radiating or patch element and the feed line element. Although

both will be treated separately in the following discussion, it is important to appre-
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ciate the interplay between these two elements in a finished design and their coupled
contribution to an MPA’s overall behaviour. IEEE formally states the feed line is a
transmission line interconnecting an antenna and a transmitter or receiver or both
[13]. However, references to the feed line element contained herein consider only the
printed component of the transmission line, i.e., that portion of the antenna that is
fabricated at the same time as the patch. A 50 ohm coaxial cable will connect the
fabricated MPA to the transmitter and technically it is the coaxial cable and the
printed feed line element which composes the true feed line as per IEEE standards.
A list of the generally accepted strengths and weaknesses of MPA technology is
found in Table 3.1. The list is not exhaustive, but captures the noteworthy charac-
teristics of MPAs. This Table originates in [16]. The authors of that work also list
conventional applications associated with MPA use in Table 3.2. MPA technology
has been extensively developed since the writing of [16] in 1989. In particular, the
problems of small bandwidth and polarization purity are very active areas of research
as will be discussed shortly. Techniques to address the polarization purity by patch
geometrical and topological manipulation and feed placement have been refined. As
well, bandwidth has been increased using different feed methods and modifying patch

configurations.
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Advantages

Disadvantages

Thin profile

Low efficiency

Light weight

Small bandwidth

Simple to manufacture

Extraneous radiation from feeds, junctions
and surface waves

Can be made conformal

Tolerance problems

Can be integrated with circuits

High-performance arrays require complex
feed systems

Simple arrays readily created

Polarization purity difficult to achieve

Table 3.1:

MPA characteristics

Applications

Aircraft antennas

Communication and navigation
Altimeters
Blind-landing systems

Missles and telemetry

Stick-on sensors
Proximity fuses
Millimetre devices

Missle guidance

Seeker monopulse arrays
Integral radome arrays

Adapative arrays

Multi-target acquisition
Semiconductor integrated array

Battlefield communications
and surveillance

Flush mounted on vehicles

SATCOMS

Domestic direct broadcast satellite receiver
Vehicle-based array
Switched-beam array

Mobile radio

Hand telephones and pagers
Manpack systems

Reflector feeds

Beam switching

Remote sensing

Large lightweight apertures

Biomedical

Applications in microwave cancer therapy

Covert antennas

Intruder alarms
Personal communication

Table 3.2: General MPA applications
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3.2 Patch element

The antenna element, radiating element or patch resonator (these terms are used
interchangeably) is typically a simple geometric pattern etched onto the surface of
the dielectric substrate over a ground plane. In general, these patterns are simple
shapes: rectangular, square, dipole, elliptical, circular or triangular. However, it is
not uncommon to find instances of more complex geometries developed in order to
deal with narrow bandwidth or to modify other MPA parameters.

The rectangular and circular shaped patch resonators tend to be the most widely
used in literature, the former probably being the most popular. The very early works
of Munson [18] and Howell [3] utilize a rectangular patch. Munson applies both a
tapered microstrip line feed network and a quarter-wave transformer parallel feed
network, whereas, Howell’s method differs significantly by using a relatively simple
matched feed line.

The likely attraction of the rectangular shape is that its basic geometry lent it-
self to early attempts at modelling and serious theoretical investigation. In 1975,
Derneryd [19] described the basic rectangular patch with a simple microstrip feed
line configuration similar to Figure 3-1. He proposed an equivalent circuit network
topology for bandwidth calculations and reported on limited experimental findings.
Several years later in a subsequent work, he undertook a more extensive examina-
tion of the rectangular patch antenna element [20]. Derneryd’s study included the

radiation patterns, input impedance, mutual conductance and directivity from an
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analytical perspective. Shortly thereafter, Lo et al [21] proposed a theory based on
cavity modelling and positively tested the theory against experimental results. This
work with the cavity model has been acknowledged as the first theoretical solution
to include the electromagnetics of the MPA [22]. It also included many canonical
forms beyond rectangular including circular, elliptical, annular, triangular and wedge
shaped.

One of the running themes of MPA research is polarization purity. The novelty
of MPAs is their ability to transmit or receive circularly polarized waves with only a
simple single feed point and no need of an external polariser. Figure 3-2 includes some
of the techniques that have been applied to rectangular patches in order to optimize
circular polarization [22]. It has been shown that slight geometric manipulations
and physical modifications result in improved circular polarization, alter resonant
frequency and offer some control over other antenna parameters.

Cutting corners as a method to improve circular polarization was first studied by
Kerr [23] in 1978 and has since been explored by others including [24]-[26]. The works
[24], [25], also study the effect of varying probe placement. Several other authors treat
this subject in detail [27], [28].

It has been reported in [22] that the introduction of shorting posts to affect antenna
parameters was inspired by the work of Kerr. Several papers appeared at the end of
the 1970’s and early 1980’s dealing with this subject [29]-[31] and the topic has been

covered very recently in [32].
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Figure 32: Five simple known methods to affect circular polarization of probe fed

rectangular resonators: (a) cutting corners, (b) probe placement, (¢) shorting posts,
(d) slots, and () spur lines.

Introduction of slots in the MPA, another original Kerr technique according to
[22], appeared in 1977 in [23], [33]. This particular method has been quite popular
in the literature since its inception. Patch resonator slotting has become a popular
design tactic to manipulate MPA properties. It is a continuing theme in MPA research
which has been studied in various contexts, Slotted rectangular MPAs are examined
in [34], [35] and an U-shaped slot is applied in [36]-[38]. The effect of slotting has
also been explored in relation to circular [39], triangular [40| and octagonal [41], [42]
patch eloments. One could consider the square shaped ring of [26] and the anmular
rings of [43]-[45) as slotted. The slotting concept has been extended recently. In
2004, a rectangular MPA was designed with reconfigurable slots [46] and a vear later
ground plane slotting and its effect on polarization was explored for several regular
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Figure 3-3: Compact Yagi-Uda MPA array. Notice the half-ground plane and etched
reflector segment on the underside of the dielectric substrate.

geometries in 2005 [47]. Spur lines, that s, slotting connected to the perimeter of
the patch element, has been inspected in rectangular patches (35 and in triangular
patches 48],

Thus far, several basic pateh shapes have been discussed. Several other interesting
patterns have been analyzed in the literature including an H-shaped resonator [49],
an U-shaped antenna [50], an asymmetrical double-T configuration [51], and a MPA
with a resomator the shape of & bowtie [52]. However, the actual number of possible
patch geometries is limitless. This is shown by the design work in [53] using genetic
algorithms and mentioned briefly in the survey work [54]. Figure 3-3 is a non-standard
MPA configuration which illustrates the vemsatility of printed antenna development
and the ability to realize complex three dimensional antennas in planar form.

3.3 Feeding techniques

Generally, most of the works mentioned in the previous section are probe fed. That
in, a coaxial cable is employed to connect the patch to the transmission device, There

are only & few distinct of ways to feed the patch with energy. Several will be discussed
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here in some detail. Differing techniques have distinct advantages which range in ease
of design fabrication and ease of modelling to significant reduction in coupling with

the radiating element.

3.3.1 Direct probe coupling

The traditional feed method involves coaxial feed or probe coupling [7]. A recent and
simple illustration of the coaxially fed MPA is described in [56] and can be seen in
Figure 3-4. This method employs the centre conductor of a coaxial line to transfer
the power directly to the patch while the outer conductor is connected to the ground
plane. As has already been discussed, placement of the coaxial connection influences
the impedance match and mode excitation. The ability to control impedance levels by
manipulating feed placement is an attractive feature of this feed technique. However,
one shortcoming of this type of feed is that the connection requires a solder joint.
Hence an array with a large number of elements fed in this way will be rather tedious
to fabricate and a high number of joints of this nature may compromise the integrity
and reliability of the array. Also, probe coupling results in narrow bandwidth and
can be difficult to model, specifically for thicker substrates [11].

Some authors have experimented with probe coupling by generalizing to a higher
number of probes. In [57], an array of sequentially rotated feed positions is described
to control the polarization purity. Dual banding using stacked multi probe fed ele-

ments is examined in recent works [58], [59]. An L-shaped direct probe has been used
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Figure 3-4: Layered view of a probe or coaxial couplesd MPA. (Note that the cen-
tre conductor is lengthened in the illustration to show its connectivity to the patch
element.. ).

Figure 3-5: Cross-section of a basic L-probe fed MPA. Note that different dielectric
substrates may make up the two parallel lavers.

in [50]. A cross-section of an L-probed MPA is depicted in Figure 3-5.

3.3.2 Coplanar microstrip coupling

The coplanar microstrip feed line is etched upon the same side of the dislectric sub-
strate along with the radiating element (see Figure 3-6). It can be thought of as
an extension of the radiating element and was the other early MPA feed method
used in mid 70's [19]. The distinct advantage presented by this feed technique is its
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Figure 3-6: Typical coplanar microstrip feedline,

enise Of manufacturability, but drawbacks include bandwidth /feed radintion trade-offs
and excitation of higher order modes which leads to cross-polarization [7). It can be
printed on a substrate at the same time as the antenna element and therefore has
a higher relinbility over a direct probe, especially in large arrays. However, a disad-
vantage of this type of feed is the amount of coupling between the feed line and the
paich. Moreover, this type of feed lends itself to narrower bandwidth antennas which
may or may not be desirable in all cases.

Generally, the microstrip feed line is the basic bullding block of MPA feeds, likely
due to the ense of its fabrication. Manipulation of its basic coplanar form has been
investignted using several approaches. Insetting the feed by notching the patch has
been discussed in [7], [46] and modifying the feed orlentation examined in [60]-|62].
Several of the latter authors have also explored altering the geometry of the feed
line by introducing open circuited stubs and modifyving segment widihs as a means
to affect impedance. Matching techniques have beon analyzed extensively in many
works including [10], [17], [52], [61]-64].

The previous transformations to the coplanar feed line were purely geometrical.
In recent works, several researchers have introduced topological changes to the feed
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Figure 3-7: Current modifications to microstrip feedlines (a) gab coupled T feed,
(b) defected ground structure (H-slotted ground plane), and (c) compact microstrip
resonant oell structure.

line, that is, the feed line is puncturesd or discontinuities are introduced. In [65] the
suthors present a dual feed capacitive or gap coupled coplanar feed line. While in
the contemporary works [66], [67], special cases of photonic bandgap structures are
studied. Examples of different arrangements are shown in Figure 3-7.

3.3.3 Electromagnetic proximity coupling

The feed technique of electromagnetic coupling employs a feed line stub etched into
a substrate over ground, but situsted below a substrate to which a patch element is
etched. An illustration of the basic design is in Figure 3-8, Its original manifestation
was developed in the context of printed dipoles in |68, [60]. Benefits of proxim-
ity coupling are that the upper substrate can be relatively thick thereby improving
bandwidth while the feed line can be on a thinner substrate which reduces spurious

raclintion and coupling [7]. Although there are no solder joints to be assembled, there



Figure 3-8: Layered view of a proximity coupled MPA. The feedline is printed on a
groundad substrate layer, there is no ground plase on the upper dielectric substrate

layer.

can be difficulties achieving the proper alignmeni of the patch over the feed line stub.
Hence fabrication can be slightly more challenging compared to the simple coplanar
microstrip foed.

Straightforward illustrations of the proximity coupling methods using a straight
segment. foed line stub are found in (7], [TORT72]. A split, segmented semi-circular type
line called a symmetric dusl-stub is designed in [73]. Examples of slightly differing
configurations emploving proximity coupling have been developed. A double-T1 feed
line is used to couple with a U-slotted antenna. The patch in this instance is printed
on the underside of the upper substrate and the feed line is separated by an air gap
with variation in this distance being shown to affect the impedance bandwidth of
the device. The author in [26] uses proximity feed to couple orthogonal sides of a
square ring slot antenna. These variations on the proximity coupled construction are

depicted in Figure 3-9,
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Figure 3% Unconventional proximity coupling configurations: (a) double-I1 stub
proximity feed U-slot patch and (b) single layer proximity feed sqare ring slot antenna.
(Note that design (a) is as it appears and not separated into layers for illustrative
purposes. )

Figure 3-10: Layered view of apercutre coupled feed MPA.

3.3.4 Aperture coupling

Aperture or slot coupling closely reseinbles proximity coupling. The difference be-
tween the aperture-coupled and the electromagnetically conpled (proximity ) microstrip
fendds is that the bottom plane is inverted and an aperture or slot is cut in the ground
plane to facilitate the energy transfer between the feed line and the radiating element.
Figure 3-10 illustrates an aperture coupled RMPA with a rectangular slot.

The substrate arrangement of the slot coupled design closely mirrors that of a
proximity coupled MPA design. Typically a thin, high-dielectric-constant substrate
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Figure 3-11: Aperture coupled MPA proposed by Pozar in 1902,

is used for the feed line and a thicker, lower dielectric substrate is employed beneath
the patch element. A generally smaller aperture when compared to the resonant
patch dimensions inhibits feed line spurious radiation interference with the antenna's
radiation pattern and polarization purity, The aperture coupling technique was first
studied in the mid 1980 in [74)-[76]. In [77], Pozar employs a circular slot as well as
an uneonventional configuration that has the feed line substrate perpendicular to the
patch-aperture substrate as shown in Figure 3-11.

The aperture coupling design has since been modified using cross slotting and feed
lines which are not ariented orthogonal to the slot in several works including |78]-[81).
Innovations in aperture coupled MPAs have been realized in omitiple works. Im-
provements range from modifying the aperture shape to a dog bone [82] to introduc-
ing relatively simple dual feed techniques using paralle] feed line segments as in [83].
Slight modifications of the feed lines have boen explored wsing impedance matching
and Wilkinson power dividers in [84]. Dual feeds of more intricate design and aper-

30



ture geometric manipulation has been a popular theme in MPA work since 2000. A
dual-fed double layering of patches fed via apertures has been explored in [85], [86].
In these works the authors use H-shaped apertures and feed lines which terminate in
a 90° bend. The configurations resemble Figure 3-9(a) in that there is the typical
aperture layer, but in this case another inverted patch is suspended over the lower
aperture fed radiator. This technique is loosely known as the strip-slot-foam-inverted
patch or SSFIP principle and is covered in detail in [9]. The authors of [87] extend
the SSFIP technique using a single feed aperture, but place another layer below the
feed line segment with a ground reflector. A more simple design using orthogonally
oriented dual feed line segments and modified H-shaped coupling slots is presented
in [88]. However, in their design the authors do not employ an upper dielectric sub-
strate layer, but rather suspend a circular patch over the apertures creating an air
gap or superstrate. An appreciably more complicated two port feed line is designed
in [89]. This architecture has four H-shaped fed apertures and the resonating patch
element is a modified square ring slotted antenna with an air gap between the ground
(aperture) layer and the patch dielectric substrate.

Also worth mentioning in this section are a series of hybrid fed MPAs. Such
works bear mentioning because each involves an aperture coupling to feed the MPA.
In a 2002 work, a suspended circular radiating patch is fed directly with a feed
line-conducting post combination and via an H-shaped aperture [90]. Various con-

figurations using a Wilkinson power divider (single port), two ports and an array
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are compared. A coplanar microstrip and dual H-aperture fed patch appear in [86].
The design has additional layers. The patch-ground-feed layers are inserted between a
foam-shielding layer and foam-inverted patch layer. Lastly, Lau and Luk [91] combine
an L-probe with an aperture couple in order to drive an air gapped square resonator.
The design is singly fed, but uses a Wilkinson power divider beneath a circular ground
plane with a simple slot segment. Each of these three works employ hybrid feeding

methods to broadband the MPA and optimize its dual polarization.

3.3.5 Coplanar waveguide

The final type of MPA feed to be discussed is the coplanar waveguide (CPW) feed
line in Figure 3-12. The CPW feed method is similar to an aperture-coupled feed line
except the feed line (the coplanar waveguide) is etched into the ground-aperture layer,
that is, the CPW and aperture are coplanar. This feed line technique is preferred
in certain applications such as microwave monolithic integrated circuits [15]. The
waveguide feed also reduces the amount of spurious radiation compared to other
methods; however, proper alignment of the waveguide and patch is a challenge and
there are no significant gains in bandwidth compared to the simple coplanar feed line.
In the basic design, there is only one dielectric substrate and the CPW and aperture
are etched into the ground plane opposite the patch element. This single substrate
construction is attractive in terms of its stability and design simplicity, although it is

not uncommon to find examples in which the aperture is printed on a separate layer
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Figure 3-12: Layered view of coplanar waveguide feed MPA.

ns the CPW feed line.

