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Abstract

The purpose of this dissertation is to address the problems associated with the current anten-
nas deployed for wireless and navigation purposes. The focus in this work is on the circular
polarization radiation of the antennas and the goal is to improve their radiation properties.
The methods presented are based on Frequency Selective Surfaces (FSS); a group of pe-
riodic structures that behave as a spatial filter in principal but can be adjusted for other
alterations to the incident electromagnetic wave. The FSS can be designed adequately so
that the transmitted wave undergos a change in amplitude or phase. Moreover, adding the
feature of selectivity over the incident polarization (TE or TM), can make the FSS shape the
radiation pattern of the antenna in terms of amplitude or polarization; depending on whether
the change is in the amplitude or phase of the wave transmitted through the FSS. The in-
troduction chapter discusses the contemporary problems with these antennas and solution
already proposed for these issues. Besides, it discusses drawbacks in current solutions and
their limitations in those methods.

The next chapter talks about bidirectional same sense circularly polarized antennas. The
effort in this chapter is to present a method, besides those currently presented in litera-
ture, to achieve bidirectional antennas which radiate same sense of polarization on the two
beams. A multilayer FSS is proposed to change the sense of the polarization by changing
the phase of the wave passing through the structure. Then the FSS is combined with the
antenna. Axial ratio of better than 3dB is achieved on both sides at the GPS L1 frequency
band (f=1.575GHz).

The next chapter is on improving one of the major issues in GPS antennas. Contemporary

GPS antennas suffer from high axial ratio at angles close to 90° from the broadside direc-
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tion. While there are some antennas available currently, they are either bulky or large in
profile. It will be shown that, besides the presumed source of problem in previous works,
another intrinsic factor in the radiation equations is also predominantly playing role in the
corruption of axial ratio at those angles. Again, the approach presented for the aforemen-
tioned problem is based on FSS structures. The FSS will be appropriately designed for
different angles to change the amplitude of the transmitted wave through the FSS and then
is placed on the antenna. As will be shown, axial ratio is improved to the desired value with
the low profile and low cost structure. As the results of this chapter shows, axial ratio of
better than 2dB is achieved at angles up to 100° in all of the planes of the radiation pattern.
Although the approach is to address one of the problems in the GPS antennas, the method-
ology seems pretty promising in many other applications where the radiation pattern of the

antenna needs to be altered for different angles.
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Preface

Chapter 2 of this thesis will be published as F. Khosravi and P. Mousavi “Bidirectional Same
Sense Circularly Polarized Slot Antenna Using Polarization Converting Surface”, Antennas
and Propagation, IEEE Transactions on, vol. 13, Issue 1, 2014. I was responsible for anal-
ysis, design, measurement, and manuscript composition. P. Mousavi was the supervisory

author and was involved with content formation, analysis and also manuscript composition.
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Chapter 1

Introduction

Many of the contemporary communication systems employ circular polarization for the
transmitted signal so as to improve the reliability of the system. More specifically, in the
satellite communication, linear polarization undergoes a rotation in the direction of the elec-
tric field as it propagates through the ionosphere as a result of Faraday rotation effect [5].
Hence, linear polarization might not be desirable for satellite communication as the direc-
tion of the linear polarization plays an important role in the design of antenna for both the
receiver and the transmitter. Consequently, the circular polarization is more desirable in
satellite communications since it feels only a phase delay and the sense of polarization will
be maintained under the Faraday rotation. Moreover, use of circular polarization surpasses
the use of complex adjusting systems for antenna alignments in the point-to-point applica-
tions like ground based communications. The circularly polarized (CP) wave can be either
left-hand (LH) or right-hand (RH) polarized. Most of the applications working based on
CP wave deploy only one sense of polarization in the communication of the signal. The
primary signal can be diffracted or reflected from the obstacles in the environment before
entering the antenna. While the sense of polarization is usually maintained in the diffrac-
tion, the sense of polarization is usually changed after being reflected [6]. Hence, some
ratio of the multipath signal entering the antenna has a different sense of polarization com-
pared to the line-of-sight (LOS) signal. Since the multipath signal introduces error into the
accuracy of the received signal for most of the applications, it is desirable to eliminate the
reception of the multipath signal. The multipath problem cannot be completely addressed
in the signal processing because the primary and the multipath signals are not usually sep-

arated enough in time to be discerned after the reception. Hence, the problem is needed to



be elevated before the reception [7]. Given these issues, it is desirable for a CP antenna to
receive only one sense of polarization and reject reception of the other sense of polarization.
For instance, an ideal antenna designed to receive Right Hand Circularly Polarized (RHCP)
wave, suppresses the reception of Left Hand Circularly Polarized (LHCP) wave from all
of the directions. The practical designs, however, suffer from the reception of undesirable
polarization from some of the directions.

There are abundant designs available in literature for the resolution of flaws in the radi-
ation pattern of the antennas with the purpose of improvement of reception of desirable
wave (Co-polar wave) and rejection of undesirable wave (X-polar wave). Since the solu-
tion is dependent on the application and frequency of operation, we focus our attention on
Global Positioning System (GPS) application. The designs and procedures, however, are
not limited to this application and with appropriate modifications, are applicable to other
applications.

While the use of GPS system encompass various applications with different requirements,
many of these applications require centimeter or sub-centimeter level of accuracy. Ex-
amples include surveying & mapping and also space applications. For such applications,
multipath is an important issue in reaching the desired level of accuracy.

The approach in this thesis is to combine the antenna with a periodic structure which can
basically be considered as a Frequency Selective Surfaces (FSS) and is used to alter the the
wave passing through the FSS and at the same time behave as a spatial filter. The changes
introduced to the waves can be both to the amplitude or phase of the transmitted wave. For
either case, however, a selectivity over the incident polarization will be introduced in order
to improve the asymmetries in the radiation pattern by changing the amplitude or phase
of the transmitted wave in different ways for each of the polarizations. Depending on the
type of changes introduced to the transmitted wave, different applications for various re-
quirements can be extracted. While the conventional use of FSS is in far-field region of
the antenna or for plane wave incidence [1], in this thesis, the FSS is placed in the reactive
near-field region of the antenna to both keep the structure small and alter the field distribu-
tion of the antenna to attain the required radiation pattern.

While the use of FSS with the purpose of modifying the radiation pattern of the antenna
is not much common, the approaches discussed in this thesis seems promising in deriving

more applications for the antenna designs at different frequency bands. While the general



idea looks similar to the Partially Reflective Surfaces (PRS) , basic principles, applications
of use, and also requirements for the design are essentially different. PRS works based on
multiple reflection and bouncing of the wave between the PRS and the ground plane of the
antenna for the waves generated from a source located on a large ground plane (compared
to the wavelength) [8]. For our case, however, the change to the radiated field is obtained
by a single transmission of the wave through the FSS. This is due to the fact that the trans-
mission coefficient of the FSS is close to unity for most of the angles of incidence and
if any increase in the reflection coefficient is introduced is to reduce the radiation of the
antenna in that specific direction. Moreover, for PRS structures, the distance between the
antenna and the PRS should be a factor of the wavelength. On the contrary, for the FSS and
antenna discussed in this thesis, the distance is usually much smaller than the wavelength
(~ 0.1X). This is important for the applications where the wavelength gets significant and
smaller size antennas are demanded. Although a reflection coefficient of greater than zero
may be required at some directions for a specific polarization — as will be shown later in
this dissertation — the FSS will be designed predominately for operation at zero reflection
coefficient or around the zero reflection coefficient. For the PRS structures, however, the
PRS is needed to be adequately designed to exhibit a nonzero reflection coefficient in order
to put the PRS into work. The PRS can also be designed for selectivity over the polariza-
tion [9] or may be tapered along the surface of the PRS to demonstrate different reflection
coefficients for different angles of incidence [10], but the basic principle of operation is the
same as all of the PRS structures. For the PRS structures, one important fact is to design the
PRS such that the waves emanate in phase from the PRS after multiple reflections, across
the PRS surface [8]. Hence, the PRS is needed to have an area of multiple wavelengths
to exhibit the phase distribution across the surface. For the FSS structures combined with
the antenna in this thesis, however, the FSS is smaller than a wavelength in area and the
required behaviour can be extracted by a few number of FSS unit cells.

With the considerations discussed, this work is focused to address two problems based on
the combination of the FSS with the antenna with the selectivity over polarization, as fol-

lows in the next sections.