The CPW type feed in any manifestation does not have the history of its counter-
part feed line methods. The 1992 work [92] contends that there is only one paper in
the literature which treats the subject. This contention would place the birth of the
CPW in Greisler [93] in 1976, Moreover, these authors attempt to address why there
has been a deficit of research into the theory and design of CPW fed MPAs. In [92],
the authors actually fabricate a CPW fed MPA using stationary store foam board
£, = 1.06 as a substrate (which is comparable to air), some copper tape and a sharp
knife. Notable progress in CPW research has since taken place. Theoretical analysis
of CPW feed lines roughly agrees with the timeline suggested by the aforementioned
paper in 1991 [94] and in 1995 this work was extended [95].

Another article appeared in 1992 which describes different types of CPW feed
lines in multi substrate layerod designs [96]. A grounded CPW, a finite ground CPW
and a channelized CPW are fabricated and evaluated. The CPW feeds a rectangular
patch via a simple slot aperture in this two-substrate design. These differing design

types are in Figure 3-13.
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Figure 3-13: Different types of CPW fexds: (a) GCPW, (b) FCPW and (c) CCPW.
Note the black segments in (¢) represent metallic strips mounted on the edge of the
substrate and extending to the ground plane (on reverse).

There can also be slight diferences in the termination of & CPW feed. The single
dielectric substrate configuration of a CPW can couple with the patch capacitively
or inductively, The differences between these two different forms have been studied
in [97], [98] and are pictured in Figure 3-14.

Naturally, adwancements applied to other fesd technigues in the late 19708 and
1980 were applisd to CPW fed MPAs. For example, stacking a parssitic element
on top of a single layer, inductive CPW with a dog hone slot is studied in [99] and
the stacked parasitic element with a capacitive CPW feed is examined in [100]. In
[101] the anthors study a capacitive CPW feed with stubs that are not perpendicular
to the parallel slot lines of the CPW feed line. In an earlier work, Lee and Simons
(102] introduce a series gap and tuning stubs in the midsection of the CPW centre
conductor. A regular rectangular aperture couple 8 used in this two-layer substrate
design and in addition, they explore widening the distance between the CPW slot

lines before and alter the series gap. In each of these aforementioned works the

4



Figure 3-14: CPW fed MPAs with differing geometries: (a) capacitive coupling and
(b) inductive coupling.

CPW is a grounded CPW. Another article [103] involves a single substrate lavered
capacitively coupled GCPW, but the patch side of the substrate has an extended
ground surrounding the rectangular patch.

Innovations emphoving CPW foed technigues are comman in the literature. There
are examples of single-sided designs with no ground backing. A finite width CPW or
FOPW is formed by widening the termiinating end of the CPW centre strip conductor
[104]. In a similar fashion, an asymmetric double-T is printed on the same side as
an inductive CPW in [51]. These two single sided MPA designs are shown in Figure
3-15.

Other interesting arrangements include 8 CPW loop feed rectangular patch [105]
in which the authors employ an extended substrate in both a single and double layer
configuration, but the latter is inverted such that there is no aperture-ground plane
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Figure 3-15: Two single substrate - same side CPW fed patch elements with no ground
plane: {a) FCPW and (b) asymmetric double-T micrastrip dipole.

separating the patch substrate from the extended GCPW. Iwasaki [106] uses a sin-
gle GOPW sandwiched between two substrates to feed back-to-back patch elements.
A non-leaky CPW fed MPA is designed in [107], by using the conventional double
substrate layer aperture coupled inductive CPW fexl with an additional ungrounded
substrate layer inserted between the ground-aperture and the CPW feed lavers.

An excellent resource deseribing s plethora of modern MPA designs with various
patch and feed line element configurations is Wong’s 2002 book [108]. The text
focuses on overcoming the inherent narrow band of MPAs by implementing a host
of design techniques (many of which have been highlighted here) and maintaining a
eompact form for the MPA device. The designs tend to involve only simple layering
{at most two dielectrie substrates), but focus on geometric and topological complexity

to accomplish satisfactory results.
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Chapter 4

Problem Statement and Modelling

Methods

4.1 Narrow frequency bandwidth

The characteristic of generally narrow frequency bandwidth, which will be referred
to bandwidth henceforth, has been a source of much investigation within the MPA
community. Despite the fact that MPAs tend to resonate well at a specific frequency,
they compare poorly to conventional antennas which tend to be of wider bandwidth
around their resonant frequency. This characteristic can be a beneficial feature of
the patch antenna. Consider a system which utilizes multiple frequencies that are
close to each other such as a device with different transmit and receiving channels

or a system which utilizes global positioning systems and satellite communications.
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For example, the operating frequency for GPS is 1.515 GHz and for Iridium Satellite
Personal Communication System is 1.610 GHz. A series of MPAs, when tuned ap-
propriately, eliminates the need for filtering, thereby conserving resources that would
normally be devoted to cleaning up communication signals and portioning and parti-
tioning the frequency band. However, maﬁy researchers have recognized the utility of
the physical and cost aspects of MPAs and have studied ways to make improvements

in bandwidth.

4.1.1 General methods to improve bandwidth

Sanchez-Hernandez and Robertson [109] list several methods or techniques to improve

bandwidth:

e multilayer structures

e parasitic elements coupled to the main patch

¢ tuning stubs and loads

e diode use

e shorting pins

e adjustable air gap between substrate and ground plane
e aperture-coupled parallel resonators and slotted patches

e specifically shaped patches
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The authors conclude their survey by stating that many of the examples listed
can be problematic when it comes to design and fabrication stages. Often, there are
trade-offs in bandwidth improvement and/or degradation in other antenna charac-
teristics. Also, they point out that discrepancies between simulated and measured
results frequently occur because of inconsistencies and inaccuracies in the fabrication
process. It is noted that the authors do not mention manipulating the feed line in
order to affect the frequency bandwidth of the MPA. There are some other more
complex methods suggested such as using a wedge shaped dielectric substrate or by
using antennas that utilize dichroic surfaces.

Balanis [11] quantifies the narrow bandwidth at a fraction of a percent to a few
percent which agrees with [77]. Other less conservative authors {110] put the band-
width at one to five percent and [6] put it at one to four percent. However, it is
important to note that in realizing gains in MPA bandwidth there are necessary con-
cessions in performance or design complexity. In [77] the author goes so far as to
mention a specific case of a 25% bandwidth improvement of a simple design which
subsequently has been found to resonate in different modes at different frequencies
thereby resulting in polarization changes at different operating frequencies. Some of
the conventional antennas such as dipoles or Yagi-Uda arrays can achieve bandwidths
on the order of approximately 10%.

In the earlier discussion, several challenges of MPA designs were highlighted in-

cluding polarization purity and achieving satisfactory radiation patterns. A more
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general review of the positive characteristics and challenges of MPA design can be

found in [9).

4.1.2 Characterizing the problem

The motivation for this work is due to the narrow bandwidth of an MPA. Variability
in material properties and the fabrication process can result in poor performance at
a desired frequency. In the context of a larger scale MPA fabrication process, electri-
cal property variation and/or over/etching will contribute toward an unsatisfactory
number of manufactured MPA that must be rejected because of unsuitable operating
frequency capability. Some preliminary computer simulated return loss results will
frame the problem at hand and provide justification for the bandwidth widening ap-
proaches applied in this work.The material used to fabricate antennas is a glass-epoxy
known as Flame Resistant 4 or FR-4. It is low cost, readily available and the most
common substrate used for general electronics systems. The electrical properties of
interest for this material are its dielectric constant, ¢,, and dissipation factor or loss
tangent, tan d. The design process undertaken in this thesis fixes the electrical prop-
erties of FR-4 at €, = 4.4 and tan § = 0.02; however, in practice an acceptable range
for €, is 3.9 t0 4.7 and for tan § is 0.01 to 0.035. The result of this electrical variability
as seen in Figure 4-1 are resonant pole shifts and changes in return loss levels. Figure
4-1 displays the return loss for the extremes values of the accepted range in dielec-

tric constant and dissipation factor. Generally, a lower dielectric constant results in

49



g opf (it oyt esd Lo gt W e o B s

l e [
D oE g P i
] LRI
= AP b
L
i
- [ — Ay
- o i [ i - [ i [ [LE i

Figure 4-1: Return loss effect of dieleictric constant and loss tangent variablity on a
8ifi MHz RMPA.

n right shift or increase of the resonant frequency. A smaller loss tangent tends to
cause n weakening of the resonance, that is, a higher returmn loss level is observed at
the various resonant frequencios,

Particular points of interest from this simulation can be found in Table 4.1. Ac-
cording to this computer simulation result, an MPA designed to operate at 900 MHz
with the ideal electrical property values (¢, = 4.4 and tan § = 0.02) does not perform
satisfactorily if there is significant variation in these values.

Sirmilation resulis can also be used 1o show the effect of over and under etching
on 8 MPA's return loss. Ower and under etching ocours when traces or patterns

are macle to large or small respectively by the PCB milling machine or excessive



Dielectric, Loss tan. | f, [MHz| | RL @ 900 MHz
€ 3.9,tan g 0.01 950 —0.90 dB
€ 4.7,tand 0.01 868 —1.49 dB
€ 3.9,tand 0.035 950 —2.12dB
e 4.7,tan ¢ 0.035 867 —3.38 dB
€. 4.4, tané 0.02 896 —14.81 dB

Table 4.1: Electric variation affect on return loss

exposure to acid in the fabrication process thereby removing too much copper. At
lower frequencies, over/under etching effects are not as adverse on MPA return loss.
This is because the wavelengths are relatively large when compared to the etching
error. However, with higher frequencies (gigahertz range) where the wavelengths are
on the order of millimetres and smaller, the etching errors can be quite detrimental.
Figure 4-2 shows the simulated effect of under and over etching by 2 mm on the patch
dimensions of an MPA (the feed line dimensions were not altered for this simulation).
There is some noticeable frequency shifting resulting from the dimension variations
but it is not as severe as with the electrical variability.

The method applied in the thesis concerns the implementation of two coplanar
design elements into a RMPA model to increase the frequency bandwidth of the

fabricated RMPA. A basic RF design methodology is utilized
e Analytical formulae employed to establish a basic working model,
e EM simulation applied for high accuracy solutions to Maxwell’s Equations,
e Optimization according to specification using gradient-based search methods,

e Measurements for specification verification.
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Figure 4-2: Return Loss effect of over/under etching patch width (W) and length (L)
by 2mm on a 806 MHz RMPA.

Each of the next three design chapters is concerned with the first three of the
design methodologies. In chapter five, the analytical starting point is established
anid evaluated using simulation. Chapter six uses a predominantly optimization ap-
proach to tune the antenna ta the appropriate resonant frequency. Chapter seven is
comprised of both analytics and optimization in order to finalize the working MPA
maodel for fabrication. Chapter eight contains the measurement component of the
vt hodology.



4.2 Modelling

According to Howell [3], “no theory exists to predict [MPA] input impedance.” This
certainly agrees chronologically with MPA research and development. However, in
this very early MPA work, Howell does apply some basic analytical notions to design
a square MPA. The patch dimension is calculated as

L==2¢
27

where ), is the wavelength of the resonant frequency in the dielectric substrate. Sub-
sequently, a design approach is described measuring the impedance of the fabricated
patch at the resonant frequency and then implementing a microstrip feed line im-
pedance matching network to transform the impedance to 50 ohms for a match with
the coaxial cable. This work constitutes one of the first forays into an analytical

approach for developing MPAs.

4.2.1 Transmission line model

The first model proposed for the analysis of MPAs was by Munson [5]. Munson used
a transmission line circuit model in order to determine the impedances of various
S-band parallel network fed MPAs with varying dielectric height. The transmission
line model was subsequently refined by Derneryd [19], [20]. Derneryd formalizes the

model by identifying a radiating element as two slots separated by a transmission line
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of low characteristic impedance. Using this model, Derneyrd determines the radiation
pattern, conductance, capacitance, directivity and bandwidth using the equivalent
network of a microstrip radiating element. The transmission model forms the basis
for the analytical formulae utilized for the design of the control MPA in Chapter Five.
A general discussion relating to the transmission line model for MPAs can be found

in [11], [15], [110]. This model is examined in greater detail and extended in [16].

4.2.2 Cavity model

The cavity model, sometimes referred to as the modal method, characterizes an MPA
as a two dimensional region bounded above and below by electric conductors and
bounded on the perimeter by magnetic walls. The origins of this model are in Lo et al
[21]. The cavity model has increased complexity when compared to the transmission
line and has been shown to be more accurate and versatile. The cavity model is a
planar two dimensional model, whereas the transmission line model was just in one
dimension. It acknowledges the radiation from all four sides of the patch, not just the
two major radiating edges, resulting in a greater appreciation of the mutual coupling
of radiation between edges and thereby improving results. Further reading on this

subject can be found in [11}, [15] and is covered extensively in [16].
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4.2.3 Multi-port network model

The multi-port network model is an extension of the cavity model which models the
electromagnetic fields above and below, and outside the patch separately. Around
the periphery of the cavity or two dimensional planar network are a series of ports
which correspond to incremental widths of the patch and address the field effects on
these incremental sections. The range of MPA geometries that can be modelled using
this method is superior to either of the previous model types because it is possible
to model many patches as an amalgam of port-connected simpler geometries. A

thorough treatment of this subject can be found in [16].

4.2.4 Full-wave models

There are several types of modelling techniques that are based on the electric current
distribution on the patch conductor and ground plane as opposed to being based on
equivalent magnetic current distribution around the patch edges as is the case in the
first three analytical modelling methods [110]. These former approaches are numer-
ically oriented and utilized for higher accuracy computer simulated MPA analysis.
Examples of full-wave analysis techniques include the method of moments, the finite-
element method, the spectral domain technique, the finite-difference time domain
method and the mixed-potential integral equation analysis. These methods of MPA
modelling and analysis are covered in [15], [110]. Such modelling techniques form the

backbone of the computer simulation analysis and optimization utilized in this thesis.
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Chapter 5

Basic Rectangular MPA with

Coplanar Microstrip Feed Line

The design process is conducted in several stages. The common design specifications
and formula from the literature [11], [15], [56] are employed to determine the physical
dimensions of a rectangular microstrip antenna. The simple microstrip fed RMPA
will be designed to resonate at 900 MHz. The motivation for employing a rectangular
design is that its reduced complexity leads to an easier design and fabrication process.
Moreover, the addition of design elements and tuning of models via computer simula-
tion is achievable with the resources on hand. The MPA will then be modelled and its
parameters evaluated via computer simulation with actual measurements to follow in
Chapter Eight. This chapter will be divided into design and simulation sections with

the former section being further subdivided into two subsections detailing the ana-
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lytical design calculations for the rectangular patch element and the microstrip feed
line. The design techniques applied in this chapter are purely analytical. Computer
simulation is used as an assessment tool for this analytical approach. The simulation
results contained at the end of this chapter suggest that the analytic approach is not

completely accurate.

5.1 Design

The analytical formulae employed for the design of the control RMPA can be found
in [11], {15]. These methods are based on the transmission line and cavity models for

MPAs.

5.1.1 Rectangular patch

The desired resonant frequency for the MPA is f, = 900 MHz. This implies a wave-

length of measure

o & 2.998 x 103m/s

- — 0.3331 5.1
7.~ 7000 x 10°Hz T (5.1)

where c is the speed of light in free space. As previously mentioned, the dielectric
substrate that will be used is FR-4. A relative dielectric constant of ¢, = 4.4 is

assumed with a physical thickness A = 1.524 mm. The width, W, of the radiating
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rectangular patch element is given by

c 2
W:2—f,«\/er+1 (5:2)

and for the particular f, and ¢, here, W = 10.14 cm.

The effective dielectric constant, €,., is the dielectric value of the substrate when
being driven at a given frequency. It is a function of both the physical thickness of

the substrate and the frequency of operation and takes the form

1
e+1 -1 h\ 2
re = 1+12— . .
€ + 5 ( + W) (5.3)

2

Here, €, = 4.265.

The patch has an effective or electrical length which is longer than its physical
length. The difference between the two, AL, is due to the electrical field propagating
between the patch and the ground layers beyond the physical edges of the patch

as shown in Figure 5-1. It is possible to calculate the difference via the following

equation
AL £65€
- = —15 5 (5.4)
where
60'81 + 026 (1)0.8544 + 0236
= (0.434907 e h 5.5
61 ( )(69.681 —0‘189> ( (%)0,8544_4_0.87 ’ ( )
(ﬂ)0'371
=14+ R/ .
=1+ 2.358¢, + 1’ (56)
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Figure 5-1: (a) Physical and electrical lengths of MPA from top view. (b) Electric
field lines in MPA cross section.