1.1 Bidirectional Same Sense Circularly Polarized Antennas

Bidirectional antennas are those which have a radiation pattern with two major beams on
each side of the antenna axis (see Figure 1.1). Maximum radiation occurs at these two
beams which are usually located at & = 0° and 180°. CP antennas with bidirectional
radiation pattern radiate different senses of polarization on each beam. For instance, a
CP slot antenna radiates RHCP wave on one side of the antenna and LHCP wave on the
other side by nature. Hence, a reflector, is usually placed on one side of the antenna to
make the antenna radiate only one sense of polarization [11] in one direction. The size of
the ground plane as well as the reflector can be as small as a wavelength up to multiple
wavelengths [3, 11]. Since various mobile and indoor applications require bidirectional
antennas (e.g. microcellular base station, high-speed WLAN), CP bidirectional antennas
with same sense of polarization on each side are required. A portion of this thesis will
focus on these antennas.There are currently designs with this property available in literature
( [12-17]). References [12-16] are essentially patch antennas attached back-to-back. In
order to generate CP polarization, the corner of the antenna can be truncated to generate CP
waves as a result of perturbation in the dominant mode of the antenna [3]. Multiple ports
can also be used to excite two orthogonal 90 degrees out of phase modes in the patch [3].
This method, however, requires more complex feeding network. In [17] a quite different
structure is used to achieve a bidirectional CP antenna. Two inclined metallic strips are
placed inside a waveguide and excited 90 degrees out of phase. Although a good axial ratio
bandwidth is achieved, the structure is bulky and expensive which makes it unsuitable for
many wireless applications.

As stated earlier, in the structures proposed in this thesis, FSS is combined with the
antenna to achieve the required radiation pattern. In this work, a slot antenna with bidirec-
tional CP radiation pattern is integrated with an appropriately designed FSS which basically
add changes to the phase of the electromagnetic waves passing through the FSS. The FSS
is designed so that it changes the sense of CP wave. In other words, if an LHCP wave is
incident on FSS the transmitted wave will be RHCP wave and vice versa. There are designs
available in literature with the purpose of modification to the polarization of the incident
wave. In [18], a linear to circular polarization converter is proposed. The incident wave

is decomposed into two perpendicular linear polarizations. Then —45° and +45° phase



shifts are introduced to the linear polarizations as they pass through the FSS. The structure
is designed to have the resonance frequency slightly higher and lower the frequency of op-
eration, respectively, to achieve the required phase shifts for the two linear polarizations.
Although similar method may be used for the LHCP to RHCP wave conversion by introduc-
ing —90° and 490 instead of —45° and +45° phase shifts, this method requires relatively
larger bandwidth because the structure works slightly off the resonance frequency. In fact,
the structure is needed to work slightly lower and higher than the resonance frequency, re-
spectively, for the two linear polarizations while keeping the transmission properties with
the lowest insertion loss. [19] is an FSS with selectivity on only one sense of polarization.
In other words, the structure can be designed to transmit the LHCP wave and reflect the
RHCP wave. This FSS is composed of two layers of linear to circular polarization convert-
ers (similar to the one presented by [18]) and one layer of linear polarizer (which changes
the directions of linear polarization). The whole structure results in the propagation of one
sense of polarization and reflection of the other sense of polarization of CP wave. Although
there are many similar FSS in literature, they basically require unit cells of sizes comparable
to the wavelength. Applications at lower frequencies regions (like L-band), however, have
constraints on the size of the structure and since at least four unit cells are required to make
the FSS operate, unit cells of small sizes compared to the wavelength are required. The
FSS proposed in this work, consists of unit cells with the size of about 0.2\ (X is the free
space wavelength) which despite the polarizers discussed earlier, operates at it resonance
frequency. The FSS is a resonant FSS in the sense that it demonstrates its transmission

properties (total reflection or transmission) using only a single layer of FSS and size of

Directions of
ma;_{imum 1
radiation
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Figure 1.1: Bidirectional Radiation Pattern.



about quarter wavelength. The FSS introduces 0° and 180° phase shift for two perpen-
dicular linear polarizations and consequently changes the sense of CP wave propagating
through. In order to introduce 180° phase shift, the FSS is required to have at least two
layers of identical structure. In fact, the FSS act as a Polarization Converting Surface (PCS)

. Basics of the operation of the PCS will be discussed in the next chapters.

1.2 Antennas with Low Susceptibility to Multipath Signal at Low
Angles

In GPS system, RHCP wave is used to transfer signal from the satellite to the receiver
antenna. While some applications, like hand-held mobile devices, do not require much ac-
curacy, many applications demand precisions down to centimeter and sub-centimeters in
the position of the antenna. There are sources of error playing role in achieving the re-
quired level of accuracy in the high-precision GPS. While many of them can be addressed
by the signal processing [7], some of them need to be addressed by appropriate design of
the system. One of the major sources of error is the multipath signal entering the antenna.
In GPS system, position is calculated with the assumption that the direct line signal is enter-
ing the antenna. The transmitted signal from the satellite , however, can undergo different
reflections before entering the receiving antenna. This in turn can cause error in the deter-
mination of the actual location. Signals with single reflection can contribute to a greater
value of error compared to the rays with multiple reflections as they will be attenuated in
every reflection. One consequence of reflection for CP wave is the change in the sense of
polarizations. Hence, the RHCP wave of the satellite will most probably be converted to the
LHCP wave as a result of reflection from the obstacles present in the environment. Hence,
in order to mitigate the reception of the multipath signal, the receiving antenna is required
to reject reception of LHCP wave. CP antennas designed for this purpose meet this require-
ment for angles up to 50 or 60 degrees off the broadside direction. They, however, suffer
from reception of LHCP waves at low angles close to 90 degrees. Since the probability
of receiving multipath signal is higher at low angles, efforts have been done to reduce the
susceptibility of the antenna to the multipath signal at low angles. Antennas with choke
ring ground planes are among the most successful ones in addressing this problem [20,21];
they, however, are bulky and heavy and, besides the production cost, does not meet the re-

quirement of many contemporary applications. In [22], the ground plane is replaced with an



Electromagnetic Bandgap Structure (EBG) ground plane . The structure with EBG ground
plane is larger compared to the one with choke ring ground plane. The ground planes pro-
posed by these papers are designed to suppress the Surface Wave (SW) produced by the
antenna. In [23] a different method is proposed to suppress the generation of SW. Patch an-
tenna is modified to stop radiating surface wave modes. In all of these papers, it is assumed
that the problem is due to the diffraction of SW at the edges of the ground plane and the
efforts have been on preventing the SW from reaching the edge of the ground plane.

While SW is partly responsible for the problem, it will be shown that there is other im-
portant factor responsible for the increase in susceptibility of the antenna to X-polar wave
at low angles. While the problem seems to be intrinsic problem in radiation equations, a
solution based on FSS will be proposed in Chapter 3. In the solution presented, FSS will
be used to alter the amplitude of the wave that passes through the FSS with the goal of
equalization of radiation pattern of the antenna in terms of the amplitude of the two linear

polarizations.

1.3 Frequency Selective Surfaces (FSS)

FSS refers to the periodic structures usually in one- or two-dimensional distribution so as
to exhibit selectivity over frequency and to behave as spatial filters. Besides the frequency
dependency, their behaviour can also be a function of angle of wave incidence and polariza-
tion. FSS can get various applications in radomes [1], reducing Radar Cross Section (RCS)
[24], polarizers [18], sub-reflectors in parabolic antennas [1], and etc. Based on the basic
principles of operation, FSS can be divided into two groups: Resonant versus Non-resonant

structures.

1.3.1 Resonant FSS

FSSs are structures that work essentially at their resonance frequency. Resonant FSS refer
to the structures which can demonstrate their frequency dependency using a single layer. In
other words, a single layer of resonant FSS exhibit resonance frequency. However, they can
be used in multilayer configuration. Resonant FSS can be divided into two primary groups;
array of patches or slots. Array of patches are metallic shapes in periodic format and can be
modeled by electric currents, while slot arrays are periodic arrangement of slots in metallic

surfaces and can be modeled by magnetic currents [1]. While these arrays can be designed



to show different behaviours with regards to frequency, array of patches essentially act as
band stop filters, in contrast to slot arrays which behave similar to band-pass filters [1].
Since in our application, we require the FSS to be transparent at the desired frequency,

arrays of slots are selected to be the main focus of this thesis.
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Figure 1.2: Typical shapes of FSS(Taken from [1]).

Figure 1.2 illustrates typical shapes FSS can acquire. While all of these shapes are
arrays of patches, complementary shapes of slot type can also be imagined for these shapes.
An appropriate selection of the shape of the FSS depend on the application the FSS is being
used. For the application we are seeking, since the FSS is required to be placed in close
proximity of source, the FSS response is required to be stable with regard to the angle of
incidence. Moreover, in order to keep the overall size of the structure as small as possible,
the FSS unit cell is prefered to be small. As mentioned earlier, the FSS is used to change the
sense of polarization to make the antenna radiate same sense of polarization on both sides.
Consequently, the FSS is required to be asymmetric along the two perpendicular axis. Based

on these requirements, Jerusalem Cross (JC) shape is selected as it is stable with regard to



the angle of incidence and can be designed separately along two perpendicular axis. The

design procedure of the JC slot FSS will be presented in the next chapter.

1.3.2 Non-Resonant FSS

Non-resonant FSS refer to the structures which are composed of capacitive patches and
inductive grids on different sides of a substrate which together act as a parallel LC circuit
and behave as a first-order band-pass filter (for only one layer of capacitive patch and one
layer of inductive grid). The structure is called non-resonant because, unlike the resonant
FSSs discussed earlier, constituting elements of the FSS do not exhibit the resonant property
at the desired frequency when are isolated from the periodic structure [25]. The simplest
example of Non-resonant FSS is the combination of capacitive patches and inductive layers
and hence at least two metallic layers are required in order to extract the desired frequency

response. Figure 1.3 is an example of non-resonant FSS. One of the advantages to the non-

Sub-wavelength
Capacitive Patches ""‘.“.‘
%
Sub-wavelength
Inductive
Grid

Figure 1.3: An example of Non-resonant FSS (Taken from [2]).

resonant FSSs is their smaller periodicity compared to the resonant FSSs. Moreover, they
have simpler design procedure with available analytical model. Details of these FSSs can

be found in [26]. Design procedure of these FSSs will be discussed in chapter 3.

1.4 Circularly Polarized Antennas

An appropriate selection of CP antenna, among various available methods for the generation
of CP wave, depends on the application and constraints on the structure. In this section,

some of the available methods will be presented; divided into two groups of antennas with



bidirectional and unidirectional CP radiation pattern.

1.4.1 Bidirectional CP Antennas

This sub-section discusses antennas which generate bidirectional radiation pattern inher-
ently. However, they can be converted to unidirectional CP antennas by combining the
antenna with a reflector placed a quarter-wavelength on one side of the antenna. [11] is an
exponentially tapered slot antenna which generates equivalent circular magnetic current on
the ground plane of the antenna for CP production. Similar to this antenna, [27] represents
a spiral antenna which can be modeled by electric currents on the plane of the antenna. Be-
cause of self-complementary shape of these structures, antennas with spiral shape possess
larger bandwidth compared to the other types of the antennas and hence are appropriate for
wideband or multiband applications. These structures, however, suffer from beam devia-
tion as the frequency goes higher in their bandwidth. To address these problem, they are
needed to be made dual-arm which in turn increases the complexity of structure. [28] is
an equivalent to monopole antenna with equivalent magnetic currents. In this antenna, a
slot is drawn on the corner of the ground plane to generate CP wave and form bidirectional
monopole like radiation pattern. Slot antennas have simpler design procedure compared to
patch or dipole antennas but are more susceptible to the changes in ground plane and the
surrounding environment. For the bidirectional same sense CP antenna designed in this the-
sis, a slot antenna with a ring shape (similar to the one presented in [29]) is used to get the a

bidirectional CP antenna. Details and configuration of the antenna is presented in Chapter

2.

1.4.2 Unidirectional CP Antennas

While bidirectional antennas can be converted into unidirectional antennas by simply plac-
ing a reflector on one side of the antenna, there are various other methods for making unidi-
rectional pattern. Microstrip antennas are among the most famous unidirectional antennas
which have their main beam at broadside direction (direction perpendicular to the plane of
the antenna). A great deal of designs for these antennas can be found in [3]. Patch antenna
can be truncated in corner, or a slot can be inserted in middle of the patch to make the
antenna generate CP wave. Another method in generating CP antenna is to use an array of

two or four patch antennas which are sequentially rotated and the feed position which feed
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accordingly to provide appropriate phase between elements. Although this method results
in large AR bandwidth and improved AR at lower angles [30], the structure requires large
area to place enough number of array elements. The antenna used in this thesis is a simple
circular patch antenna excited at two points, 90 degrees out of phase, to generate CP wave.
The feeding network is a 90° hybrid phase shifter designed in a circular shape. Details for

the design will be presented in Chapter 3.

1.5 Organization of Thesis

This thesis comprises four chapters including introduction. The second chapter introduces
the process of changing the phase of the waves radiated by antenna using FSS. Based on
this procedure, a bidirectional CP antenna will be designed which radiates the same sense
of polarization on two sides of the ground plane of the antenna. This chapter discusses
the FSS design and also combination of the FSS with the antenna. An RHCP radiation
pattern on both sides of the antenna is achieved with an axial ratio of better than 3d5B on
both sides at 1.56GHz. Chapter three discusses the use of FSS for changing the amplitude
of the wave radiated by antenna. This chapter presents the limitations on susceptibility of
radiation pattern of GPS antennas to low angles and proposes possible solutions to address
those problems. The solution is based on the change in the amplitude of the wave trans-
mitted through the FSS with selectivity over the polarization. Final results for the antenna
combined with the FSS will be presented to demonstrate the effectiveness of the approach.

The last chapter talks about the future works and possible improvements.
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Chapter 2

Implementation of Polarization

Converting Surface Using FSS as a
Phase Modifier

As discussed in Chapter 1, for many applications deploying CP wave, one sense of polariza-
tion is required to transmit signals between the transmitter and the receiver. Hence, for the
applications and situations transmitting signal on both sides of the antenna, the existence of
a bidirectional CP wave antenna is necessary which radiates same sense of polarization on
both sides of the antenna.

In this chapter, the detailed complete study of the work presented in [31,32], a bidirectional
CP antenna is realized using a different approach than those presented in the previous chap-
ter. A simple bidirectional slot antenna is combined with a Polarization Converting Surface
(PCS) to achieve the same sense of polarization on both sides (See Figure 2.1). The PCS is

placed in close proximity of the antenna with the spacing maintained by a layer of foam.

Antenna L_ :

Figure 2.1: Configuration of proposed structure.
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The PCS is designed so as to change the sense of the CP wave as it propagates through
the PCS by introducing phase changes to the wave. Then, the PCS is placed in close prox-
imity of the slot antenna on the side for which the sense of the polarization needs to be
reversed. By placing the PCS on the side with LHCP wave, a bidirectional RHCP antenna
can be achieved. The PCS is compatible with all the bidirectional CP antennas. The radiat-
ing element, however, has to be adjusted to compensate for the mutual effect of the antenna
and the FSS. While the structure is designed for GPS L1 band (f=1.57 GHz), the approach
can be easily applied to other wireless systems and various radiating structures. The final
structure has low fabrication cost and is small compared to the wavelength.

In what follows, first the design procedure of the FSS will be discussed using both analyt-
ical and simulation approaches. The design and simulation is for the unit cell of the FSS
using periodic boundary condition. The FSS in nature, acts as a PCS to change the sense
of the polarization. Then the antenna and an array of 4-by-4 elements of the PCS will be
combined together to make the final structures. In this section, the simulation as well as the
measurement results of the antenna will be presented. The section 2.3, closes the chapter

with the final remarks on this subject.

2.1 PCS Design

Since the goal is to place the PCS in close proximity of the antenna, it is needed to be stable
with regard to the angle of incidence. Among various shapes of FSS available in literature
[1], those with smaller periodicity have better stability and are of better choice because of
the restrictions on the overall size of the structure. Moreover, the FSS has to be transparent
at the desired frequency. Given these requirements, JC slot FSS is chosen as described
by [1]. The basic operation of the PCS is described by the asymmetric behavior with regard
to the incident CP wave decomposed into the two linear polarizations. Assuming an LHCP

incident plane wave propagating along the z direction as:
E' = Ey(& + jg)e 7+ (2.1)

As it will be shown in the next sub-section, the FSS will be designed in order to exhibit
0° and 180° of transmission phase for the two z- and y- directions, respectively. With the

introduced phase shifts by the PCS, the transmitted wave can be written as:
E' = Ey(2 — jij)e ¥ (22)
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which represents an RHCP wave. Since the 180° phase shift cannot be achieved by a
single layer, the FSS is chosen to be comprised of three layers of JC slot with two layers of

substrates in between. Figure 2.2 shows the unit cell of the JC slot FSS.

w

Figure 2.2: Unit cell configuration of the JC slot PCS

2.1.1 Design Procedure

The presented resonant three layer JC slot PCS can be modeled by the lumped element
network shown in Figure 2.3 [2]. Since the thickness of the substrates are small compared
to the wavelength (h ~ 0.02)), the transmission lines can be replaced with their equivalent
lumped element networks. As implied in the equivalent network, the two bottom and top
layers of the FSS are assumed to be identical. The middle layer, being surrounded by two
substrate layers, has a larger capacitance. For the equivalent network presented in Figure
2.3, the following equivalent impedance network parameters can be found:

Z;[Z3(ZQ + Zl) + Z1Z2(Z1 + Zy + Zg)

Zn=2n = (Z1 + Z2)(22Z3 + Za + 21 (2.32)

Zn=%2= 7 ZQ)Z(QZZE 5T 7 (2.3b)

Where . m .
Zy = jwl’ (2.4b)
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1

=—— 2.4

3 jwCy + 1/jwL (2:40)
S-parameters of the structure, for the given 711 and Zs; can be found as [4]:
(Z11 — Z0)(Zaa + Zo) — Z12 2o
= 2.