0.5274 arctan [0.084 (%) 4" |

S =Lk L0236 1 (5.7)

oy LG
£, = 1+ 0.0377 arctan [II].EIET (T) ] x {6 — 5elt0il—ell} (5.8)
£ =1-0218el"T7%). (5.9)

It has been verified in [15] that the above equations yield an accuracy of at least (0.2%
when 0.01 < % < 100 and & < 128, Note that for the proposed MPA design the
width-to-height ratio is 66.54 and ¢, = 4.4; hence the above formulae can be applied
in this context. equations (5.5) to (5.9) are evaluated to give £, = 04904, &, =
1.2118, £, = 1.0914 and £, = 1. Substituting this data and h = 1.524 =% 107 m in

equation (5.4) gives AL = 8208 x 10~ m. [t is now possible to determine the physical



length of the rectangular patch element via

c

L=
2f’r\/ €re

—2AL = 7.899 cm.

5.1.2 Microstrip feed line

The feed line will be centred on the edge of the patch as shown in Figure 5-1 (a). It is
necessary to match the line to a 502 coaxial connection. There are many microstrip
impedance calculators available on the World Wide Web; however, the method found
in [14] will be used to determine the length and width of the feed line. The width to

height ratio is given by

w eﬂsf%’ for & <2
o ’
t{B-1-m@B-1)+ 5! [In(B-1)+039— 28|} for 2 >2
(5.10)
where
Zy Jeo+1 € —1 0.11
A= = 2 A1
60 2 +er—+—1<0 St e,,)’ (5-11)
377w

2700/

Assuming that w < 3.048 mm, substitution of A = 1.530 from equation (5.11) into
equation (5.10) gives w = 2.914 mm.

In order to determine the physical length, ¢, of the feed line it is noted that the
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phase shift equals the product of the propagation constant, 5, and ¢, where

B = Vereko (5.12)
and ko is the wave number given by
2
ko = ”Tf (5.13)

For ¢ =90° = ¢ and from equations (5.12) and (5.13) it follows that

gzgoo(lz;r) 27rfrc\/€:;’

and here ¢ = 4.563 cm. The MPA model is now complete and pictured in Figure 5-2.

5.2 Simulation

Computer simulation of the model is done with the Ansoft Designer Version 3.5.0 Suite
[111]. Tt utilizes the method of moments approach in order to determine performance
parameters of the modelled antenna [112]. Simulated results of pertinent parameters
will be presented in this section and a compilation of additionally generated results
is contained in the Appendices.

The model resulting directly from the design equations of the previous section is

captured in Figure 5-3. Graphical results for certain antenna parameters from the
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Figure 52: Rectangular MPA with single contred microstrip feedline: W = 10.14 em,
L=T780cm,w=2914mm and £ = 4.563 com.

Figure 5-3: Untuned RMPA computer model designed to resonate at 900 MHz.
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Figure 5-4: Control RMPA: Return loss plot versus frequency ( GHz).

simulation are given in Figures 5-4 to 5-7. According to the simulated return loss
plot, the control antenna does not resonate at precisely 900 MHz, but rather at a
slightly lower frequency of 896 MHz Moreover, Figure 5-4 also shows that the return
loss level is slightly above the -20 dB level. This is confirmed by the results contained
in Table 5.1.

It is possible to determine the bandwidth from simulated return loss Table 5.1. It
is necessary to determine the frequencies for either side of the band at the —10 dB
level. Let fr be the lower frequency of the band at —10 dB and fy be the higher

frequency. In order to determine f; we first determine the parameters for the linear
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Frequency [ MHz| | S(Portl,Portl) [dB]
883 -6.740778
884 -7.248796
885 -7.811885
886 -8.438017
887 -9.136708
888 -9.919338
889 -10.799427
890 -11.792638
891 -12.915769
892 -14.182736
893 -15.591932
894 -17.091023
895 -18.496745
896 -19.404393
897 -19.363983
898 -18.403061
899 -16.987846
900 -15.503470
901 -14.117023
902 -12.873818
903 -11.773076
904 -10.800253
905 -9.938513
906 -9.172337
907 -8.488383
908 -7.875443
909 -7.324154
910 -6.826678

Table 5.1: Simulated return loss for control RMPA

64



regression line in slope-y intercept form

_(—9.919338) — (—10.799427) _
my = 58— 539 = —.880089,

by = —9.919338 — (—.880089) (888) = 771.5997.

Therefore,

—10 — 771.5997
- — §88.1 MHz.
J2 = = 3s0089) g

Similarly for the higher frequency

(—10.800253) — (—9.938513)
904 — 905

my = = 86174,

by = —9.938513 — (.86174) (905) = —789.8132.

Therefore

_ —10 — (—789.8132)

— 904.9 MHz.
86174 904.9 MHz

fu

The bandwidth can be calculated via equation (2.2)

_904.9 —888.1

B
896

= 0.0187.

The bandwidth for the control RMPA is 1.87%. Recall that this falls within the
aforementioned range of MPA bandwidth according to specialists in the field such as
Pozar [7].
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The quality factor for the control RMPA can be determined from Table 5.1 via
equation (2.3) by first determining the higher and lower frequencies at the —7 dB level,

respectively fyy and fr. Then it is possible to calculate the quality factor directly.

(—6.740778) — (—7.248796)
883 — 884

= —.5080180,

mp =

by = —6.740778 — (—.5080180) (883) = 441.8391.

Therefore,

-7 —441.8391

T O 883.5 MHz.
(—.5080180) ”

fro=

Similarly for the higher frequency

_ (—7.324154) — (—6.826678)
my = 506 =010 = 4974760,

by = —7.324154 — (.4974760) (909) = —459.5298.

Therefore,

| —7—(—459.5298)

fo = oTiTe0 = 9097 M.

Hence, the quality factor for the control RMPA, as determined from equation (2.3)

with fl = fL and f2 = fU is

896

= 9007 — 835 _ on1985.

Q
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Figure 5-5: Control RMPA: VEWR plot versus frequency | GHz).

The simulated VSWR plot in Figure 5-5 shows that the RMPA resonates optimally
at 896 MHz and should perform adequately in the range of 886 MHz to 904 MHz. It
can also be noted that the antenna does resonate relatively symmetrically about its
ocentre or resonate frequency.

Figure 5-6 displays the acoepted gain measured in dB for the control RMPA in
the elevation and azimuthal planes when being driven at 900 MHz. The symmetry
in the azimuthal plane (blue) corresponds to the horizontal geometrical symmetry of
the antenns. The slight lack of symmetry in the elevation (red) plane results from
the lack of vertical geometrical symmetry of the RMPA. It bears mentioning that

beyond + 90° there is no messured accepted gain in the simulation. This is because
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Figure 5-fi: Control RMPA: Accepted gain (dB) plot versus angle @ 900 MHz with
elovation in red and azimuthal in blue.
the simmlator utilizes an infinite ground plane for simulations which agrees with the
iden] supposition that MPAs tend to be highly directional and resonate only in the
half space above the ground plane. However, in practice there will be slight fringing
effects which can be minimized by increasing the dimensions of the ground plane.
Figure 57 is a representation of the radiation pattern in polar coordinates. The
polar plot relays a good sense of the shape of the beam pattern emanating from
the MPA. The front plane radiation is quite evident and it is possible to appreciate
how the radiation is reduced in the back plane, Furthermore, the beamwidth in the
elevation plane is noticeably wider than the beamwidth in the azimuthal. Additional

simulation results for the control RMPA are located in the Appendix A,



Figure 5-7: Control RMPA: Accepted gain plot versus angle @ 900 MHz with elevation
in red and azimuthal in blue.



Chapter 6

Coplanar Gap-coupled Parasitic

Elements

In order to tune the MPA such that it resonates optimally at the desired frequency of
900 MHz, a pair of parallel coplanar capacitively gap coupled parasitic elements are
added to the existing rectangular MPA model. The technique of coupling parasitic
elements to resonators in order to affect impedance and alter bandwidth was identified
relatively early in MPA research and development [113].

Parasitic element integration and its effects have been studied by a host of re-
searchers and in varying manifestations. Stacking parasitic elements in different layers
is a popular theme [44], [58], [114]-[117]. Coplanar gap-coupling has been examined
in detail in multiple contexts as well. There are several arrangements one can con-

sider; however, each is a special case or slight generalization of the design presented
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in [118]-[120]. In that construction the authors place four elements of comparable size
to the directly fed rectangular resonator. These elements are placed along each side
of the main element, that is, along its radiating and non-radiating edges. In [122],
[125] the authors use a design which is composed of multiple strips coupled to a main
strip resonator separated by a small gap. This type of MPA is mentioned by Kumar
and Ray [110]. The technique which is to be applied in this thesis is described in [16],
mentioned in [9], and studied in minor detail in [121], [123], [124].

The design techniques employed in this chapter differ from those used in the
previous chapter. Computer simulation is relied upon in order to satisfy the prescribed

design specifications of a —9.54 dB maximum return loss level at 900 MHz.

6.1 Design

The method of placing two narrow strips parallel to the non radiating edges of the
patch cannot be handled analytically in a simple manner. Popular models, including
transmission line and cavity, cannot reliably predict the coupling between the parasitic
elements and the patch [123]. It is possible to use an integral method of moments to
characterize results as in [123], but there are no works in the literature which allow
one to calculate the dimension and location for parasitic elements in order to satisfy
the desired antenna parameter criteria. Instead, it is necessary to employ what the
authors of [125] call experimental iteration in order to obtain optimal results. That

said, there are certain loose design specifications which can be utilized. It is known
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Figure 6-1: Tuned RMPA computer model with parastic coupling strips designed to
resonate at B0 MHz.
that optimal performance tends to occur when the segments are slightly longer than
the patch [16]. The gap distance is also a major contributor to frequency modification
in this context. A separation distance in the range of 2.5 to 3 times that of the
substrate height s recommended.

The initial proposed parasitic strips will have dimension ! = 97 by w = 3mm and
be separated from the patch resonator by a distance of 3.8 mm as a starting point for

simulation optimization.
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6.2 Simulation

It has been shown that relying solely on analytic formula to design a MPA for a
prescribed resonant frequency operation is not advisable according to the previous
simulation results at the end of chapter three. The Ansoft simulation package is
used to tune the antenna to a desired resonant frequency of 900 MHz. The parasitic
side strips are inserted into the previous model along the non-radiating edges of the
RMPA. The simulation will optimize the dimension and placement of these coupling
strips in order to satisfy the design criteria.

The model resulting from the optimizing simulation process is captured in Figure
6-1. Graphical results for certain antenna parameters of interest from the simulation
are given in Figures 6-2 to 6-5.

Figure 6-2 shows that the return loss has been improved not only with respect
to centre frequency but also in terms of resonance. The tuned RMPA with couplers
resonates at 900 MHz and at a level of approximately —28 dB.

It is possible to determine the bandwidth and quality factor from Table 6.1. The
fr and fy are determined in the same manner as in the previous chapter and the
bandwidth is calculated via equation (2.2). It is determined to be 1.81%. This
bandwidth is very close to the 1.87% of the control RMPA. It has been reduced by
3.21%. The quality factor for the tuned RMPA is determined by equation (2.3) and
found to be ) = 36.4344. As expected, there is a minor increase of 6.52% in the

quality factor for the tuned RMPA over the control RMPA.
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Figure
6-2: Tuned
RMPA:
A: Return loss plot versus f;
mequency | GHz
)-

Figure 6-
3 Tuned
RMP.
'A: VEWR plot versus frequency
(GHz).
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Frequency [ MHz| | S(Port1,Portl) [dB|
887 -6.793286
888 -7.376212
889 -8.033983
890 -8.780707
891 -9.634801
892 -10.621045
893 -11.774059
894 -13.144452
895 -14.810437
896 -16.901284
897 -19.646321
898 -23.445343
899 -28.101850
900 -27.071476
901 -22.415902
902 -18.943136
903 -16.409670
904 -14.459434
905 -12.894318
906 -11.600785
907 -10.508897
908 -9.572717
909 -8.760443
910 -8.049098
911 -7.421487
912 -6.864366

Table 6.1: Simulated return loss for tuned RMPA with coupling strips
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Figure 6-4: Tuned RMPA: Accepted gain (dB) plot versus angle @ 900 MHz with
elevation in red and azimuthal in blue.

The simulated VEWR plot in Figure 6-3 shows that the antenna should resonate
well in the range of approximately 800 MHz to 910 MHz. It also shows that the
tuned antenna should operate optimally at the desired frequency of 900 MHz. The an-
tenna's bandwidth is symmetric about the centre frequency in the range of 860 MHz
to 940 MHz, Outside of this range, the bandwidth is still generally symunetrical. De-
spite the fact that the VSWR plot in Figure 6-3 suggests mild asymmetry, one can
refer to Figure 6-2 to see that bandwidth of the tuned RMPA is generally symmetric
in the range of interest from 800 MHz to 1 GHe,

Figure 6-4 displays the accepted gain messured in dB for the tuned RMPA in

the elevation and azimuthal planes when being driven at 900 MHz. The result is

76



a
VL

i o 1

Figure 6-5: Tuned RMPA: Accepted gain plot versus angle @ 900 MHz with elevation
in red and agimuthal in blue,
similar to that shown in Figure 5-6. The introduction of the parasitic elements in the
tuned RMPA model has not resulted in notable changes in the radiation pattern from
the control RMPA, although there is a slight reduction in peak VSWR value. The
same pattern attributes pertaining to symmetry hold in the tuned RMPA radiation
pattern as those exhibited by the control RMPA radiation pattern.  Figure 6-5 is
a ropresentation of the radiation pattern in polar coordinates. Naturally, it closely
resembles the pattern exhibited by the control RMPA in Figure 5-7.

Another simulation result that will be utilized in the next section in the design of

the impedance matching network is the input impedance of the tuned RMPA. At a

T



frequency of 900 MHz the input impedance of the antenna is

Zp = 47.591022 4 53.52320.

Thus the antenna resistance for the tuned RMPA is Ry = 47.59¢).

Additional simulation results for the tuned RMPA are located in the Appendix
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Chapter 7

Impedance Matching Feed Line

Network

A hybrid design approach will be used for this final stage. A balance of analytical
and computer simulation is applied to achieve design goals. The analytical formulae
provide a solid starting point for RMPA model modification. Then the computer
simulation can be engaged to realize a suitable model for fabrication. The question
might be posed, "Why use at all during this stage of the design process?" After all,
why not let the computer simulation do all the work to implement the necessary
design additions and refine the model according to specifications? Relying solely
on the computer simulation to achieve these goals is not realistic in all cases. The
incorporation of analytics at the front end of this last design stage saves a great

deal of time and permits the computer simulation to start at a more advanced point
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for optimization, thereby saving time. Moreover, it decreases the likelihood that
the computer optimization process will converge on a non optimal or unsatisfactory

solution.

7.1 Design

The motivation for introducing an impedance matching network is twofold. Firstly,
it will widen the bandwidth of the antenna in proximity to the desired resonant fre-
quency. Secondly, the network can effectively split the band surrounding the resonant
frequency. The design intention is that by introducing dual frequency band operation
there would be an increased likelihood of a proper resonance at the desired frequency
post fabrication. The impedance matching network theory being applied to reach
this goal originates in [10] and is based on a three-element modified Chebychev net-
work first proposed in a broadband matching theory by Fano [126]. A higher order
network would be significantly more complex and be cumbersome to simulate. The
impedances parameter arrangement of the feed line segments and tuning stubs is in
Figure 7-1.

It is necessary to ensure that the patch model from the previous chapter is reso-
nant at the centre frequency of its band. This has been achieved via the simulation
tuning process. The antenna model parameters f, @: and Ry (antenna’s resonant
resistance) are determined from the previous tuned model. Pues and Van de Capelle

recommend establishing these parameter values by accurate measurements, but com-
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Figure 7-1; lmpedance matching network for rectangular MPA with intermediary
resopator and segment impedances.

puter simulation will be rebed upon here. The designer must choose a bandwidth
improvernent factor, B, and the order (number of stubs), n, of the impedance match-
ing network. Those values are fixed at B = 0.1 and n = 3 for this work in order to

ensure the problem s computable. Increasing these values increases the complexity

of the overall problem.

Next the g parameters are dotermined by first establishing the value of interme-

dinry parameters
A = tan (EB)

il
PO
2AQ
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Then it is possible to find g; design parameters given by go = 1, g, = 1/ and using
Figure 7-2 to find g2, g3 and g,.