S11 A7 (2.52)
Sop = ——— 2.5b
21 N (2.5b)

Where AZ = (Z11 + Zo)(Zoo + Zy) — Z12Z21 and Z is the characteristic impedance
of free space for the plane wave . Figure 2.4 demonstrates the transmission properties for
the given equivalent network with arbitrary values of capacitances and inductances. Values
of capacitors and inductors in the equivalent network are chosen so as to demonstrate the
general transmission properties of the equivalent network only and do not represent any
relation with the JC slot PCS parameters.The frequency has been normalized to fy where
fo = 1/2n\/LC}. L’ can be found to be L' = puph [2]. For out application, since the
thickness of the substrates are fixed (h = 3.175mm), value of L' is set to 3.95nH to derive
the curves in Figure 2.4. (5 can be manipulated to adjust the transmission phase at the

resonance frequencies. In the derivation of Figure 2.4, C5 is set to be 1.54C.

—EE
L L L

Figure 2.3: Equivalent network of the JC slot PCS
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Figure 2.4: Sp; and transmission phase of the equivalent network for arbitrary element
values

As shown, the network exhibits 0° and 180° transmission phase at the first and second
resonance frequencies, respectively. The capacitance of the middle layer can be manipu-
lated to adjust the transmission phase at the resonance frequency. To achieve the change in
the sense of CP wave propagating through the PCS, the unit cell is needed to be designed
so that the first and the second resonances occur for the two perpendicular polarizations
simultaneously at the frequency of operation. Consequently, the unit cell would have dif-
ferent configurations with respect to z- and y-directions. In the next sub-section, the unit

cell simulation of the PCS will be presented.

2.1.2 Unit Cell Simulation

With the considerations given in the previous sections, the unit cell has been designed for
the L1 GPS frequency band. Although there is an analytical model available for the JC
FSS [33],tuning has been performed to obtain the parameters since the structure is asym-
metric and cannot be designed independently for the two = and y polarizations. In addition,
since the structure includes three layers of JC slot, it would have a sophisticated design pro-
cess based on the analytical method since we should also account for the mutual coupling
between different layers. Hence, simulation is performed in CST Microwave Studio with
the unit cell boundary conditions. The unit cell boundary condition repeats the structure
virtually along the two directions of structure and assigns ports with Floquet modes to the
open boundaries. Unit cell parameters for different layers are given in Tables 2.1 and 2.2

with the parameters defined in Figure 2.2. The substrates are TMM4 Rogers materials with
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the relative permittivity of 4.5.

Parameter w t1 ti1 to too
Value 35mm | 0.4mm | 2mm | 2.7mm 2mm

Parameter l1 g1 Iy g h
Value 8mm Imm | 8&5mm | 3mm | 3.175mm

Table 2.1: Physical properties of unit cell for bottom and top layers

Parameter w t1 t11 to too
Value 35mm | Imm | 2mm | 2.7mm 2mm

Parameter l1 g1 Iy go h
Value 8mm | Imm | 8.5mm | 3mm | 3.175mm

Table 2.2: Physical properties of unit cell for the middle layer

As aresult of mutual coupling between the PCS and the antenna, the resonance frequency of
the PCS will shift down. To have the resonance occur at f = 1.57GHz, the PCS is designed
for f = 1.62GHz. Figure 2.5 and 2.6 demonstrate S7; and Sa; of the PCS, respectively, for
linear polarization normal plane wave incidence. The blue and black curves represent the
data for the linear polarizations along x- and y-directions, respectively. As shown, the PCS
exhibit its first resonance at 1.62GHz for the z-directed linear polarization and its second

resonance for the y-directed linear polarization. Transmission phase of the PCS for the
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Figure 2.5: 511 of the PCS for the two linear polarizations along z- and y-directions and
normal wave incidence.
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two linear polarizations are shown in Figure 2.7. At 1.62GHz, transmission phase of 0° and
180° occurs for x and y polarizations, respectively. Consequently, as stated earlier, the PCS

is expected to change the sense of polarization for the CP wave incidence.
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Figure 2.7: So1 phase of the PCS for the two linear polarizations along z- and y-directions
and normal wave incidence.

Figure 2.8 demonstrates the PCS behavior for CP wave incident at normal direction.
The blue solid line indicates the RHCP wave reflection versus LHCP wave incidence. The

black dashed line indicates RHCP wave transmission for LHCP wave incidence. In other
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words, when LHCP wave is illuminated on the PCS, the transmitted wave is an RHCP
wave. It can be inferred that the PCS behaves the same way with regard to the RHCP wave
incidence. Figure 2.9 indicates the dependence of PCS on the angle of incidence for the
simulated unit cell of the FSS using periodic boundary condition. The wave is incident at
angle 0 and collected at angle —0. As shown, the structure is stable with regard to the angles

of incidence and can be appropriately placed in vicinity of the antenna.
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Figure 2.8: Transmission and reflection coefficients of the PCS for circular polarization
incident at normal direction. (inc. , refl., and trans. stand for incident, reflected and trans-
mitted, respectively).

In the next section, simulation and measurement results will be presented for the PCS

combined with the antenna.

2.2 Antenna Structure

This section demonstrates the final structure of the antenna. First, the radiating element
will be presented then the final structure, combined with the PCS, will be shown. This
section also compares the measurement and simulation results for both the antenna alone
and the final structure. The structure is simulated using CST Microwave Studio. The unit
cell of the PCS is simulated using unit cell boundary condition of the software. Frequency
Domain Solver is used for the unit cell simulation. Then an array of 4-by-4 of the unit cells
is combined with the antenna and the structure is simulated using the Time-Domain Solver.

Antenna parameters are optimized for the best reception of RHCP wave and rejection of
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Figure 2.9: S;; of the PCS-LHCP incident, RHCP reflected— for different angles of inci-
dence.

LHCP wave at the two main beam directions (i.e. # = 0° and § = 180°).

2.2.1 Radiating Element

A simple ring slot antenna is used as the radiating element . Antenna is excited by a mi-
crostrip line and is designed to radiate LHCP wave on the metallic side and RHCP wave
on the feed side ( Figure 2.10). TMM4 Rogers material is used as the substrate. Width
of the square ring and width of the slot are 45.5mm and 2.2mm, respectively. A junction
with the width of 2mm is located 13mm off the center of the ring across the slot to generate
the circular polarization. The width of the square ring is chosen so that its circumference
is about one wavelength. The structure is designed for two different ground plane sizes to
illustrate the effect of the ground plane on the radiation properties. Figure 2.11 demon-
strates the measured and simulated result of S7; of the antenna alone for W = 82mm and
W = 90mm where W is the width of the ground plane. Normalized radiation pattern of
the antenna for two different ground plane sizes are shown in Figure 2.12. Good agreement
between the simulation and measurement results has been achieved. Since the antenna is
designed to have the desired radiation pattern when combined with the PCS, the radiation
pattern of the antenna alone does not need to necessarily meet the standard requirements
of GPS system. Consequently, the antenna parameters are derived with the PCS present

in close proximity. To keep the final structure as small as possible, the PCS is placed in
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the reactive region of the antenna. Hence, presence of the PCS has a great effect on the

radiation properties as well as resonance frequency of the antenna.

(a) (b)

Figure 2.10: Structure of the radiating element (a) Top view (b) Bottom view.
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Figure 2.11: S of the antenna alone (a) W = 82mm (b) W = 90mm.
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Figure 2.12: Normalized radiation pattern of the antenna alone at 1.57G H z(a) W = 82mm
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2.2.2 Final Structure

Figure 2.13 demonstrates the final structure. A layer of foam (r =1.01) with the thickness
of 1.27mm is inserted between the antenna and the PCS to maintain a uniform spacing
between slot antenna and the PCS. For the antenna discussed in the previous section, the
boundary of the reactive near-field region of the antenna will be a sphere with a radius of
about 32mm surrounding the antenna. Hence, it can be concluded that the PCS is in the
reactive near-field region of the antenna. S7; of the antenna is depicted in Figure 2.14. The
mismatch between the simulation and measurement results of the antenna can be explained
by the fact that antenna is a bidirectional slot antenna. The PCS is placed close to the

antenna which can greatly affect its properties. Consequently, the structure is sensitive to
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its surrounding area and close objects can change the input impedance of the antenna and
hence, the behaviour given in the S1; of antenna can be expected. This is also evident in the
simulation results of Figures 2.14a and 2.14b for a small change in the ground plane size
of the antenna. As these curves suggest, ground plane size of the slot antenna is a sensi-
tive parameter and placing the PCS close to the antenna can affect the effective size of the
ground plane by extending the fringing fields of the ground plane edges. Input impedance
of antenna , however, follows the simulation results for the frequencies around the reso-
nance frequency of PCS (i.e. 1.575GHz). Figures 2.15 through 2.17 show the normalized
radiation pattern of the antenna for W = 82mm and W = 90mm at three different fre-
quencies. As shown, the antenna radiates RHCP wave on both sides of the ground planes.
Axial ratio (AR) is a number, always greater than one, describing how good a wave is CP.
For an elliptically polarized wave, in general, the curved traced by the electric field vector
over time is an ellipse. AR is defined as the ratio of major axis to the minor axis of this

ellipse and can be written as [3]:

major aris  OA

minor axis OB (20
where
(1 2 4 4 2 12 121 | i
OA = 5 {E90 + EQDO + [EG(] + Eng + 2E€0E300 COS(2A¢)] } (273)
(1 5 2 4 4 2 2 121 | i
OB = 5 {E90 + EgoO - [EGO + Ego(] + 2E€0E4p0 COS(2A¢)] } (27b)
Ego = | Ep| (2.7¢)
EgoO _ |E@| (2.7d)

where Iy and E, are far-field radiated electric fields along 6 and ¢ directions of spher-
ical coordinate system. A¢ is the phase different between the two Ey and E,, components.
As the figures for the axial ratio demonstrate (2.18, 2.19, and 2.20), the best response is
achieved at 1.56GHz for W = 82mm with axial ratios of 1.83dB and 2.88dB at § = (°
and # = 1807, respectively. High value of AR occurs at about § = 90° and § = —90°
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or equivalently on the sides of the ground plane of the antenna where the gain of the an-
tenna drops significantly and antenna basically radiates linear polarization. The mismatch
between the measurement and simulation results is due to the uncertainties in setting up

the antenna in the chamber and probe errors. The probe is a wideband probe covering the

L-band and far-field results are taken from the near-field measurements.
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Figure 2.14: S7; of the final structure (a) W = 82mm (b) W = 90mm.

2.3 Conclusion
In this chapter, a bidirectional CP antenna was proposed. The antenna radiates RHCP wave
on both sides of the ground plane. Since the antenna is a bidirectional low gain antenna

(gain of about 2dB on each side) at low frequencies, the measurements can be done more
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Figure 2.16: Normalized radiation pattern at 1.57GHz (a) W = 82mm (b) W = 90mm.

accurately in a more sophisticated chamber with a probe designed for L-band measure-

ments. The results, however, demonstrate sufficient match with the simulation results as

well as design goals. Hence, the structure can be deployed adequately for the applica-

tions requiring bidirectional CP wave antenna. The presented PCS was combined with the

square ring slot antenna. The PCS, however, is not limited to this specific antenna and can

be integrated into other shapes of slot antennas or other kinds of bidirectional antennas. The

antenna parameters, however, are needed to be adjusted for the case when the PCS is placed

by the antenna because the PCS is in reactive region of the antenna and hence has an obvi-

ous effect on the input impedance as well as radiation properties of the antenna. While the

antenna is designed for the GPS L1 band, the procedure can be extended to other frequency
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Figure 2.18: Axial ratio at 1.56GHz (a) W = 82mm (b) W = 90mm.

ranges.

The application of this PCS is not limited to CP wave. Since the PCS introduces 0° and
180° phase shift for the two perpendicular linear directions, it can also affect a linearly po-
larized wave. With the incident linearly polarized wave inclined over the PCS with equal
components along the two perpendicular directions of PCS, the transmitted wave will be
still linearly polarized but with the direction of polarization rotated by 90 degrees. Future

works of this chapter will be discussed in more details in the last chapter.
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Chapter 3

Implementation of Polarization

Selective Surface Using FSS as an
Amplitude Modifier

The goal of this chapter is to address one of the major problems of GPS antennas which
causes error in the accurate evaluation of location of the receiving antenna. As discussed
in Chapter 1, multipath signal entering the antenna is one of the major sources of error for
centimeter to sub-centimeter measurements in the GPS system. Efforts have been made
on reducing the susceptibility of the antenna to the multipath signals. Since the multipath
signal has usually the opposite sense of polarization compared to the primary signal, the
goal in these efforts is to improve the reception of Co-polar wave (RHCP in GPS system)
and reject reception of X-polar wave (LHCP wave in GPS wave). It is equivalent to improve
the AR of the antenna (with AR defined by 2.6 and 2.7). Since GPS antennas are more
sensitive at low angles (angles close to § = 90 degrees), and because the reception of
multipath signal is more probable at low angles, it is desirable to improve the AR of the
antenna at low angles. In this chapter, we will first discuss the effects and methods of
generation of SWs in the substrates of patch antennas; the source which is assumed to be
the main cause of the corruption of AR at low angles. Second, other possible source of

increase in AR will be discussed followed by simulation results.

3.1 Surface Waves in Patch Antennas

SWs are referred to as the waves that propagate along an interface of two mediums with

different electrical properties. The wave is bound to the surface and propagates along the
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boundary of the two mediums. The wave, however, decays exponentially away from the
boundary into the mediums [34]. One of the usual interfaces is a grounded dielectric sheet
(see Figure 3.1). It is the case for the patch antennas which can support propagation of both

TE (Transverse Electric) and TM (Transverse Magnetic) SW modes.

Dielectric x4
=N
| g0 |
A
Ground /
Plane

Figure 3.1: Grounded Dielectric Sheet

For the geometry shown in Figure 3.1, the cutoff frequency for the TM SW mode can

be written as [4]:
nce

= =0,1,2,... 3.1
fC,TL 2d\/€7~——1’ n 9 -9 <y ( )
and for the TE mode as [4]:
(2n —1)c
=7 n=12,3,.. 3.2
fc,n 4d\/€7«j n ( )

where ¢, d, and ¢, are speed of light in free space, thickness of the dielectric, and rel-
ative permittivity of dielectric, respectively . As these equations show, the dominant SW
mode for this structure is 7'My mode with zero cutoff frequency. For dielectric thicknesses
on the order of Imm, and for substrates with the permittivities we are aiming (less than 5),
cutoff frequency for the next mode will be around 20 GHz which is far above the operating
frequency of GPS L1 band. Hence, it can be assumed that the only existing SW mode for
the GPS patch antennas is the 7'My mode. So we focus on this surface mode only.
At lower frequencies, where the thickness of the dielectric is small compared to the wave-
length, the effect of the dielectric is negligible and hence the dispersion diagram of the
T My mode follows a quasi-TEM mode and propagates at a speed very close to the speed of
light in free space. At higher frequencies, where the thickness of the substrate gets signif-

icant compared to the wavelength, the fields get more confined in the dielectric region and
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hence the speed of wave get more closer to the speed of the wave in the dielectric region.
Consequently, as we move from zero frequency to the higher frequencies, the propagation
constant of the surface wave changes from kg (wave number of a plane wave in free space)
to the asymptotic value of /€, ko where €, is the relative permittivity of the dielectric re-
gion [34]. Hence, because the speed of propagation for this surface mode is always less than
the speed of wave in free space, they cannot provide the phase matching condition with the
plane waves in free space and consequently do not couple to plane wave radiation and thus
will not radiate unless they reach a discontinuity or surface roughness. At our frequency of
focus (GPS L1 band), the thickness of the substrate is small compared to the wavelength
(1.57mm compared to 200mm) and thus these surface waves propagate at speed close to the
speed of light in free space. Therefore, a small perturbation can make the waves radiate.
Radiation of surface waves and also currents propagating on the ground plane of the an-
tenna cause ripples in the radiation pattern and affect the efficiency of the antenna in terms
of AR. These effects are more evident for the structures which have larger ground planes
compared to the operating wavelength. It is assumed that fields radiated by these surface
waves are the main cause of increase in the reception of cross-polarization. Hence, there
has been efforts in literature to prevent these waves from propagating and also reaching the
edges of the structure [20-23]. In [20-22], ground planes with periodic configuration is
presented. These ground planes exhibit band-gap at the frequency of operation and hence
prevent propagation of surface wave along the boundary of substrate. In [23], surface wave
fields radiated by a circular patch is derived, and using those equations, a condition is de-
rived in order to suppress the generation of surface waves by the antenna.