In Figure 7-1, the network is composed of three main elements: the rectangu-
lar resonator and two parallel stub resonators. The resonators are connected (with
no discontinuities) by a series of coplanar microstrip feed line segments of varying
impedances. In order to determine the appropriate impedances of the network, one
must consider a set of recursive equations outlined in [10]. These equations involve
the admittances, Y,;, of the different segments and a set of parameters known as

admittance inverters. The set of general equations to be solved is

[AY,
Jig = ,
12 Roge
[Y,Ye .
Ji,j+1 = A g—’]H, Z=2,3,...7’L—1,
9igi+1

AYe,
Ingn+1 ZO .

J, n,n+1
Equivalently, the following equations are to be satisfied for ¢ = 2,..n :

Y9 = Jyj41 cos (%B) :

2
a; — 3

V= [a - (7 4y 1] S

1 '
Y;i = QX oy,
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Network parameter | Impedance (£2)

zZ¥2 93.2977
zZs 130

Z% 72.1050
7 26.064
Z" 26.064
Z' 24,5105
Z" 945105
Zy 50

Table 7.1: Parameters for impedance matching netowrk

where

8 = tan (%B) .

The values calculated for the different impedances are given in Table 7.1 and are
the starting point for the simulation model. By definition the admittance, Y is the

reciprocal of the impedance, Z.

7.2 Simulation

Once the impedance matching network was inserted into the tuned RMPA model,
a computer simulation was used to manipulate the model dimensions in order to
satisfy the design specifications. The model as depicted in Figure 7-3 is the result of
a lengthy optimization process. It is consistent with the model of Pues and Van de
Capelle [10]. The return loss for the modified model is given in Figure 7-4. The band
has been effectively widened and split about the 900 MHz frequency. The modified

RMPA resonates at 864 MHz and 939 MHz. The design intention is that any shift
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Figure 7-3: Modified RMPA computer model with gap coupled parastic strips and
impedance matching network.
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Figure 7-4: Modified RMPA: Return loss plot versus frequency ( GHz).



Frequency [ MHz] | S(Port1,Portl) [dB]
846 -9.382516
847 -10.296952
854 -20.609119
859 -21.750429
856 -22.078892
857 -21.798249
858 -21.358005
859 -21.076503
860 -21.104645
861 -21.504100
862 -22.280038
863 -23.323712
864 -24.204313
865 -24.054445
866 -22.515305
867 -20.329029
874 -10.040227
875 -9.248159
932 -9.688767
933 -10.681982
939 -20.932458
940 -20.890676
946 -10.316881
947 -9.277360

Table 7.2: Simulated return loss for modified RMPA

in poles due to variants encountered in the fabrication process are equally likely to
cover the desired resonant frequency of 900 MHz. Table 7.2 has been abbreviated to
include values necessary to calculate the bandwidth for the modified RMPA. The
table consists of those points of interest at the limits of both frequency bands as well
as data points below the —20 dB level for both resonant frequencies. The complete
set of points for the 800 MHz to 1 GHz is available in the Appendix A.

The bandwidth for the modified RMPA can be quantified about each resonant fre-
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Figure 7-5: Modified RMPA: VEWR plot versus frequency { GHz).

quency. The bandwidth as determined about the lower resonant frequency of 860 MHz
via equation (2.2) is 3.17%. The bandwidth about the higher resonant frequency of
939 MHz is calculated as 1.49% which is more than half the bandwidth of the lower
pole. According to the simulations, the available bandwidth in the frequency range
of interest has more than doubled. Only actual measurement can determine if this
is sufficient to overcome post fabrication frequency shifts, These measurent results
are found in the following chapter. The VEWR for the modified RMPA is given in
Figure 7-5. The general symmetry of the dual frequency operation about 900 MHz is
good. The antenna radiation pattern for the modified RMPA is given in Figure 7-6
and differs insignificantly from the previous radiation patterns for the control and

tuned RMPA models, respectively Figures 5-6 and 6-4. There is a minor drop in
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Figure 7-6: Modificd RMPA: Aceepted gain (dB) plot versus angle @ 900 MHz with
elevation in red and agimuthal in blue,

accepted gain exhibited at peak value. Similar to the pattern for the tuned RMPA,
the radiation intensity is slightly reduced to the =2 dB level likely due to increased
energy loss in the impedance matching network. More notable bowever, is that the
simulated radiation pattern has greater symmetry in the azimuthal plane then either
the control or tuned RMPA models. This is likely due to the radiation from the
impedance matching network overcoming the lack of vertical grometric symmetry of
the model. Comparison of the radiation pattern of the moditied RMPA of Figare 7-7
to the previous gain polar plots of the control and tuned RMPA (Figures 5-7 and
6-5) shows that the overall radiation pattern intensity is slightly less in the front half

phana.



Figure 7-7: Modified RMPA: Accepted gain plot versus angle @ 90 MHz with eleva-
tion in red and azimuthal in blue,



Chapter 8

Measurements and Discussion

There are two separate test procedures to measure certain antenna parameters of
interest.

The first set of test procedures examines the radiation properties for the RMPAs.
Each RMPA is placed in an anechoic chamber and probed with a transmitting an-
tenna. Radiation levels are observed and the radiation pattern is determined for the
RMPAs in the azimuthal and elevation planes. It is not possible to compare the real
radiation patterns results quantitatively with the simulation results because there are
no calibrated sources for measuring antenna radiation patterns available at Memorial
University of Newfoundland. A qualitative analysis of the actual radiation data is
made and it is possible to objectively comment on the shape of the real observed
pattern versus the simulated RMPA radiation patterns.

The purpose of the second series of tests is to ascertain the actual return loss
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measurements, reconcile the result with the expected simulation results and decide
whether the RMPAs perform satisfactorily according to the design specifications. The
fabricated RMPAs were connected to a Vector Network Analyzer in order to evaluate
their respective reflection coefficients. Using this information it is possible to calculate
the return loss and VSWR of the fabricated RMPAs and compare these numbers to

the pre-fabrication simulation results on the RMPA models.

8.1 Radiation pattern measurements

8.1.1 General setup

The measurements were conducted inside a 2.5m X 2.5 m x 4.25 m RF anechoic cham-
ber located in the Faculty of Engineering’s Thermal Laboratory. The RF anechoic
chamber is designed to suppress reflected electromagnetic waves from sources inside
the chamber. The specially designed foam wall tiles are radiation absorbent and are
neither a good conductor nor a good insulator. The inside of the chamber can be
seen in Figure 8-1.

The basic configuration for the radiation pattern set of measurements is captured
in Figure 8-2. The connection of the antennas to the hardware instruments was with
5002 coaxial cable. The hardware instruments were located outside of the anechoic
chamber for these tests, otherwise the devices would interfere with electromagnetic

wave propagation and taint the radiation pattern of the RMPAs.
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Figure 81: Inside the RF anechoic chamber, Tx antenna in background and Rx
antenna in foreground.
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Figure 8-2: General setup for antennas and hardware for RMPA rdiation patiern
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Figure B-3: Transmitting antenna: T-element Yagi-Uda array in Anechoic chamber
oriented for RMPA azimuthal angle measurements.

The transmitting deviee, s seven element Yagi-Uds antenna array, was mounted
on & wooden stand in the contre of one side of the chamber such that the individual
array elements were perpendicular to the ground as shown in Figure 8-3, This linearly
polarized Yagi-Uda antenna is an ideal candidate for a transmitting device becanse
of its highly directional nature, designed optimal operating frequency of approxi-
mately 880 MHz, and overall dimensions. Given the desired transmission frequency
of 800 MHz and the Yagi-Uda length of D = 46cm then it follows by equation (2.1)

that the far-field range of the Yagi-Uda array begins at a distance of

20*  2(.46)
— =1.27Tm.
A ()

The transmitting antenna is connectod to a Hewlett Paclord 86568 Synthesized Sig-
nal Generator with a coaxial cable, The signal generator is configured to a driving

frequency of 900 MHz and o signal amplitude of —17 dBm.



Figure 8-4: Reoeiving antenna: Control RMPA in Anechoic chanber onented az-

imuthal angle mensurementsin (8 = 0% position )

The RMPA is connectid via a comoaal cable to an Advantest R4131A Spectrum
Analyeer and was placed in a civcular wooden stand that permits rotation of the
RMPA a full 360° with measurement divisions at 5° increments. The mounting
apparatus = pictured in Figare 84, The largest dimension on the RMPAs measurns

14cm. The far-field range for the RMPA antennas is less than that for the Yagi Uda

S (.18 m.

Ihe transmitting and recoiving antennas are placed a distance of 2.02m apart to
measure the far-field radiation pattern of the RMPAs. Since this separation distance
i greater than the far Geld range for the transmitting and receiving antennas, we
can be satished that the far-field radiation pattern measurements are indeed in the
far field for both antennas, An illustration showing the RMPA orientation for these

azimuthal plans measurements is found in Figure 85, In this case, the angle & = #

g



Figure 8-5: RMPA orientation for azimuthal plane radiation pattern measurements,

where # is from Figure 2-2.

8.1.2  Azimuthal plane results

The results of the measurcments for the azimuthal plane are included in Figures 8-6
to 8-12. The azimuthal plane diation pattern measurements are plotted separately
in Figures 8-6 to 8-8, The data plots give the received signal amplitude as a function
of the angle of rotation of the RMPA. It is possible to compare these plots to the sim-
ulated accepted gain plots for the control, tuned and modified RMPAs, respectively
the azimuthal (blue) trace in Figures 5-6, 6-4, and 7-6.

The traces in the rectangular azimuthal plots are highly symmetrical and quite
comparable to the symmetrical nature of the simulation prediction. These plots also
show that most of the received signal is focused in the front half of the plane. In
each case, the received signal is above the —80 dBm level in the —90° to 90° range.
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Figure 8-6: Control RMPA: Signal amplitude (dBm) as a function of azimuthal angle,
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Figure 8-7: Tuned RMPA: Signal amplitude (dBm) as a function of azimuthal angle.
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Figure 8-8: Modified RMPA: Signal amplitude (dBm) as a function of azimuthal
angle.
There is signal received in the backplane which differs from the simulated results,
but it is not entirely unexpected becanse simulation uses an infinite ground plane for
caleulations. Therefore, some fringing and radiation outside of the =907 to 0" range
is anticipated. In fact, once the plots are filtered for background noise, the azimuthal
plane radiation pattern results are in closer agreement with the simulation results,
Figure 8-9 is a plot of the azimuthal radiation pattern of all three RMPAs with signal
below —88.5 dBm treated as monsurement notse.

Examination of the relative peak values (st approximately the # = 0°) of the
three traces in Figure 89 shows close agreement with the simulation results. The
simulated peak accepted gain values for the control, tuned and modified from Figures

5-6, 6-4, and 7-6 are approximately —1 dB, - 1.2 dB, and -2 dB respectively. That
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Figure 8-%: RMPAs: Cleaned signal amplitude (dBm) as a function of axmuthal
angle with noise reduction.

is, the accepted gain values for the control and tuned RMPA models are very close,
and the peak value for the modified RMPA model being noticeably less. In Figure
8.0 the same trend can be seen. The actual peak values for the control and tuned
RMPA measurements are very close together, whereas the peak value for the signal
amplitude of the modified RMPA is appreciably lower.

Polar representations of the real azimuthal data for each RMPA is given in Figures
810 to 8-12. Note that for the polar plots of these messurements the reference position
of # = 0" is at the 6 o'clock position wherens the polar plots for the simulated
radiation pattern were given with 0° in the 12 o'cock position. The polar plot of

the azimuthal data can be compared to the azimuthal (blue) trace in Figures 5-7, 6-5



Figure 8-10: Control RMPA: Signal amplitude (dBm) as a function of azimuthal angle
in polar coordinates.
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Figure 811: Tuned RMPA: Signal amplitude (dBm) as a function of azimuthal angle
in polar coordinates.



Figure 8-12: Modified RMPA: Signal amplitude (dBm) as a function of azimuthal
angle in polar coordinates,

nnd 7-T. Naturally, the real measured data for the polar plots compare well with the
simulated azimuthal polar plots for all three RMPA models. The plots in this format
allow the reader to better appreciate the magnitude of the radiation in the front half
plane when compared to radiation into the back plane beyond 490°,

8.1.3 Elevation plane results

In order to measure the radiation patterns for the RMPAs in the elevation plane it
was necessary to reconfigure the measurements set up slightly due to s possible po-
larization mismatch. The Yagi-Uda array was rotated 907 so that the array elements
were parallel to the ground. The RMPAs were likewise rotated by 90° and placed

on their side in the mounting apparatus. The images in Figures 8-13 and 8-14 reflect
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Figure 8-13: Yagi-Uda array in Anechoic chamber oriented for RMPA elevation angle
MEASIreEIeTis.

Figure 8 14: Receiving antenna: Control RMPA oriented in elevation angle measure-
mients position (¢ = 90°).

the configurations for the transmit and receive antennas for elevation plane radiation
pattern measurements, The RMPA reference orientation for these measurements is
given in Figare 8-15. In that dingram ¢ = 90° — ¢ where ¢ is from Figure 2-2.

Ihe rectangular plots of the radiation pattern for the elevation plane of three
RMPAs s in Figures 8-16 to 8- 18, These can be compared with the elevation (red)
beace in 56, 6-4, and 7-6. It should be pointed out that there is a slight discrepancy

in the actual data points for the peak value of the azimuthal and elevation measured
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Figure 8-15: RMPA orientation for elevation plane, ¢, radiation pattern measure-
mients.

in the reference position. This is likely due to the orientation of the RMPA with
respect to the transmitting Yagi-Uda antenna. Despite deliberate attempts to align
the centre of the RMPA#s with the Yagi-Uda for each measurement set, there was some
slight offset resulting in minor variability in the RMPAs orientation with respect to
the transmitting device,

There are some minor differences between the elevation plane plots in Figures
816 to 8-18 and the previous set of azimuthal plane plots (Figures 86 to 8-8). Most
noticeably, there is a more pronounced parabolic shape to the data points for the
azimuthal data when comparad to the elevation data. The received signal strength
decreases rapidly as the angle spresud increases in the radiation pattern in the from
plane for elevation versus azimuthal. Table 8.1 captures the relative incremental
received amplitude drop-off for both the simulated model and real RMPAs. Based on
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Figure 8-16: Control RMPA: Signal amplitude (dBm) as a function of elevation angle.
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Figure 8-17: Tuned RMPA: Signal amplitude (dBm) a8 a function of elevation angle.
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Modifed RMPA: Radiation Pattern in El ion Plane
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Figure 8-18: Modified RMPA: Signal amplitude (dBm) as a function of elevation
angle.

the numbers in this table, it can be seen that the elevation plane measurements tend to
be flatter than the azimuthal plane measurements. There is good agreement between
the simulated and actual measured data points on this matter. However, there is
notably more radiation into the backplane for the elevation pattern measurements.
This is somewhat evident in the rectangular plots and very identifiable in the polar
plots.

Similar to Figure 8-9, the traces of the control, tuned and modified RMPAs in
Figure 8-19 show the same relationship at their respective peak values. The separation
between the control, tuned and modified RMPASs is consistent with their modelled
simulation results.

Polar plots of the elevation plane radiation pattern measurements are in Figures
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Control Tuned Modified |
Angle [ model RMPA | model RMPA | model RMPA |
Azim. | (dB) (dBm) | (dB) (dBm) | (dB) (dBm)
—90° | 22616 158 | 2261 128 [22347 116
—45° | 3.820 8 | 3042 36 | 3813 3.2
45° | 3760 46 [3748 36 | 3813 28 |
Oo0° [22683 136 | 2261 116 [22347 986
Elev.
—00° | 2983 102 [ 2977 10 | 3108 116
—45° | 1.301 28 | 1423 28 | 142 18
45° 099 34 [ 1040 34 | 1421 34 |
90° [ 2466 104 | 2461 98 | 3103 88

Table 8.1: Received amplitude drop-off from peak
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Figure 8-19: RMPAs: Signal amplitude (dBm) as a function of elevation angle.
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Figure 820 Control RMPA: Signal amplitude (dBim) as a function of elevation angle
in polar coordinates.

820 to 822. The back plane radiation mentioned earlier is especially evident in the
polar plots, A contributing factor of this radistion might be the orientation for the
elevation plane measurements. The non-symmetrical placement of the RMPAs for
these measurements coupled with the ground plane deficit at the base of the feed
line compared to the other three sides of the RMPA likely result in some backplane
radiation. However for the most part, the radiation pattern for the elevation plane
agrees with the elevation (red) trace in Figures 5.7, 6-5, and 7-7 in that most of
the antennas radiation occurs in the front half plane and the amount of back plane

radiation is noticeably less,
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Figure 8-21: Tuned RMPA: Signal amplitude (dBm) as a function of elevation angle
in polar coordinates.