In this dissertation, however, instead of proceeding with the suppression of surface waves,
contribution of diffracted surface waves to the far-field cross-polarization reception of radi-

ation pattern will be studied.

3.2 Contribution of Surface Waves to the Far-Field Radiation

Circular patch antenna is chosen as the primary radiator in this thesis for the sake of sim-
plicity and symmetry of the structure. A simple circular patch antenna is simulated using
CST MWS software. The patch is excited at two points 90° apart and 90° out of phase to

generate circular polarization [3]. The antenna is simulated for two cases of finite and infi-
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nite ground planes. Antenna is simulated on FR-4 substrate with the relative permittivity of
4.3. The thickness of the substrate is 1.016mm and radius of the circular patch is 25.5mm.
Figures 3.2 and 3.3 compare the radiation pattern and axial ratio of the two antennas. The

ground plane size for the antenna with finite ground plane is 25c¢m < 25em (~ A x A).
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Figure 3.2: Normalized radiation pattern of circular patch antenna at 1.57G H z(a) finite
ground plane W = 250mm (b) infinite ground plane.

The only difference between the two antennas is their ground plane sizes. Hence, since the
SWs radiate primarily when they reach the edges of the ground plane, it can be concluded
that the difference in their radiation pattern is mainly due to the contribution of surface
wave radiation. As shown in the radiation pattern of the antennas, although contribution
of SWs is evident, the antenna with infinite ground plane still suffers from the reception
of X-polar wave at low angles. In other words, even preventing the SWs from radiating,

does not guarantee an axial ratio of better than 2dB at low angles and the axial ratio is

31



Axial Ratio (dB)
o

3t — -0

2 — =90

i — =45

— ¢=—45

0 | | | | |

-90 -60 -30 0 30 60 90
0 (degrees)
(a)

Axial Ratio (dB)

I
30 60 90

I
-90 -60 -30

0
6 (degrees)

(b)

Figure 3.3: Axial ratio of circular patch antenna at 1.57GHz(a) finite ground plane W =
250mm (b) infinite ground plane.

still needed to be reduced further at angles close to 90 degrees. It is worthy to point out
that the size of the ground plane has a direct effect on the axial ratio of the antenna. The
reason can be due to the fact that the size of the ground plane of the antenna is comparable
to the wavelength and a slight change to the size of the ground plane will change the way
edge diffracted SWs contribute to the primary fields radiated by the patch. The size of finite
ground plane presented here is not optimized for the best AR profile. As Figure 3.2b shows
for the antenna on infinite ground plane, at 90°, antenna receives RHCP and LHCP waves
equally. In other words, the polarization of the antenna is linear. It can be explained by the
fact that because of the infinite ground plane of the antenna, the ¢ component of the radi-

ated field is parallel to the ground plane and thus will be suppressed as a result of boundary
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condition imposed to the tangential fields on a conductor. Thus the poor AR is expected
at these angles; apart from considering surface wave contributions. This problem will be
discussed more quantitatively in the next section.

Although the ground plane of the antenna does not impose linear polarization at § = 90°
for the antenna on the finite ground plane, the problem still exists to some extent as it is
evident in its radiated fields in Figure 3.2a.

In the next section, the problem will be reviewed from another point of view and a solution

based on FSSs will be presented.

3.3 Field Radiated by Circular Patch Antenna

In this section, fields radiated by a simple circular patch antenna will be analyzed. Cavity
model will be used to evaluate the fields of a circular patch and then far-field radiation

pattern will be derived [3].

Figure 3.4: Circular patch on an infinite ground plane (taken from [3])

Figure 3.4 shows the model of a circular patch antenna with radius a and substrate
thickness of h. The patch is assumed to be a circular cavity with Perfect Electric Conductor
(PEC) boundary condition on the top and bottom surfaces of the cavity (representing the
patch and ground plane, respectively) and Perfect Magnetic Conductor (PMC) boundary

condition on the periphery of the patch.
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3.3.1 Cavity Fields

In order to find the fields within the cavity, for the 7'M * mode, the following wave equation

for the magnetic vector potential is needed to be solved [3]:
V2Az(p7 b, Z) + k2Az(p7 b, Z) =0 (3.3)

Then, the electric and magnetic fields is related to A, through [3]:

1 0%A, 110A,
0 g 110

E,=—j— == 3.4
P jwue 0pdz P wp 09 S
1 10%A, 10A,
Bo = opepasn: 0T o, )
2
E, = —ji o +k*) A,  H.=0 (3.6)
wpe \ 022

with the boundary condition of £, = Ey = 0 on the top and bottom surfaces of the
cavity and Hy = 0 on the periphery of the circular patch. A, can be written in general

as [3]:
A, = Bpnpdp(kpp') [A2 cos(me') + By sin(mg')| cos(k.2") (3.7

with the constraint of:

(kp)? + (k2)? = k2 = w?pe (3.8)

where J,,, () is the Bessel function of the first kind and order m, and

kp = X/ (3.9a)
P

ky = 3.9b

W (3.9b)

m=0,1,2,.. (3.9¢)

n=123,.. (3.9d)

p=0,1,2,... (3.9¢)

p',¢', and 2’ represent the fields inside the cavity. x/,,, is the nth root of the derivative

of Jp,(x). The first four values for x/,,,, are

Xi1 = 1.8412  yh =3.0542 x{; = 3.8318 %, = 4.2012 (3.10)
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Therefore, according to equation 3.8, the dominant mode for m,n = 1 and for k, = 0

or p = 0. Thus, the resonance frequency of the dominant mode can be written as [3]:

1 / 1.8412¢
()0 = <@> = (3.11)
T /IWE \ @ 2man/e,

In this analysis, fringing fields have been ignored. To account for these fields, a is

needed to be modified to effective radius, a., which can be written as [3]:

1/2
P R [m@ n 1.7726] (3.12)
TaE, 2h

The fields for the dominant mode of the patch can be written as [3]:

E,=FEy=H,=0 (3.13a)

E, = EoJi(kp') cos(¢') (3.13b)
-EO 1 A /

H,=j7j———Ji(kp)sin 3.13¢

= G (k) sin) @.130)
. EO / / /

Hy=j—J(kp')cos ¢ (3.13d)

WHo

where J{ () is the derivative of .J; (z).

3.3.2 Radiated Fields

Equivalence principle can be used to determine the fields radiated by the antenna [6]. Based
on this principle, the cavity can be replaced by equivalent electric and magnetic currents.
Then, the equivalent current can be plugged into the radiation equations to determine the

radiated fields. Cavity is replaced with electric and magnetic surface currents written as [6]:

—

J, =27 x H, (3.14a)
M, = —2a x E, (3.14b)

where 7 is the normal vector on the surface of the cavity. The subscribe a indicates the
fields on the surface of the cavity. Since the contribution of magnetic fields to the surface
currents is zero at the periphery of the disk (Hy is zero at p' = 0 and H,, is parallel to ),
and because H, and H are negligible on the top and bottom surfaces, the cavity can be

replaced with the magnetic current written as [3]:
My = —2i X Eg|py—a, = $2EoJ1(ka,) cos ¢/ (3.15)
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For far-field radiation, electric and magnetic fields can be written as [6]:

E, ~0 (3.16a)
ke dkr
By~ 7 o (Lo +1Ng) (3.16b)
ke dkr
By~ +7 o (Lo —nN) (3.16¢)
H, ~0 (3.16d)
ke IkT L
Hy~ +? j <N¢ - —9> (3.16¢)
mwr n
keI L
Hy~ -7 f <N9 + d’) (3.16f)
mwr n

where in cylindrical coordinate system,

Ny = // [J,cos0cos (¢ — ¢') + Jycosfsin (¢ — ¢') — J, sin 0] 2" ¥ ds’ (3.17a)
S

No= [[ [=dpsin (0= &) + Jycos(0 - )] = vas (3.17b)
S

LG = // [MP cos 6 cos (¢ - (b/) + Md) cos 0 sin ((]5 — ¢/) — Mz sin 9] ejk?“’ cos 1 dS/
S

(3.17¢)
Ly = // [—M,sin (¢ — ¢') + My cos (¢ — ¢')] eIkr'cost g (3.17d)
S
and
r’ costp = p'sinfcos (¢ — ¢') (3.18a)
ds' = p'dp'd¢’ (3.18b)

For the circular patch antenna with the equivalent currents given by 3.15, N = 0and

the radiated fields can be written as [3]:

E, =0 (3.19a)
k . —jkr
E, = —j% [cos ¢.Jf] (3.19b)
—jkr
B, = j]m‘fvgie [cos 0 sin ¢.Joo] (3.19¢)
T
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Jbo = Jo(kaesin ) — Jo(kae sin 0) (3.19d)
Jo2 = Jo(kaesin ) + Jo(kae sin 0) (3.19¢)

where Vy = hEyJi(kae). Although the solution ignores the effect of feeds, referring
to the Equation 3.14, the fields are derived with the assumption that the patch is excited at

¢’ = 0. For a patch excited at an arbitrary angle ¢y, the radiated fields can be written as:

kaVye Ikr
FEy = —j+ [COS ((b - (250)‘](/)2] (3:202)
k . —jkr
By = 320 (cos sin (6 — o) oo (3.20)

Consequently, for a circular patch excited simultaneously at ¢g = 0 and ¢g = 90° with

a phase difference of 90 degrees, the radiated fields may be written as:

kacVoe I*" :
Ep—— j% [Jho(cos ¢ + j sin )] (3.21a)
A
Ey, = j% [Jo2 cos O(sin ¢ — j cos ¢)] (3.21b)

Equation 3.21 is the final equation for a circular patch antenna excited to generate RHCP
wave. These equations can be used in conjunction with Equations 2.6 and 2.7, to evaluate

the AR as:

1/2
AR — X2+ 14 /X4 +1+2X2cos (2A9) / 3.22)
| X241— /XT 1+ 2X2cos (2A0) '
with X defined as:
X = |E9| — J(I)Q (COS ¢ + ] sin Qb) — J(/)2 (3 23)
|Eg| | Jo2 cos (sing —jcosg)|  Jo2 cosd '
and
Ap=2LEg— LEy=—7/2 (3.24)
thus 12
X2+1+|X% -1
AR:{X2+1—]X2—1\} (3.25)

For an antenna working at f = 1.57GHz on FR-4 substrate (¢, = 4.3, and using
Equation 3.11, the radius of the patch can be found to be a = 26.4mm. Hence, for the
given parameters, X is drawn in the Figure 3.5 for 6 between 0 and 90 degrees. As shown,

X is greater than one for all values of §. Thus, AR can be written as:
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Figure 3.5: Graph of X defined in Equation 3.23

/
J02

AR=X =
Jo2 cosB

(3.26)

Figure 3.6 demonstrates the evaluated AR. Even for the ideal case of a circular patch, as
the graph demonstrates, AR still suffers from the reception of X-polar wave at low angles.
AR goes above 2dB at § = 45° and does not meet the requirement of GPS antenna at
angles close to 90 degrees. This behaviour is expected because, as explained in the previous
section, the infinite ground plane of the antenna imposes zero electric field for the parallel
component of the radiated fields and thus the polarization is linear at § = 90°.

One important factor in the formula given by Equation 3.26 is the cos  in the denomi-
nator. Figure 3.7 represents modified AR given by Equation 3.27 which is the same as the
AR defined in Equation 3.26 with the cos 6 factor removed.

J
AR podified = J—(,ﬁ (3.27)
02

As shown, AR remains below 2dB to 90 degrees when this factor is removed. Following
the steps given to derive the equation for AR of a circular patch antenna, it can be seen
that cos 6 is an intrinsic factor in fields radiated by a circular patch. This factor is revealed
in the equation for Ey (Equation 3.21b). As Equation 3.17 shows, this factor is in the

Radiation Equations and is not specifically limited to circular patch antenna. The problem,
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Figure 3.6: Graph of AR (in dB) given in Equation 3.26
however, cannot be solved by simply removing the cos 6 factor in the F; component as it

is an intrinsic factor in the equations. But the radiated fields of the patch can be modified

before entering the far-field region to compensate the cos 6 factor in the equations.
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Figure 3.7: Graph of AR (in dB) given in Equation 3.27

The next section discusses the solution presented based on FSS structures.
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3.4 Frequency Selective Surface Approach

In this section, an approach will be presented to address the problem raised in the previous
section. As discussed, an intrinsic factor of cos 6 is present in the equation for E (3.21b).
As it is shown in Equation 3.26, this factor is responsible for the poor AR at low angles.
Although this factor may not be removed from the equation for Fy, a similar factor may be

added to the Ey component through implementing an FSS on the top of the antenna.

3.4.1 FSS Design

The purpose of designing the FSS is to place it on the top of the antenna in order to alter
the fields radiated by the antenna. The FSS will be designed to add a factor of cos 8 to the
Ey and leave E; unchanged. Consequently, the FSS is needed to behave differently with
respect to Fy and Ey as the 6 changes. Hence, the goal is to place the FSS in circular ar-
rangement to manipulate Fy and Ey differently. Our choice of FSS is the non-resonant FSS
described by [2] with the non-resonant FSS definition given in Section 1.3.2. As shown
in Figure 3.8, the FSS is comprised of two capacitive and one inductive layers. The FSS
is required to be transparent at the GPS L1 frequency band. Hence, one resonance fre-
quency with 100MHz of bandwidth would be the desired frequency response of the FSS. A
three layer FSS, composed of two capacitive and one inductive layer, provides us with one
resonance frequency and the required bandwidth, as will be shown in the next figures.

The goal is to change the FSS parameters for different angles of incidence so that the
cos 6 pattern can be achieved for the magnitude of Ejy. The FSS shown in Figure 3.8 can be
modeled by the lumped element network shown in Figure 3.9 with the capacitive patches
replaced by a capacitor and and inductive layers modeled by an inductor. The substrates
can be modeled by transmission lines. Since the thicknesses of the substrates are much
smaller than the wavelength, the transmission line models can be replaced with their lumped
element network as shown in Figure 3.9b [2].

For the capacitive patches inside the medium with relative permittivity of €, , equivalent

network elements for the two TE and TM polarizations can be written as [35]:

2 1
Cpar = 220 1n< : m) (3.282)
s S1n o5
2 1 K
Crp =D [ ——— | |1 - 5L sin®6 (3.28b)
™ sin gy kZpp
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Figure 3.9: Equivalent network of the non-resonant FSS (a) dielectric layers modeled by
transmission lines (b) transmission lines replaced by lumped element equivalents.

And for the inductive grids, the equivalent inductance can be written as [35]:

1 2 2
Lrar = 2V ( - ) |- Ko sinf (3.292)
2 sin 5y keff 2
1
Loy = 1V ln( : m) (3.29b)
7T S1n DYi7d

With the parameters defined in Figure 3.8. kj is the free space wave number and k.

is the the wave number in the dielectric region. L’ and C” can be written as ( [2]) L' = poh
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and C" = ege,h/2, respectively. For the equations given for network elements, and using
Equations 2.3 and 2.5, S-parameters of the equivalent network can be derived. Since the
FSS is required to be transparent at f = 1.575GHz only, with no strict limitation on the
bandwidth, the parameters of the FSS can be found to have the resonance frequency at
f = 1.575GHz. The substrates are Taconic RF-43 materials (¢, = 4.3) with the standard
thickness of 1.57mm. Hence, with the equations given for the capacitance and inductance
of the FSS, and similar to the Section 2.1.1, transmission properties of the FSS can be
derived. Analytical model can be used to find the closest design parameters. Then tuning is
performed to obtain the best parameters for the desired behaviour of the FSS. Figure 3.10
compares the S-parameters of the FSS using analytical model and also using simulations
with the geometrical parameters given in Table 3.1. The model is simple and does not take
into account the effect of mutual coupling between the layers. A series capacitor can be
included in the model between each two adjacent layers to account for the mutual coupling
of the layers. Moreover, for the sake of simplicity, capacitance of inductive layers and also
inductance of capacitive layers have been ignored. There is good agreement between the
analytical and simulation results with the considerations given above. The FSS has been

simulated using CST Microwave Studio.

Parameter w t1 to S1 S9
Value 15.7mm | Imm | Imm | 1.52mm | 1.52mm

Table 3.1: Physical properties of non-resonant FSS unit cell

The size of the unit cell is chosen so that to have as many number of unit cells as
possible on the antenna while keeping other parameters of the FSS reasonable. Parameters
given in Table 3.1 are to demonstrate the behaviour of the FSS versus frequency. In the next
subsection, design procedure of the FSS will be described to obtain the aforementioned

behaviors for Ey and Ey.

3.4.2 Tapering procedure of the FSS

As discussed earlier, since the antenna has circular symmetry, the FSS will be distributed in
circular arrangement on the top of the antenna, as shown in Figure 3.11.
Since the FSS is in close proximity of the antenna, an appropriate analytical model of

the Circularly Arranged FSS (CAFSS) for the incident waves of the antenna is a pretty
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Figure 3.10: Comparison between the simulation and analytical model of FSS transmission
properties for normal incidence.