Figure 8-22: Modified RMPA: Signal amplitude (dBm) as a function of elevation
angle in polar coordinates,
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8.2 Return loss and VSWR measurements

This component of the RMPA testing was conducted at Superior Modular Products
in North Carolina, USA. To measure the associated parameters of the reflection co-
efficient: return loss and VSWR, the three RMPAs were connected to an Agilent
E5070B Vector Network Analyzer.

Measurements were made for each RMPA at various driving frequencies in the
range of 1 MHz to 3 GHz. Although for the purposes of this work, only the measure-

ments in the 800 MHz to 1 GHz range are presented and considered.

8.2.1 Control RMPA results

The actual measurements for the control RMPA are comparable to the simulation
results for the control model in the sense that the plots are presented on a similar
horizontal (frequency) scale. The simulation results in Figures 5-4 and 5-5 can be
directly compared to real reflection coefficient related measurements in this section.
Figure 8-23 is a plot of the real return loss for the control RMPA. The control RMPA
resonates optimally at a frequency of 907 MHz at a level of —13.1 dB. In simulation,
the control model has resonate frequency of 896 MHz at the —19.4 dB level. There is
a frequency upshift of 11 MHz and a reduction of the level of resonance by 6.3 dB.
Using Table 8.2 it is possible to calculate the frequency bandwidth for the fabri-
cated control RMPA. Using equation (2.2), the bandwidth is determined to be 1.40%.

This bandwidth is approximately 25% less than the 1.88% of the control RMPA in
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A
Table 8.2: Real return loss for control RMP
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Frequency | M Return Loss [dB
) -6. 746
BOG ~T. a1
918 -7.123
919 -.

Table 8.3: Real return loss for control RMPA quality factor

Figure 8-24: Control RMPA: VSWR as a function of frequency ( MHz).

simulation.

The quality factor for the control RMPA is caleulated using Table 8.3 and equation
(2.3). It is determined to be § = 39.9M46. This walue compares to § = 34.199 for
the control antennn in simulation, The higher quality signifies that the actual control
RMPA has more Josses than in its modelled counterpart in simulation. The real
VSWR for the control RMPA in Figure 8-24 exhibits a similar general symmetry to
the simulated VSWR for the control RMPA model in Figure 5-5. However, the real
VEWR realizes a minimum of 1.543 compared 1.240 for the simulated control RMPA.
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As well, the real VSWR values increase faster as the distance (frequency shift) from
the minimum grows. These comparisons naturally agree with the inferior resonance
level and bandwidth of the real control RMPA.

Most importantly though, is that the upshift in frequency is significant enough
such that the control RMPA is barely suitable for operation at the 900 MHz frequency.
At this frequency the RMPA resonates at a level of —9.594 dB and has a VSWR
of 1.991. Such values indicate that the control RMPA is a satisfactory device for
operation at the 900 MHz frequency, although it only just meets specifications and

may not be tolerant to variation in electrical properties.

8.2.2 Tuned RMPA results

The real measurements for the tuned RMPA compare to Figures 6-2 and 6-3. There
is a general agreement with the simulation, but a similar resonant frequency pole shift
and reduction in resonance level is encountered as was with the control RMPA. The
actual return loss measurements for the tuned RMPA display a resonant frequency
shift upwards to 917 MHz. The tuned RMPA resonates better than the control RMPA;
it operates at —20.7 dB. Although in simulation, the tuned RMPA resonates optimally
at the —28.1 dB level for an operating frequency of 899 MHz. There is an overall
frequency upshift of 18 MHz and reduction in the level of resonance by 7.4 dB.

The bandwidth for the tuned RMPA is calculated using Table 8.4 and equation

(2.2). The actual tuned RMPA has a bandwidth of 1.58%. This is an improvement
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Figure 8-25: Tuned RMPA: Return Loss (dB) s a function of frequency ( MHz).

Real return boss for tuned RMPA

Table 8.4:



Frequency [ MHz] | Return Loss [dB|
905 -6.704
906 -7.293
927 -7.541
928 -6.940

Table 8.5: Real return loss for tuned RMPA quality factor

over the control RMPA real bandwidth by approximately 13%. However, it falls
short of the tuned RMPA simulated bandwidth by roughly the same amount of 13%.
In terms of performance, independent of frequency, the tuned RMPA surpasses the
control RMPA. The former has a superior level of resonance and larger bandwidth;
however, the tuned RMPA experiences a greater frequency shift than the control
RMPA compared to their respective simulation results. The tuned RMPA shift is
7MHz over its control RMPA counterpart. This is approximately a 64 % increase in
frequency shift. Perhaps the added geometrical complexity accounts for this increase
in the frequency shift.

Next, the quality factor for the tuned RMPA can be found using Table 8.5 and
equation (2.3). The quality factor for the actual tuned RMPA is ) = 40.9417. This
compares to a quality factor of () = 36.434 for the tuned RMPA model in simulation.

The real VSWR plot for the tuned RMPA in Figure 8-26 has a similar pattern
as the simulated VSWR for the tuned RMPA model in Figure 6-3. There is a local
minimum to the left of the global minimum. The minimum is 4.678 at 871 MHz and
is lower than the simulated VSWR local minimum of 7.904 at 841 MHz. Notice that

the frequency shift in the local minimum is not the same as the frequency shift of
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Figure 8-26: Tuned RMPA: VSWR as a function of frequency { MHz).

the global minimum. It is a 30 MHz shift compared to 18 MHz. A possible reason
for this may be the sensitivity of the dielectric constant to changes in frequency and
that this susceptibility to frequency variation might not lead to a linear relationship
in the horizontal frequency shift between the simulation and the actual return loss
mensurements. As well, it is possible the FR-4 may not be of the same production
batch, resulting in difforent electrical properties (e, and tan 8).

At the intended operation frequency of 900 MHz, the tuned RMPA is unable to
function adequately, It performs less satisfactorily at the desired 900 MHz frequency
than the control RMPA. This notably contradicts the expectations based on the
simmulation results. The tuned RMPA manages a 3.836 VSWR and ~4.636 dB level at

the 900 MHz frequency mark. These vadues do not meet the operational specification
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Figure 827: Modified RMPA: Return Loss (dB) as a function of frequency ( MHz).

because they are above the —9.54 dB level established in Subsection 2.2.7.

8.2.3 Modified RMPA results

The actual measurements for the modified RMPA compare to Figures 7-4 and 7-
6. Similarly to the previous parameter measurement sets for the control and tuned
RMPAs, the actual measurements of the modified RMPA generally agree well with
trends in the simulation. There is a consistency in the overall shape of the data, Also,
the sarme general upward frequency shift occurs, but to an even greater extent in this
g™,

Figure 8-27 displays the actual measured return loss plot for the modified RMPA.

Immediately note that at 900 MHz the level of resonance is —17.403 dB. Therefore,
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Frequency [ MHz| | Return Loss [dB]
968 -9.767
969 -10.706
970 -11.785
971 -13.022
972 -14.442
973 -16.024
974 -17.656
975 -18.955
976 -19.276
977 -18.397
978 -16.849
979 -15.190
980 -13.655
981 -12.299
982 -11.113
983 -10.079
984 -9.167

Table 8.6: Real return loss for modifed RMPA - upper pole

the modified RMPA build is suitable for operation at this frequency and appreciably

surpasses the performance of the previous antenna builds.

The upper pole at 976 MHz resonates at the —19.276 dB level. This compares to a
—20.932 dB level at 939 MHz for the simulated return loss. Thus, there is a frequency
upshift of 37 MHz for the upper pole coupled with only a minimal drop in resonance
level of 1.7 dB. The bandwidth for this higher frequency pole is calculated via Table
8.6 and equation (2.2). The upper pole for the modified RMPA has a bandwidth

of 1.52%. This is a marginal increase over the bandwidth for the upper pole in the

simulation results which was 1.49%.

The return loss points for the lower pole are in Table 8.7. The bandwidth for
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Frequency [ MHz] | Return Loss [dB|
873 -9.372
874 -10.478
879 -18.457
880 -19.215
881 -18.576
898 -16.253
399 -17.302
900 -17.403
901 -16.360
905 -10.274
906 -9.168

Table 8.7: Real return loss for modifed RMPA - lower pole

this pole is calculated in a modified manner. Firstly, f; and fy are determined to be
fr = 873.5678 MHz and fy; = 905.2441 MHz. In the lower pole, there appear to be
two peaks at 880 MHz and 900 MHz. For this reason, it is difficult to compare the
measured results of the modified RMPA to the simulated results about the lower pole.
An effort to rectify the actual and simulated measurements for this pole is made by
using the centre frequency for the band in lieu of resonant frequency. The centre fre-
quency, f., is employed in this instance unlike previous calculations which utilized the
resonant frequency to determine the bandwidth because there is no definite resonant
frequency for this band. That is f, replaces f,. in equation (2.2) where

fuv—fio
2

fc = fL+ (81)

fu+fo
5
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So

905.2441 .
fo= 0 ;873 5678 _ 889.4060 MHz,

therefore

_905.2441 — 873.5678

B
889.4060

= (0.0356.

This 3.56% bandwidth is a notable improvement over the simulation result of 3.19 %.
In the case of the lower pole from the simulated data for the modified RMPA (Figure
7-4) it is possible to isolate two peaks. This was not done earlier because there is a
much smaller spread in the frequency for that lower pole in the simulated return loss
and replacing f,. with f. is not that significant. If the two peaks of the lower pole
are isolated then we have the first peak at a level of —22.079 dB for 856 MHz and a
lower peak at the —24.204 dB level for 866 MHz. If these two peaks correspond to the
880 MHz and 900 MHz peaks for the lower pole then we see there is a 24 MHz upshift
and 2.864 dB drop for the first peak and a 34 MHz frequency shift and 6.801 dB drop
in resonance. The centre frequency for the lower pole in simulation is 846.7 MHz (by
way of equation (8.1) and the bandwidth calculations for this pole). Hence there is
frequency upshift measuring 42.704 MHz

In simulation for the modified RMPA, there is a frequency spread of 92.3 MHz be-
tween the upper pole’s resonant frequency and the centre frequency for the lower pole.
This compares to frequency spread of 86.59 MHz between the upper pole and lower

pole centre frequency for the measured return loss. The frequency spread between the
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Figure 8-28: Modified RMPA: VEWR as a function of frequency ({ MHz).

two poles is falrly consistent in magnitude between the simulated and actual returm
loss for this antenna.

The VEWR plot for the actunl measurements in Figure 8-28 has the same general
pattern as the simulated VSWR for the modified RMPA with a noticeable frequency
upshift and tendency toward rapid VSWR increase as the frequency spread from the

local minima increases,

8.2.4 Summary statistics

Parameter values related to return loss from simulation and actual measurements are

provided in table format for comparison purposes.

Table 8.8 contains the resonant friquency, return loss level st resonant frequency,

116



RMPA Control Tuned Modified

Data sim.  actual | sim. actual sim. actual

Pole low high low high

fr (MHz) 896 907 899 917 864 939 889.4 976

RL (dB) | —19.40 -13.41 | —28.10 —20.70 | —24.02 | —20.93 | ~ —18 | —19.28
B 1.87% 1.40% | 1.81% 1.58% | 3.17% | 1.49% | 3.56% | 1.52%
Q 3420 3991 | 3643 4094 n/a n/a n/a n/a

Table 8.8: Parameters of interest: simulation versus actual

RMPA Control | Tuned Modified

Pole low high
Freq. Shift | 11 MHz { 18 MHz | 24 MHz | 34 MHz | 37 MHz
Reduction | 6.3dB | 74dB | 29dB | 6.8dB | 1.7dB

Table 8.9: Frequency shifts and pole reductions

bandwidth and quality factor for each RMPA model from the simulation and the

actual post fabrication measurements. In the case of the actual measurements for

the modified RMPA, the centre frequency replaces the resonant frequency and an

approximate return loss level for the lower pole. Also, note that no quality factor is

given for the modified RMPA in simulation and actual measurements for either the

lower or higher poles. This is because the method of calculation employed for this

parameter does not, support the dual band nature of this MPA.

Table 8.9 is a summary of Table 8.8 which captures the upward shift in frequency

between the RMPA models in simulation and post fabrication. The table highlights

the reduction in the level of resonance for the resonant poles pre and post fabrication

as well.
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Chapter 9

Conclusion

The original design criteria to fabricate a microstrip patch antenna with sufficient
bandwidth to overcome manufacturing variability (e,, tan § and etching variance) and
achieve a specified level of operability at a given frequency have been satisfied. This
goal has been achieved in a cost effective manner by using only an inexpensive di-
electric substrate material and without adding active hardware components to the
fabricated MPA, but rather modifying a basic design with several coplanar design
elements to affect impedance and thereby influence frequency bandwidth. This end
goal was achieved using a course of simulation and one fabrication only. That is,
there was no second revision component employed as part of satisfying specifications.
Moreover, the novel modified design presented in this thesis performed comfortably
according to specification, whereas the control MPA designed according to purely

analytic means barely satisfied specification and the tuned antenna designed using

121



simulated frequency tuning methods did not achieve a suitable level of operability at
the desired frequency. In terms of return loss, the modified RMPA is a noticeable

improvement over the control RMPA and successfully satisfies the design goals.

9.1 Summary

The RMPAs fabricated were determined to perform according to the generally ac-
cepted radiation attributes for this type of antenna technology. The actual MPA
radiation pattern measurements agree well with simulation predictions. Radiation
through the ground is at acceptable levels and the fabricated RMPAs clearly display
the characteristic radiation pattern of MPAs. Based on this component of the mea-
surements it is possible to conclude that the MPA fabrication process at Memorial
University of Newfoundland’s Technical Services is fundamentally sound and capa-
ble of producing quality MPA hardware builds that can satisfy basic specifications.
Therefore, the facilities and resources on hand permit further MPA research.

The consistency in peak radiation pattern for the control, tuned and modified
RMPAs compared with their respective models and their relative drop off from peak
values in terms of azimuthal and elevation plane measurements confirm the utility of
simulation in predicting radiation pattern characteristics for RMPAs. Furthermore,
the near perfect symmetries in the azimuthal plane measurements for all three RMPAs
signify the quality of the radiation pattern measurements test configuration in the

anechoic chamber environment. These latter results confirm the choice of transmitting
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device at 900 MHz as a sensible option and verify the current quality of the Thermal
Lab’s anechoic chamber environment for test at this frequency. If there was significant
energy reflection it likely would have been noticed in the azimuthal plane patterns.
The directional nature of the transmission antenna may have masked some reflected
energies, but not all.

The return loss and VSWR measurements display a general trend toward a fre-
quency upshift from simulation which was mentioned in the literature. In addition to
this upshift, a slight increase (worsening) in the level of resonance for poles is sugges-
tive that perhaps the dielectric substrate actually had €, < 4.4 and tanéd < 0.02. The
measurements confirm that each of MPA builds is operable (resonates at less than
—10 dB) at some frequency in the 800 MHz to 1 GHz range. The measured return
loss exhibited a nonlinear relationship in the frequency shift between simulation and
actual results. This is not surprising given the dynamic nature of antenna design and
the propensity of MPAs to be very reactive to even minor variations. In the case of
most poles, there was also a minor drop in the measured level of resonance between
simulation and the corresponding poles, post fabrication.

Futhermore, this exercise confirms the utility of simulation as an MPA design tool.
However, it was shown that an understanding of the physical nature of a problem is
essential. In the context of this work, it was shown that improving a model via
simulation can actually worsen the fabrication result. The control RMPA displayed

greater functionality at the 900 MHz frequency than the tuned RMPA (—9.59 dB
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versus —4.64 dB). It is inadvisable to depend on simulation blindly for this type
of work. Indeed, it was the expectation of some sort of frequency shifting and a
subsequent splitting of the frequency band in simulation that resulted in a successful
modified RMPA fabrication according to specification. A combination of simulation
for electromagnetic behaviourial tendencies and experience results in the best overall

design process.

9.2 Original contributions

The individual design elements employed to realize specifications are not novel; how-
ever, combining both elements in the same MPA design is an original effort. The
addition of the coupling strips separates the design of this thesis from the previous
work of [10]. As well, study of the radiation patterns is not widely popular in the liter-
ature because of a lack of access to an anechoic chamber resource and is an enriching

aspect of this work.

9.3 Recommendations

Additional fabrication runs and revisions would permit an enhanced understanding of
the MPA fabrication process. In this manner, one could loosely quantify an expected
frequency shift range based on frequency and MPA design complexity.

If time is a constraint in the manufacturing process then fabrication of several
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versions of the same model with slight dimensional variation is a method to achieve
satisfactory results. Developing a pre-qualification process to determine €, and tan ¢ is
advisable. Some, if only limited, foreknowledge of frequency shift quality coupled with
simulation examination will allow a designer to vary model dimensions sufficiently for
specification satisfaction.

The Thermal Laboratory’s anechoic chamber environment is an important re-
source for study of antennas in the UHF band and above. An infrastructure invest-
ment in this resource is required for maintenance. The acquisition of appropriate
hardware capable of measuring MPA parameters is recommended in order to sustain
and stimulate further research in this area. Currently, the in house hardware is only
capable of examining radiation patterns up to 990 MHz only.

A vector network analyzer is not available within Memorial University. There is
no local capacity to measure the reflection coefficient and its associated parameters.

That measurement component of the thesis was outsourced.

9.4 Future work

There are several concepts arising from this thesis which are available for further ex-
amination and research. As mentioned in the recommendations, a better understand-
ing of the post fabrication frequency shift is advisable. Exploration of the relationship
between frequency and MPA design complexity can be undertaken immediately and

could be done, so utilizing the resources used in this thesis. A quantitative assessment
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of this shift would be a substantial contribution to the current body of MPA research.

Establishing a comprehensive metric to measure MPA design complexity would be
a valuable contribution and novel to the area. It may be possible to assign a numeric
value or apply a grading scale to MPA configurations based on feed technique, and
layering and geometrical considerations such as dimension, area and number of edges.

A microscopic study of the physical MPA footprint and slight geometrical varia-
tions resulting from etching orientation would be of interest. For instance, if etching
is done perpendicular to an edge or parallel to an edge, then is there a measurable
effect on MPA parameters? Also, a quantitative study of etching errors and their

effect on resonance levels and frequency shifts would be novel.
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Appendix A

Simulation Results

A.1 Data

A.1.1 Control RMPA return loss

F (GHz) RL (dB)|F (GHz) RL (dB)|F (GHz) RL (dB)
0.800  -0.53088 | 0.808  -0.58442 | 0.816  -0.65333
0.801 -0.53690 0.809 -0.59209 0.817 -0.66332
0.802 -0.54309 0.810 -0.60000 0.818 -0.67366
0.803  -0.54947 | 0.811  -0.60817 | 0.819  -0.68438
0.804 -0.55605 0.812 -0.61661 0.820 -0.69548
0.805 -0.56282 0.813 -0.62533 0.821 -0.70700
0.806  -0.56980 | 0.814  -0.63435 | 0.822  -0.71895
0.807 -0.57700 0.815 -0.64368 0.823 -0.73135
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F (GHz) RL (dB) |F (GHz) RL (dB) | F (GHz) RL (dB)
0.824  -0.74422 | 0.843  -1.12411 | 0.862  -2.12190
0.825  -0.75759 | 0.844  -1.15471 | 0.863  -2.21337
0.826  -0.77149 | 0.845  -1.18687 | 0.864  -2.31123
0.827  -0.78594 | 0.846  -1.22070 | 0.865  -2.41605
0.828  -0.80097 | 0.847  -1.25631 | 0.866  -2.52846
0.829  -0.81662 | 0.848  -1.29384 | 0.867  -2.64915
0.830  -0.83292 | 0.849  -1.33341 | 0.868  -2.77891
0.831  -0.84990 | 0.850  -1.37517 | 0.869  -2.91858
0.832  -0.86760 | 0.851  -1.41928 | 0.870  -3.06912
0.833  -0.88606 | 0.852  -1.46591 | 0.871  -3.23160
0.834  -0.90534 | 0.853  -1.51525 | 0.872  -3.40720
0.835  -0.92546 | 0.854  -1.56749 | 0.873  -3.59725
0.836  -0.94649 | 0.855  -1.62287 | 0.874  -3.80325
0.837  -0.96848 | 0.856  -1.68163 | 0.875  -4.02687
0.838  -0.99149 | 0.857  -1.74403 | 0.876  -4.26999
0.839  -1.01557 | 0.858  -1.81036 | 0.877  -4.53476
0.840  -1.04080 | 0.859  -1.88095 | 0.878  -4.82359
0.841  -1.06725 | 0.860  -1.95613 | 0.879  -5.13924
0.842  -1.09499 | 0.861  -2.03631 | 0.880  -5.48487

147




F (GHz) RL (dB) |F (GHz) RL (dB) |F (GHz) RL (dB)
0.881  -5.86410 | 0901 -14.11702 | 0921  -3.55291
0.882  -6.28111 | 0.902 -12.87382 | 0922  -3.37943
0.883  -6.74078 | 0.903  -11.77308 | 0.923  -3.21874
0.884  -7.24880 | 0.904  -10.80025 | 0924  -3.06969
0.885  -7.81189 | 0.905  -9.93851 | 00925 -2.93124
0.886  -8.43802 | 0.006  -9.17234 | 0926  -2.80248
0.887  -9.13671 | 0.007  -8.48838 | 0027  -2.68257
0.888  -9.91934 | 0.908  -7.87544 | 00928  -2.57077
0.889  -10.79943 | 0.909  -7.32415 | 0.929  -2.46639
0.890  -11.79264 | 0.910  -6.82668 | 0.930  -2.36884
0.891  -12.91577 | 0911  -6.37642 | 00931  -2.27755
0.892  -14.18274 | 0912  -5.96777 | 0932  -2.19204
0.893 -15.59193 | 0913  -5.59597 | 0.933  -2.11185
0.894  -17.09102 | 0.914  -5.25692 | 0934  -2.03656
0.895 -18.49675 | 0.915  -4.94707 | 0935  -1.96581
0.896  -19.40439 | 0.916  -4.66333 | 0936  -1.89926
0.897  -19.36398 | 0.917  -4.40303 | 0.937  -1.83658
0.898  -18.40306 | 0.918  -4.16380 | 0.938  -1.77751
0.899  -16.98785 | 0.919  -3.94355 | 0939  -1.72179
0900 -15.50347 | 0920  -3.74047 | 0940  -1.66916

148




F (GHz) RL (dB) |F (GHz) RL (dB)|F (GHz) RL (dB)
0.941  -1.61943 | 0.961 -1.01317 | 0981  -0.75937
0.942  -1.57238 | 0962  -0.99518 | 0.982  -0.75094
0943  -1.52785 | 0.963  -0.97794 | 0.983  -0.74279
0.944  -1.48565 | 0.964  -0.96139 | 0.984  -0.73491
0945  -1.44563 | 0965  -0.94551 | 0.985  -0.72729
0.946  -1.40766 | 0.966  -0.93025 | 0.986  -0.71992
0.947  -1.37160 | 0.967  -0.91559 | 0.987  -0.71279
0.948  -1.33732 | 0.968  -0.90151 | 0.988  -0.70589
0.949  -1.30473 | 0.969  -0.88796 | 0.989  -0.69921
0950 -1.27370 | 0.970  -0.87492 | 0.990  -0.69274
0951  -1.24416 | 0971  -0.86238 | 0.991  -0.68647
0.952  -1.21600 | 0.972  -0.85030 | 0.992  -0.68040
0953  -1.18915 | 0.973  -0.83867 | 0.993  -0.67452
0954  -1.16352 | 0.974  -0.82746 | 0.994  -0.66882
0.955  -1.13906 | 0.975  -0.81666 | 0.995  -0.66330
0.956  -1.11568 | 0.976  -0.80624 | 0.996  -0.65794
0.957  -1.09334 | 0977  -0.79619 | 0.997  -0.65274
0.958  -1.07197 | 0978  -0.78649 | 0.998  -0.64770
0.959  -1.05151 | 0979  -0.77714 | 0.999  -0.64281
0.960 -1.03193 | 00980 -0.76810 | 1.000  -0.63806
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A.1.2 Tuned RMPA with coupling strips return loss

F (GHz) RL (dB) |F (GHz) RL (dB) |F (GHz) RL (dB)

0.800 -0.54748 0.818 -0.78278 0.836  -1.80058

0.801 -0.55659 0.819 -0.80489 0.837 -1.91143

0.802 -0.56586 0.820 -0.82885 0.838 -2.01660

0.803 -0.57535 0.821 -0.85489 0.839 -2.10745

0.804  -0.58511 0.822 -0.88331 0.840  -2.17450

0.805 -0.59517 0.823 -0.91443 0.841 -2.20967

0.806 -0.60559 0.824 -0.94863 0.842 -2.20896

0.807  -0.61641 0.825 -0.98635 0.843 -2.17403

0.808 -0.62771 0.826 -1.02809 0.844 -2.11186

0.809 -0.63952 0.827 -1.07444 0.845 -2.03242

0.810 -0.65193 0.828 -1.12605 0.846 -1.94596

0.811 -0.66499 0.829 -1.18364 0.847 -1.86090

0.812 -0.67880 0.830 -1.24799 0.848 -1.78304

0.813 -0.69342 0.831 -1.31986 0.849 -1.71573

0.814 -0.70897 0.832 -1.39993 0.850 -1.66040

0.815 -0.72555 0.833 -1.48863 0.851 -1.61725

0.816 -0.74328 0.834 -1.58585 0.852 -1.58578

0.817  -0.76230 0.835 -1.69063 0.853 -1.56515
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F (GHz) RL (dB) |F (GHz) RL (dB) |F (GHz) RL (dB)
0.854  -1.55444 | 0.873  -2.72906 | 0.892  -10.62105
0.855  -1.55275 | 0.874  -2.87578 | 0.893  -11.77406
0.856  -1.55930 | 0.875  -3.03506 | 0.894  -13.14445
0.857  -1.57342 | 0876  -3.21007 | 0.895  -14.81044
0.858 -1.59459 0.877 -3.40240 0.896 -16.90128
0.859 -1.62241 0.878 -3.61206 0.897 -19.64632
0.860 -1.65661 0.879 -3.84201 0.898 -23.44534
0.861 -1.69702 0.880 -4.09461 0.899 -28.10185
0.862  -1.74358 | 0.881  -4.37260 | 0.900  -27.07148
0.863  -1.79631 | 0.882  -4.67912 | 0.901  -22.41590
0.864  -1.85533 | 0.883  -5.01784 | 0902  -18.94314
0.865 -1.92083 | 0.884  -5.39304 | 0903  -16.40967
0.866 -1.99309 0.885 -5.80979 0.904 -14.45943
0.867 -2.07247 0.886 -6.27411 0.905 -12.89432
0.868  -2.15940 | 0.887  -6.79320 | 0.906  -11.60079
0.869  -2.25441 | 0.888  -7.37621 | 0.907  -10.50890
0.870 -2.35812 0.889 -8.03398 0.908 -9.57272
0.871 247123 | 0890  -8.78071 | 0.909  -8.76044
0.872 -2.59456 0.891 -9.63480 0.910 -8.04910
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F (GHz) RL (dB) |F (GHz) RL (dB)|F (GHz) RL (dB)
0911  -7.42149 | 0.930 -2.42315 | 0.949  -1.28398
0912 -6.86437 | 0931  -2.32172 | 0.950  -1.25237
0913  -6.36729 | 0932  -2.22728 | 0.951  -1.22237
0914 -5.92184 | 0933  -2.13924 | 0.952  -1.19387
0915  -5.52116 | 0934  -2.05705 | 0.953  -1.16678
0916  -5.15952 | 0935  -1.98023 | 0954  -1.14101
0917 -4.83216 | 0936 -1.90835 | 0.955  -1.11649
0918  -4.53500 | 0937  -1.84101 | 0.956  -1.09313
0019  -4.26458 | 0938  -1.77784 | 0957  -1.07087
0920  -4.01793 | 0939  -1.71853 | 0.958  -1.04965
0921  -3.79246 | 0.940  -1.66278 | 0.959  -1.02939
0922  -358592 | 0941 -1.61032 | 0.960  -1.01006
0923  -3.39637 | 00942  -1.56091 | 0.961  -0.99158
0924  -3.22208 | 0.943  -151433 | 0.962  -0.97393
0925  -3.06153 | 0.944  -1.47038 | 0.963  -0.95705
0926  -2.91339 | 0.045  -1.42886 | 0.964  -0.94090
0927  -2.77648 | 0.946  -1.38961 | 0.965  -0.92544
0928  -2.64974 | 0947  -1.35247 | 0.966  -0.91064
0929  -2.53224 | 0.948  -1.31730 | 0.967  -0.89645
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F (GHz) RL (dB) |F (GHz) RL (dB)|F (GHz) RL (dB)
0.968  -0.88286 | 0.979  -0.76475 | 0.990  -0.68722
0.969  -0.86982 | 0.980  -0.75632 | 0.991  -0.68158
0970  -0.85731 | 0.981  -0.74821 | 0.992  -0.67614
0971  -0.84531 | 0.982  -0.74040 | 0.993  -0.67089
0972  -0.83379 | 0.983  -0.73287 | 0.994  -0.66582
0973  -0.82272 | 0.984  -0.72562 | 0.995  -0.66092
0974  -0.81209 | 0.985  -0.71863 | 0.996  -0.65618
0975  -0.80187 | 0.986  -0.71188 | 0.997  -0.65161
0976  -0.79204 | 0.987  -0.70538 | 0.998  -0.64719
0977  -0.78259 | 0.988  -0.69911 | 0.999  -0.64292
0978  -0.77350 | 0.989  -0.69306 | 1.000  -0.63880
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A.1.3 Modified RMPA with coupling strips and impedance

matching network return loss data

F (GHz) RL (dB) |F (GHz) RL (dB)|F (GHz) RL (dB)

0.800 -0.97783 0.817 -1.66457 0.834 -3.81179

0.801 -1.00317 0.818 -1.73057 0.835 -4.05761

0.802 -1.02979 0.819 -1.80102 0.836 -4.32772

0.803 -1.05780 0.820  -1.87632 0.837 -4.62521

0.804 -1.08727 0.821 -1.95691 0.838 -4.95368

0.805 -1.11832 0.822 -2.04326 0.839 -5.31731

0.806 -1.15105 0.823 -2.13592 0.840 -9.72095

0.807 -1.18557 0.824 -2.23550 0.841 -6.17027

0.808 -1.22202 0.825 -2.34267 0.842 -6.67194

0.809 -1.26053 0.826 -2.45819 0.843 -7.23382

0.810 -1.30126 0.827 -2.58290 0.844 -7.86520

0.811 -1.34437 0.828 -2.71776 0.845 -8.57708

0.812 -1.39004 0.829 -2.86385 0.846 -9.38252

0.813 -1.43848 0.830 -3.02240 0.847  -10.29695

0.814 -1.48990 0.831 -3.19478 0.848  -11.33837

0.815 -1.54454 0.832 -3.38257 0.849  -12.52695

0.816 -1.60266 0.833 -3.58756 0.850  -13.88314
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F (GHz) RL (dB) |F (GHz) RL (dB) |F (GHz) RL (dB)
0.851  -15.42129 | 0.870 -14.60936 | 0.889  -4.15276
0.852 -17.13175 | 0.871  -13.20107 | 0.890  -4.00427
0.853  -18.93655 | 0.872  -11.99164 | 0.891  -3.87061
0.854  -20.60912 | 0.873  -10.94727 | 0.892  -3.75054
0855  -21.75043 | 0.874  -10.04023 | 0.893  -3.64299
0.856  -22.07880 | 0.875  -9.24816 | 0.894  -3.54704
0.857  -21.79825 | 0.876  -8.55307 | 0.895  -3.46188
0.858  -21.35801 | 0.877  -7.94037 | 0.896  -3.38683
0.859  -21.07650 | 0.878  -7.39816 | 0.897  -3.32132
0.860  -21.10465 | 0.879  -6.91663 | 0.898  -3.26486
0.861  -21.50410 | 0.880  -6.48765 | 0.899  -3.21705
0.862  -22.28004 | 0.881  -6.10443 | 0.900  -3.17758
0.863  -23.32371| 0.882  -5.76126 | 0.901  -3.14619
0.864  -24.20431 | 0.883  -5.45332 | 0902  -3.12271
0.865 -24.05445 | 0.884  -5.17649 | 0.903  -3.10705
0.866  -22.51531 | 0.885  -4.92729 | 0904  -3.09915
0.867  -20.32903 | 0.886  -4.70272 | 0.905  -3.09904
0.868  -18.16829 | 0.887  -4.50020 | 0.906  -3.10683
0.869  -16.25465 | 0.888  -4.31752 | 0.907  -3.12268
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F (GHz) RL (dB) | F (GHz) RL (dB) | F (GHz) RL (dB)
0.008  -3.14684 | 0927  -6.43154 | 0946  -10.31688
0009  -3.17962 | 0928  -6.91673 | 0.947  -9.27736
0.910 -3.22143 0.929 -7.47084 0.948 -8.38290
0.911 -3.27276 0.930 -8.10633 0.949 -7.60737
0012  -3.33422 | 0931  -8.83894 | 0.950  -6.93064
0913  -3.40652 | 0.932  -0.68877 | 0951  -6.33688
0914  -3.49050 | 0.933 -10.68198 | 0952  -5.81346
0915  -3.58715 | 0934 -11.85300 | 0953  -5.35013
0916  -3.60762 | 0935 -13.24678 | 00954  -4.93848
0917  -3.82327 | 0936 -14.91778 | 0955  -4.57150
0.918  -3.96564 | 0.937 -16.90858 | 0.956  -4.24331
0919  -4.12656 | 0.938  -10.13088 | 0.957  -3.94897
0.920 -4.30815 0.939 -20.93246 0.958 -3.68425
0.921  -4.51200 | 0.940 -20.89068 | 0.959  -3.44553
0922  -4.74369 | 0941  -19.01975 | 0960  -3.22971
0.923 -5.00392 0.942 -16.74202 0.961 -3.03412
0.924 -5.29761 0.943 -14.69980 0.962 -2.85645
0.925 -5.62048 | 0944 -12.97864 | 0.963  -2.69468
0.926 -6.00520 0.945 -11.53574 0.964 -2.54706
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F (GHz) RL (dB)|F (GHz) RL (dB)|F (GHz) RL (dB)
0.965  -2.41207 | 0.977  -1.41794 | 0989  -0.98156
0.966  -2.28837 | 0.978  -1.36801 | 0.990  -0.95699
0.967  -2.17478 | 0.979  -1.32124 | 0.991  -0.93369
0.968  -2.07027 | 0.980  -1.27738 | 0992  -0.91156
0.969  -1.97394 | 0981  -1.23620 | 0.993  -0.89052
0.970  -1.88498 | 0.982  -1.19749 | 0.994  -0.87051
0971  -1.80268 | 0.983 -1.16105 | 0.995  -0.85147
0972  -1.72641 | 0984  -1.12672 | 0.996  -0.83332
0973  -1.65562 | 0.985  -1.09433 | 0997  -0.81603
0.974  -1.58979 | 0.986  -1.06374 | 0.998  -0.79953
0975  -1.52850 | 0.987  -1.03483 | 0.999  -0.78378
0976  -1.47133 | 0.988  -1.00747 | 1.000  -0.76874
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A.2 Plots

A.2.1 Smith charts

Control RMPA: Smith chart

Tuned RMPA: Smith chart
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Modified RMPA: Smith chart

A.2.2 Characteristic impedance
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Control RMPA: Characteristic impedance (Zy) as a function of frequency | GHz)



Tuned RMPA: Characteristic impedance {Zg) as a function of frequency ( GHz)
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Modified RMPA: Characteristic impedance {Zy) as a function of frequency ( GHz)
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Control RMPA: Real (red) and imaginary (blue) impedance versus frequency ( GHz)
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Tuned RMPA: Real (red) and imaginary (blue) impedance versus frequency | GHz)
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Modified RMPA: Real (red) and imaginary (blue) impedance versus frequency
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A.2.4 Far field radiation

Control RMPA: Far field radiation pattermn
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Modified RMPA: Far field radistion pattern
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A.2.5 Accepted gain

Control RMPA: 3D Acceploed gain

l'I".r..

Tuned RMPA: 3D Accopted gain
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Modified RMPA: 3D Accepted gain

A.2.6 Current distribution

i

Control RMPA: Current distribution at #0° phinse
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Tuned RMPA: Current distribution at 00" phase

Modified RMPA: Current distribution at " phase
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Appendix B

Measurement Results

B.1 Return loss data

B.1.1 Control RMPA

F (MHz) RL (dB) |F (MHz) RL (dB)|F (MHz) RL (dB)
800 -0.426 808 -0.464 816 -0.515
801 -0.429 809 -0.470 817 -0.523
802 -0.434 810 -0.475 818 -0.530
803 -0.440 811 -0.480 819 -0.539
804 -0.444 812 -0.489 820 -0.546
805 -0.448 813 -0.496 821 -0.553
806 -0.453 814 -0.501 822 -0.560
807 -0.457 815 -0.508 823 -0.569
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F (MHz) RL (dB) | F (MHz) RL (dB) |F (MHz) RL (dB)
824  -0.578 843 -0.810 862  -1.329
825 -0.586 844 -0.827 863 -1.375
826 -0.595 845  -0.846 | 864  -1.421
827 -0.606 846 -0.865 865 -1.470
828 -0.611 847 -0.888 866 -1.524
829  -0.622 848 -0.907 867  -1.581
830 -0.634 849 -0.930 868 -1.642
831  -0.640 850  -0.953 869  -1.706
832 -0.654 851  -0.975 870 -1.773
833 -0.664 852 -1.001 871  -1.846
834  -0.676 853 -1.027 872 -1.923
835  -0.688 854  -1.054 873 -2.005
836  -0.700 855  -1.083 874 -2.004
837  -0.712 856 -1.114 875 2188
838 -0.727 857 -1.146 876 -2.289
839  -0.742 858  -1.178 877 -2.396
840 -0.759 859 -1.214 878 -2.512
841  -0.773 860  -1.255 879  -2.634
842 -0.791 861 -1.289 880 -2.770
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F (MHz) RL (dB) |F (MHz) RL (dB)|F (MHz) RL (dB)
881  -2.912 901  -10.279 921  -5.798
882  -3.066 902  -10.987 922 -5.426
883  -3.230 903  -11.692 923  -5.090
884  -3.406 904  -12.351 924 -4.777
885  -3.600 905  -12.905 925  -4.492
886  -3.809 906  -13.281 926  -4.230
887  -4.036 907  -13.410 927  -3.991
888 -4.284 908  -13.266 928  -3.772
889  -4.556 909  -12.881 929  -3.572
890  -4.852 910  -12.315 930  -3.385
891  -5.171 911  -11.643 931  -3.216
892  -5.516 912 -10.926 932 -3.058
893  -5.803 913 -10.205 933 -2.912
894  -6.301 914  -9.497 934 -2.774
895  -6.746 915  -8.841 935  -2.648
896  -7.227 916  -8.218 936 -2.531
897  -7.754 917  -7.648 937  -2.417
898  -8.326 918  -7.123 938  -2.314
899  -8.938 919  -6.645 939  -2.219
900  -9.594 920  -6.202 940  -2.129
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F (MHz) RL (dB) |F (MHz) RL (dB)|F (MHz) RL (dB)
941 -2.042 961 -1.085 981 -0.744
942 -1.963 962 -1.059 982 -0.735
943 -1.888 963 -1.036 983 -0.726
944 -1.816 964 -1.013 984 -0.715
945 -1.756 965 -0.993 985 -0.706
946 -1.690 966 -0.970 986 -0.698
947 -1.631 967 -0.950 987 -0.689
948 -1.577 968 -0.929 988 -0.681
949 -1.521 969 -0.912 989 -0.674
950 -1.474 970 -0.899 990 -0.665
951 -1.426 971 -0.877 991 -0.657
952 -1.383 972 -0.862 992 -0.649
953 -1.343 973 -0.846 993 -0.648
954 -1.305 974 -0.832 994 -0.634
955 -1.268 975 -0.816 995 -0.628
956 -1.234 976 -0.804 996 -0.623
957 -1.202 977 -0.792 997 -0.616
958 “1.172 978 -0.779 998 -0.611
959 -1.141 979 -0.767 999 -0.604
960 “1.112 980 -0.754 1000  -0.598
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B.1.2 Tuned RMPA
F (MHz) RL (dB) |F (MHz) RL (dB)|F (MHz) RL (dB)
800 -0.426 818 -0.532 836 -0.737
801 -0.428 819 -0.539 837 -0.754
802 -0.433 820 -0.549 838 -0.774
803 -0.437 821 -0.557 839 -0.793
804 -0.443 822 -0.566 840 -0.817
805 -0.446 823 -0.576 841 -0.839
806 -0.452 824 -0.585 842 -0.864
807 -0.456 825 -0.594 843 -0.891
808 -0.463 826 -0.604 844 -0.919
809 -0.469 827 -0.616 845 -0.949
810 -0.475 828 -0.626 846 -0.980
811 -0.480 829 -0.637 847 -1.015
812 -0.487 830 -0.651 848 -1.051
813 -0.496 831 -0.663 849 -1.092
814 -0.501 832 -0.677 850 -1.135
815 -0.507 833 -0.690 851 -1.183
816 -0.515 834 -0.705 852 -1.234
817 -0.525 835 -0.720 853 -1.293
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F (MHz) RL (dB) |F (MHz) RL (dB)|F (MHz) RL (dB)
854  -1.355 873 -3.632 892 -2.965
855  -1.425 874  -3.486 893  -3.101
856  -1.504 875  -3.313 894  -3.257
857  -1.594 876  -3.137 895  -3.431
858  -1.692 877 -2.971 896  -3.623
859  -1.802 878  -2.822 897  -3.839
860  -1.932 879 -2.696 898  -4.078
861  -2.067 880  -2.597 899  -4.341
862 -2.226 881  -2.520 900  -4.636
863  -2.404 882  -2.467 901  -4.960
864  -2.598 883  -2.436 902  -5.323
865  -2.809 884  -2.427 903  -5.731
866  -3.032 885  -2.438 904  -6.188
867  -3.253 886  -2.464 905  -6.704
868  -3.456 887  -2.507 906  -7.293
869  -3.624 888  -2.568 907  -7.956
870  -3.732 889  -2.644 908  -8.719
871  -3.772 890  -2.736 909  -9.594
872 -3.733 891  -2.840 910  -10.606
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F (MHz) RL (dB) | F (MHz) RL (dB) | F (MHz) RL (dB)
911  -11.782 930  -5.937 949  -2.026
912 -13.156 931  -5.516 950  -1.941
913 -14.775 932  -5.138 951  -1.865
914  -16.664 933 -4.797 952  -1.793
915  -18.734 934 -4.489 953  -1.726
916  -20.451 935  -4.208 954  -1.663
917  -20.700 936  -3.954 955  -1.602
918  -19.235 937  -3.721 956  -1.550
919  -17.190 938  -3.507 957  -1.499
920  -15.246 939  -3.314 958  -1.452
921  -13.567 940  -3.134 959  -1.407
922 -12.144 941  -2.970 960  -1.362
923 -10.939 942  -2.817 961  -1.321
924 -9.897 943 -2.676 962  -1.284
925  -9.003 944  -2.547 963  -1.248
926  -8.221 945  -2.432 964  -1.214
927  -7.541 946  -2.317 965  -1.182
928  -6.940 947  -2.213 966  -1.151
929 -6.409 948  -2.116 967  -1.123
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F (MHz) RL (dB)|F (MHz) RL (dB)|F (MHz) RL (dB)
968  -1.093 979  -0.866 990 -0.740
969  -1.069 980  -0.857 991  -0.730
970  -1.048 981  -0.842 992 -0.720
971  -1.021 982  -0.827 993 -0.717
972 -0.997 983  -0.816 994  -0.704
973 -0.977 984  -0.803 995  -0.696
974 -0.957 985  -0.791 996  -0.688
975  -0.936 986  -0.781 997  -0.681
976  -0.919 987  -0.769 998  -0.673
977  -0.903 988  -0.758 999  -0.667
978  -0.887 989  -0.751 1000  -0.660
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B.1.3 Modified RMPA

F (MHz) RL (dB) |F (MHz) RL (dB) |F (MHz) RL (dB)
800  -0.352 817 -0.511 834  -0.844
801  -0.358 818  -0.526 835  -0.877
802  -0.365 819  -0.537 836  -0.908
803  -0.373 820  -0.552 837  -0.942
804  -0.380 821  -0.567 838  -0.978
805  -0.386 822  -0.583 839  -1.017
806  -0.395 823  -0.600 840  -1.059
807  -0.404 824  -0.618 841  -1.103
808  -0.412 825  -0.635 842  -1.152
809  -0.421 826  -0.653 843  -1.202
810  -0.430 827  -0.674 844  -1.255
811 -0.441 828  -0.695 845  -1.313
812 -0.452 829  -0.715 846  -1.373
813  -0.463 830  -0.739 847  -1.439
814  -0.474 831  -0.764 848  -1.510
815  -0.484 832 -0.789 849  -1.586
816  -0.499 833  -0.816 850  -1.667
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F (MHz) RL (dB)|F (MHz) RL (dB)|F (MHz) RL (dB)
851  -1.755 870  -6.880 889  -10.579
852  -1.852 871  -7.601 890  -10.448
853  -1.957 872 -8.419 891  -10.491
854  -2.067 873  -9.372 892 -10.712
855  -2.193 874  -10.478 893  -11.115
856  -2.326 875  -11.755 894  -11.721
857  -2.474 876  -13.239 895  -12.543
858  -2.637 877  -14.939 896  -13.610
859  -2.817 878  -16.788 897  -14.887
860  -3.016 879  -18.457 898  -16.253
861  -3.232 880  -19.215 899  -17.302
862  -3.474 881  -18.576 900  -17.403
863  -3.748 882  -17.112 901  -16.360
864  -4.052 883  -15.532 902 -14.744
865  -4.393 884  -14.137 903  -13.077
866  -4.779 885  -12.986 904  -11.572
867  -5.213 886  -12.076 905  -10.274
868  -5.701 887  -11.382 906  -9.168
869  -6.251 888  -10.887 907  -8.229
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F (MHz) RL (dB) | F (MHz) RL (dB) |F (MHz) RL (dB)
908  -7.426 927  -2.596 946  -2.813
909  -6.745 928  -2.549 947  -2.804
910  -6.162 929  -2.510 948  -2.985
911  -5.659 930  -2.478 949  -3.084
912 -5.226 931  -2.453 950  -3.198
913 -4.848 932 -2.436 951  -3.327
914  -4.517 933 -2.423 952  -3.467
915 -4.231 934 -2.416 953  -3.624
916  -3.978 935  -2.416 954  -3.798
917  -3.755 936  -2.419 955  -3.992
918  -3.554 937  -2.428 956  -4.206
919  -3.388 938  -2.444 957  -4.441
920  -3.234 939  -2.466 958  -4.701
921  -3.102 940  -2.493 959  -4.990
922 -2.987 941  -2.529 960  -5.315
923 -2.890 942 -2.572 961  -5.669
924  -2.796 943  -2.621 962 -6.067
925  -2.719 944  -2.676 963  -6.516
926  -2.652 945  -2.743 964  -7.017
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F (MHz) RL (dB) |F (MHz) RL (dB)|F (MHz) RL (dB)
965 -7.582 977 -18.397 | 989 -5.993
966 -8.224 978  -16.849 | 990 -5.546
967 -8.943 979 -15.190 | 991 -5.145
968 -9.767 980  -13.655 | 992 -4.783
969  -10.706 | 981 -12.299 | 993 -4.457
970  -11.785 | 982  -11.113 | 994 -4.158
971  -13.022 | 983  -10.079 | 995 -3.887
972 -14.442 984 -9.167 996 -3.641
973 -16.024 | 985 -8.371 997 -3.417
974  -17.656 | 986 -7.668 998 -3.210
975  -18.955 | 987 -7.043 999 -3.023
976  -19.276 | 988 -6.489 1000 -2.850
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B.2 Radiation pattern data

B.2.1 Control RMPA azimuthal data

® Amp. | P® Amp.| & Amp.| & Amp.

180 -89.4 |90 -79.2 | 0 -658 | -90 -81.4

175 -89.4 |8 -780 | -5 -65.6 | -95 -83.2

170 -89.4 |80 -76.8 |-10 -66.0 |-100 -84.8

165 -89.4 |75 -76.8 |-15 -66.4 {-105 -85.0

160 -89.2 |70 -75.6 |-20 -67.0 |-110 -85.6

155 -88.8 |65 -75.8 |-25 -67.6 |-115 -87.0

150 -89.0 |60 -73.0 [-30 -68.6 |-120 -87.2

145 -88.2 | 55 -71.8 |-35 -69.4 |-125 -87.8

140 -88.2 | 50 -71.0 [-40 -70.6 |-130 -88.2

135 -87.8 |45 -70.2 |-45 -71.6 |-135 -88.6

130 -87.2 |40 -69.4 |-50 -72.8 |-140 -89.6

125 -86.6 |35 -68.4 |-56 -73.0 |-145 -90.0

120 -86.2 |30 -67.8 | -60 -74.2 |-150 -90.2

115 -85.6 |25 -67.2 |-66 -74.6 |-155 -90.8

110 -84.6 |20 -66.8 |-70 -75.4 |-160 -91.0

105 -834 |15 -664 |-75 -76.2 |-165 -90.8

100 -82.2 |10 -66.0 | -80 -77.8 | -170 -90.6

95 -808 |5 -65.8 -85 -794 |-175 -90.4

179



B.2.2 Tuned RMPA azimuth data

® Amp. | ® Amp.| & Amp.| & Amp.
180 -90.0(90 -770| 0 -654| -90 -78.2
175 -90.0|8 -760| -5 -66.2| -95 -79.4
170 -89.6 |80 -748|-10 -66.2|-100 -80.6
165 -89.4 |75 -74.0|-15 -66.2|-105 -82.4
160 -89.0 |70 -73.2|-20 -66.6|-110 -83.6
155 -884 |65 -722|-25 -67.0|-115 -84.4
150 -88.0|60 -714]|-30 -67.4]|-120 -85.4
145 -87.4 |55 -704|-35 -67.8|-125 -86.2
140 -86.6 |50 -69.8|-40 -68.4|-130 -86.6
135 -86.2 |45 -69.0|-45 -69.0|-135 -87.2
130 -85.0|40 -68.2|-50 -70.2|-140 -87.6
125 -84.4|35 -676|-55 -70.8|-145 -88.4
120 -83.6 |30 -67.0|-60 -71.6|-150 -89.2
115 -826 |25 -66.6|-66 -72.6|-155 -89.6
110 -81.6 |20 -66.2|-70 -73.4]|-160 -90.2
106 -804 |15 -658|-75 -74.6|-1656 -89.6
100 -794 |10 -65.6|-80 -75.4|-170 -90.0

95 -782| 5 -654|-8 -768|-175 -90.0
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B.2.3 Modified RMPA azimuth data

® Amp.|® Amp.| & Amp.| & Amp.

180 -90.8 |90 -788 | 0 -69.2 | -90 -80.8

175 -906 |8 -780 | -5 -694 | -95 -82.2

170 -90.6 | 80 -76.8 |-10 -69.6 | -100 -83.6

165 -90.2 |75 -76.0 [-15 -69.8 | -105 -85.0

160 -89.2 |70 -75.0 | -20 -70.2 | -110 -85.6

155 -886 |65 -T44 |-25 -704 |-115 -87.2

150 -88.6 |60 -73.8 |-30 -70.8 |-120 -87.8

145 -88.0 |55 -73.2 |-35 -71.4 |-125 -88.4

140 -87.6 | 50 -72.6 | -40 -72.0 |-130 -89.2

135 -87.2 |45 -72.0 |-45 -724 |-135 -90.4

130 -86.8 |40 -71.6 |-50 -73.0 |-140 -90.6

125 -85.8 |35 -71.0 |-55 -73.6 |-145 -90.8

120 -85.0 {30 -70.6 |-60 -744 |-150 -91.0

115 -84.0 |26 -70.2 |-65 -75.2 |-155 -90.8

110 -83.0 |20 -69.8 |-70 -76.2 |-160 -91.0

106 -82.2 |15 -69.6 |-75 -77.0 |-165 -90.8

100 -80.8 |10 -69.4 |-80 -78.2 |-170 -90.8

95 -798 |5 -69.2 -8 -794 |-175 -90.8

181



B.2.4 Control RMPA

elevation data

® Amp.|® Amp.| & Amp.| & Amp.
180 -774 (90 -71.8 | 0 -61.4 | -90 -71.6
175 -776 |8 -70.8 | -5 -614 | -95 -724
170 -780 (80 -69.8 | -10 -61.6 | -100 -73.4
165 -786 |75 -68.8 |-15 -61.8 |-105 -74.6
160 -79.6 | 70 -67.8 | -20 -62.0 | -110 -75.6
1556 -81.2 {65 -67.2 |-25 -624 |-115 -T76.8
150 -82.6 |60 -66.4 |-30 -62.8 |-120 -78.2
145 -83.8 | 55 -65.8 | -35 -63.0 | -125 -79.2
140 -84.0 |50 -65.2 |-40 -63.8 |-130 -804
135 -83.0 |45 -64.8 |-45 -64.2 |-135 -814
130 -81.4 |40 -64.0 | -50 -65.0 | -140 -82.0
125 -798 |35 -63.4 | -55 -65.6 |-145 -81.6
120 -776 |30 -63.0 | -60 -66.4 |-150 -80.6
115 -764 |25 -62.4 | -65 -67.0 [-155 -79.8
110 -754 |20 -62.0 |-70 -67.8 | -160 -78.8
105 -74.2 |15 -61.8 | -75 -68.6 |-165 -78.2
100 -734 |10 -616 |-80 -69.6 |-170 -77.6
95 -724 |5 -614|-8 -70.6 |-175 -77.4
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B.2.5 Tuned RMPA elevation data

® Amp. | ® Amp.| & Amp.| & Amp.
180 -79.2 |90 -71.4 | 0O -61.6 | -90 -71.6
175 -796 |8 -70.8 | -5 -61.6 | -95 -724
170 -80.6 | 80 -69.6 [ -10 -61.8 | -100 -73.4
165 -82.0 |75 -69.2 | -15 -62.0 | -105 -74.6
160 -83.0 | 70 -68.6 | -20 -62.2 |-110 -75.6
155 -83.8 |65 -67.6 |-250 -62.4 |-115 -76.6
150 -83.8 |60 -67.0 |-30 -62.8 |-120 -77.8
145 -83.6 {55 -66.2 |-35 -63.4 |-125 -79.2
140 -82.0 | 50 -65.6 | -40 -64.0 | -130 -80.2
135 -80.2 |45 -65.0 |-45 -64.4 |-135 -80.6
130 -78.6 | 40 -64.6 |-50 -65.0 | -140 -80.6
125 -772 |35 -64.0 | -55 -65.4 |-145 -804
120 -76.0 | 30 -63.6 | -60 -66.2 |-150 -80.2
115 -75.2 |25 -63.0 [ -65 -67.0 |-155 -79.2
110 -74.2 |20 -62.6 |-70 -67.6 |-160 -78.6
106 -73.8 |15 -62.0 |-75 -68.6 |-165 -78.4
100 -72.6 |10 -61.8 | -80 -69.8 |-170 -78.2
9 -720 |5 -61.8 -8 -70.6 |-175 -78.6
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B.2.6 Modified RMPA elevation data

® Amp. | ® Amp.| & Amp.| & Amp.

180 -86.0 |90 -752 | 0 -664 | -90 -78.0

175 -86.2 |8 -748 | -5 -68.2 | -95 -79.8

170 -87.2 |80 -74.0 |-10 -68.4 |-100 -80.4

165 -87.0 |75 -73.6 |-15 -68.6 |-105 -81.4

160 -86.8 | 70 -73.0 |-20 -68.8 |-110 -82.0

155 -86.4 |65 -72.0 |-26 -69.2 |-115 -83.4

150 -86.2 |60 -71.4 |-30 -69.8 [-120 -84.4

145 -86.6 |55 -71.0 |-35 -70.2 |-125 -85.8

140 -84.6 |50 -70.2 |-40 -70.6 |-130 -87.0

135 -83.0 |45 -69.8 |-45 -71.2 [-135 -88.2

130 -81.6 |40 -69.2 | -50 -72.0 |-140 -88.6

125 -80.6 |35 -68.4 |-55 -724 |-145 -88.6

120 -794 |30 -67.8 |-60 -73.2 |-150 -88.0

115 -786 |25 -67.6 [-65 -73.8 |-1565 -87.0

110 -778 {20 -67.2 |-70 -744 |-160 -87.0

106 -77.2 |15 -67.0 |-75 -75.2 |-165 -86.8

100 -76.6 |10 -66.8 |-80 -76.0 |-170 -86.4

9% -758 |5 -66.6 |-8 -76.8 |-175 -86.4
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Appendix C

MATLAB Code

C.1 RMPA dimensions

%% % %% % %0 %0 %0 % % %0 % %o %0 %o % % % % %0 % %0 %0 % %6 %o
% garg.m
%
% script prompts user to enter design specifications
% for a rectangular microstrip patch antenna using
% design procedures from Antenna Theory (Balanis)
% Microstrip Antenna Design Handbook (Garg, et. al.)
%
% by Ron Lewis (10/11/06)

%%0%%%%% %% % % %% % % %% % %6 %% % % 0% %o Yo
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% user defined specs

%

fr=input(’desired resonant frequency (MHz) >’);
e_r=input(’substrate dielectric constant >’);
h=input(’substrate height (mm) >’);

%

% constants: permittivity of free space

% permeability of free space

% wavelength in freespace

% frequency in Hz

%

epsilon0=8.854*10"(-12);

mu0=4*pi*10~(-7);
lambda=1/(epsilon0*mu0*fr);

f=fr*10"6;

%

% calculate width of patch element

%

W=1/(2*f*sqrt(mu0*epsilon0) ) *sqrt(2/(e_r+1));
%

% calculate effective dielectric constant for antenna
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%

e re=(e_r+1)/2 + (e_r-1)/2*%(1+12*¥h/W)~(-.5);

%

% calculate xi parameters

%

x1=0.434907* ( (e_re~0.81+0.26) /(e_re"0.81-0.189) ) *

( ( (W/h)"0.8544-+0.236) / ( (W/h)"0.8544+0.87) )

x2=1+ ( ((W/h)~0.371)/(2.358%¢ r+1) )

x3=1-+( (0.5274* (atan(0.084*(W/h)~(1.9413/x2) ))) / (e_re~0.9236) )
x4=1+0.037T*atan(0.067%( (W /h)"~1.456))*(6-5*exp(0.036*(1-e_1)) )
Xx5=1-0.218*exp(-7.5%(W /h))

%

% calculate additional length due to fringing

%

DeltaL=h*((x1*x3*x5)/x4)

L= 1/(2*f*sqrt(e_re)*sqrt(mul*epsilon0))-2*DeltaL,

%

%end

%%0%%0% %% %% % %% % %% % %% %% % %% % %% %o
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C.2 Feed line dimensions

%%%%%% % %% %% %% %% % %% % % % % % % %% %
% feed.m
%
% script prompts user to enter design specifications
% for a microstrip feed for a RMPA using procedures
% from Microwave Engineering (Pozar)
%
% by Ron Lewis (10/12/06)
%%%%%% % % %% % %% % %% %% %% % % % %0 % % %o
% user defined specs
%
fr=input(’desired resonant frequency (MHz) >’);
er=input(’substrate dielectric constant >’);
h=input(’substrate height (mm) >’);
Z0=input(’impedance > ’);
%
% constants: freespace speed of light
% frequency in Hz%

% wave number

%
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c=2.998*10"8;

f=fr*10"6;

k0=2*pi*f/c;

%

% calculates microstrip feed line length and width

% prompt user to estimate ratio W/h

if input(’\nIs the ratio W/h greater than two?(y,n)\n?’,’s’)=="y’
B=377*pi/(2*Z0*sqrt(er));
w=h*(2/pi)*(B-1-log(2*B-1)+4((er-1)/(2*er))*(log(B-1)+.39-.61/er));
width=w

else

A=70/60*sqrt((er+1)/2)+ (er-1)/(er+1)*(.23+.11/er);
w=h*(8%exp(A))/(exp(2¥A)-2);

width=w

end

%

% effective dielectric constant

%

ere=(er+1)/2 + (er-1)/2*(14+12*h/w) " (-.5);

%

% determine length in millimeters
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%
length=pi/2*1/(sqrt(ere)*k0)*1000
%

% end

%%%%% %% %% %% %0 %% % %% % %% %% %0 7070 % %o
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C.3 Impedance matching network

C.3.1 M-script

%%% % %% %% % %% % % %% %0 %% % %0 %% % %% % %o
% match.m
%
% Impedance Matching Network Developer for single feed MPA
%
% script prompts user to enter MPA parameters and
% returns impedances for a n-resonator Chebychev network
% based on "An Impedance-Matching Technique for Increasing
% the Bandwidth of Microstrip Antennas (Pues and Van de Capelle)
%
% by Ron Lewis (10/01/06)
%% % %% % % %% % %0 % %% %o % %o % % 0 % % % % % % % %o
% user given antenna model parameters
%
fr=input(’Enter the resonant frequency > ’);
RO=input(’Enter the resonant antenna resistance > ');
Q=input(’Enter the quality factor > ’);

Z0=50;
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%

%Designer choices

%

n=input("Enter the order of the matching network >’);
B=input(’Enter a bandwidth improvement factor as a percentage >’);
%

% Network parameter calculation

%

Alpha=tan(pi/2*B);

delta=pi/(2*Alpha*Q);

%

% gi parameters from definition and lookup table

%

g0=1;

gl=1/(delta);

%

delta
%
g2=input(’Enter g2 based on n and delta >’);

g3=input("Enter g3 based on n and delta >);
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gd=input(’Enter g4 based on n and delta >’);

%% %% %% % % % % % % % % % % % % % %0 % % % % % % %

% calculation of J "admittance inverters, Y characteristic admittance, and
% 7 characteristic impedance based on a series resonant model or a parallel
% resonant model

% %%% %% % %% %% % % % % % %% %% % % % % %% %o

%

Gamma=tan(pi/4*B);

%

a2=1;

%

ad=l;

%

if input(’\nls the matching network based

on a series resonant model?(y,n)\n?’’s’)=="y’

Zcl=(pi)/2*(RO/Q);
Yc2=g2/(Alpha*R0);

Ye3=Yc2;
J23=(Alpha)*sqrt((Yc2*Yc3)/(g2*g3));
J34=sqrt((Alpha*Yc3)/(g3*gd*Z0));

Y23c=J23*cos(pi/4*B);
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Y34c=J34*cos(pi/4*B);
Yyc2=(Yc2*Alpha-(Y23c)*Gamma)*((a2-Gamma~2)/((1+a2)*Gamma));
Yyc3=(Yc3*Alpha-(Y23c+Y34c)*Gamma)*((a3-Gamma"~2)/((14+a3)*Gamma));
end

if input(’\nls the matching network based on a parallel model?(y,n)\n?’,’s’)=="y’
trace=input(’Select an impedance for the centre interconnecting feed segment >’);
dummy=sqrt(g2*g3)*(1/trace)/(Alpha*cos((pi/4)*B));

Yc2=dummy;

Yc3=Yc2;

Zc1=Q*(2/(p1))*RO;

J12=sqrt((Alpha*Yc2)/(R0*g2));

b=1;

J23=(Alpha)*sqrt((Yc2*Yc3)/(g2%g3));

J34=sqrt((Alpha*Yc3)/(g3*gd*Z0));

Y12c=J12*cos(pi/4*B);

Y23c=J23%cos(pi/4*B);

Y34c=J34*cos(pi/4*B);
Yyc2=(Yc2*Alpha-(Y12c+Y23c)*Gamma)*((a2-Gamma~2)/((1+a2)*Gamma));
Yyc3=(Yc3*Alpha-(Y23c+Y34c)*Gamma)*((a3-Gamma~2)/((14+a3)*Gamma));
end

%
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% calculate impedances from admittances
%
Yyyc2=a2*Yyc2;
Yyyc3=a3*Yyc3;
712¢=1/Y12¢
723c=1/Y23¢
Z34c=1/Y34c
Zzc2=1/Yyc2
Zzzc2=1/Yyyc2
Z2¢3=1/Yyc3
Zzzc3=1/Yyyc3
%
% end

%%%%% %% %% % %% %% % %% % % % %% % %% %%

C.3.2 Running M-script

Using Toolbox Path Cache. Type "help toolbox path cache" for more info.
To get started, select "MATLAB Help" from the Help menu.
>> sample
Enter the resonant frequency > 900

Enter the resonant antenna resistance > 47.59
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Enter the quality factor > 36.4344

Enter the order of the matching network >3

Enter a bandwidth improvement factor as a percentage >.1

n =3

delta =0.2722

Enter g2 based on n and delta >.484

Enter g3 based on n and delta >2.31

Enter g4 based on n and delta >.365

Is the matching network based on a series resonant model?(y,n)
44}

Is the matching network based on a parallel model?(y,n)

Ty

Select an impedance for the centre interconnecting feed segment >130
Z12c =53.2977

Z23c =130

Z34c =72.1050

Zzc2 =26.0640

Zzzc2 =26.0640

Zzc3 =24.5105

Zzzc3 —=24.5105
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