Antenna !

Figure 3.11: Expanded view of the FSS in circular arrangement on the antenna.

tough to obtain. On the other hand, parameters of CAFSS cannot be obtained using soft-
ware simulation because the boundary condition of the each unit cell does not maintain as
we move from one circle to another and Rectangularly Arranged FSS (RAFSS) can only be
simulated in the unit cell simulation of the software. Since the FSS is circularly distributed,
the TE and TM plane wave incidence polarizations in the unit cell simulation of FSS (rect-

angular coordinates) correspond to the £/ and £y of CAFSS, respectively (see Figure 3.12).
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Hence, the following procedure will be pursued to find the appropriate parameters of the

CAFSS.

e Derive the RAFSS parameters for different angles of incidence to obtain the cos 6

and unity transmission coefficients for TM and TE polarizations, respectively.

e Use the derived RAFSS parameters for CAFSS for each row of unit cells correspond-
ing to its closest angle of incidence. (Assuming that the wave is emanating from the

edge of the patch antenna and then reaching the FSS.)
e Extract the far-field results of the structure.
e Tune the CAFSS parameters.

e Repeat the last two steps to obtain the desired cos @ pattern for the /g component.

(b)

Figure 3.12: Electric fields incident on the FSS (a) on RAFSS (b) on CAFSS

Table 3.2 demonstrates the parameters of the RAFSS for different angles of incidence.
Parameters are chosen so that the FSS exhibit transmission coefficient of cos § and unity
for TM and TE modes, respectively. Ty and Trg are the transmission coefficients for
the TM and TE polarized electric fields, respectively. The parameters not mentioned in this
table are the same as those presented in Table 3.1.The subscribes 1 and 2 refer to TE and
TM modes, respectively.

In the next section, the RAFSS will be implemented in CAFSS form on top of the
antenna and then the parameters will be tuned to achieve the required pattern of Ey and Ey

versus 6.
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Angle of Incidence | ti(mm) | to(mm) | si(mm) | sa(mm) | cosO | Tryr | Tre
0 =0° 1 1 1.52 1.52 1 1 1
0 =10° 1 1 1.52 1.6 0.98 | 0.94 | 0.96
0 = 20° 0.95 1.1 1.52 1.6 0.93 | 0.89 | 0.97
0 = 30° 0.95 1.1 1.4 1.8 0.86 | 0.77 | 0.98
0 = 40° 0.9 1.1 1.3 2 0.76 | 0.71 1
6 = 50° 0.9 1.3 1.3 23 0.64 | 0.57 | 0.97
0 = 60° 0.85 1.4 1.3 29 0.5 0.47 | 091
6 =710° 0.8 2 1 4 0.34 | 0.36 | 0.99
6 = 80° 0.5 3.5 0.65 7.8 0.173 | 0.18 | 0.99

Table 3.2: Physical properties of non-resonant FSS unit cell

3.5 CAFSS on Top of The Antenna

In this part, the FSS presented in the previous part will be implemented in circular arrange-
ment represented as CAFSS. Since there is restrictions on the overall size of the antenna,
only limited number of unit cells will be implemented on the structure. Although the FSS
is simulated with the assumption that there are infinite number of unit cells present, it will
be shown that a few rows of unit cells provide the required behavior for the incident wave

of the patch antenna.

3.5.1 Implementation

Figure 3.13 shows the view of the FSS distributed in circular shape. Figures 3.13a and
3.13b show the capacitive and inductive layers, respectively. The goal is to maintain the
periodicity of the FSS along the ¢ and r directions. Thus, the number of cells increases as
we move from inner to outer rows.

Figure 3.14 shows the side view of the CAFSS and antenna. r; is the distance of the
ith row of FSS from the center. W, is the width of each row of FSS and h is the spacing
between the antenna and the FSS. The goal to evaluate closest 8; for each row of the FSS.

Thus, assuming that the fields are emanating from the edge of the patch antenna, 6; can

0; = tan ! <TZ_RP>
hy

T‘Z':Wr’i

be found as follows:

(3.30)

and 7; can be written as:

(3.31)
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(a) (b)

Figure 3.14: Side view schematic of the CAFSS on the antenna.

Hence,

9, = tan~"! (u) (3.32)
hg

In order to maintain the phase of the wave in all of the directions, the spacing between
the antenna and the FSS is required be filled with the same material as the antenna substrate
and FSS. A greater spacing results in a better performance since 6; does not greatly change
from one row of FSS to another. A large /¢, however, increase the size of the antenna which
is undesirable for many applications. Hence, h is needed to be kept as small as possible

while the required performance of the FSS can be achieved. For our case, with the RF-43
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material, by is chosen to be 6.35mm. As stated earlier, our choice of W, is 15mm. Given

these parameters, 0; for each row of FSS can be found as:

f; = —55.38° (3.33a)
Oy = 42.4° (3.33b)
03 = 73.02° (3.33¢)
04 = 79.94° (3.33d)
05 = 82.87° (3.33¢)

For the values 0; given in Equation 3.33, and using values of Table 3.2, required param-
eters of the CAFSS can be derived. Table 3.3 shows these parameters with the parameters

defined in Figure 3.13.

RowNumber |1 =1 |i=2|t1=3|i1=4]i=5
tri(mm) 135 | 13 | 25 3 3.2
( ) 0.76 | 0.84 | 0.68 | 0.55 | 0.54

Spi(mm) 13 | 13 [ 095 ] 065 | 06
(mm) | 245 | 185 | 5 7.8 8

Table 3.3: Parameters of CAFSS

The parameters of the first row of FSS is greatly different from the other rows and does
not satisfy the boundary condition of unit cell as it is at the middle of the FSS. Moreover,
the first row has a great effect on the properties of the patch antenna and affect the radiation
properties of the antenna. Thus, the antenna and the FSS will exhibit a better performance
when the first row of the FSS is removed in terms of the input impedance and also the AR.
Figure 3.15 shows the structure of the antenna and CAFSS with and without the first row
of the CAFSS. The parameters are those given in Table 3.3.

Figure 3.16 shows the simulation result of AR for the structure at four different planes.
As shown, AR is improved compared to the antenna with the infinite ground plane. How-
ever, AR still is needed to be improved to satisfy the requirement of the GPS system. Figure
3.17 demonstrates |Ey|/|Ey| for different angles. The best AR is achieved when this ratio

approaches unity because the phase difference of the Ejy and E 4 remains relatively constant
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(a) (b)

Figure 3.15: Simulation view of the structure with the parameters given in Table 3.3 (a)
complete CAFSS (b) first row of CAFSS removed .

about 7 /2 over different angles. In the next step, the parameters of the CAFSS will be tuned
to improve the | Ejy|/|Ey| ratio and hence improve the AR at all of the angles.
The next sub-section discusses the final parameters of the structure along with the sim-

ulation results.

3.5.2 Simulation Results

Table 3.4 shows the final parameters of the CAFSS starting from the second row. The

parameters are adjusted for the best AR at all of the planes.

RowNumber | 1 =2 |1=3|1=4 | 1=

tpi(mm) 1 2 22 3

t g (mm) I 1 | 085 | 0.65
Spi(mm) 1.5 1.45 | 1.35 1.2
Sgi(mm) 2 2.9 4 7.8

Table 3.4: Final parameters of CAFSS

To generate the CP wave, the patch antenna is excited at two points 45° apart with 90°
phase difference. A 90° hybrid phase shifter and power divider in circular shape is used
to excite the patch antenna and generate CP wave. Design procedure of the 90° hybrid

network as well as the simulation results will be discussed in the next section.
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Figure 3.16: AR of the structures shown in Figure 3.15 with the tapering parameters given
in Table 3.3(a) complete CAFSS (b) first row of CAFSS removed .

Figure 3.18 shows the simulation result of the radiation pattern of the patch antenna with
CAFSS, for the parameters given in Table 3.4. AR at different planes are shown in Figure
3.19. As shown, the final structure exhibits AR of better than 2dB at angles up to 100°.
Figure 3.20 shows the ratio of |Ejy|/|Ey| at different angles. The ratio remains relatively
constant about unity. Figure 3.21 shows the proximity of the profile of cos 6 function to the
analytical cos 6 function. Referring to Equations 3.26 and 3.27 for AR and AR,,0dificd
the profile is calculated by dividing AR of the final structure with the CAFSS by the AR
of the antenna alone without any FSS, on the infinite ground plane. Although there are
many simplifications considered in evaluating the profile, there is still good match with the
analytical cos 6 function.

AR and radiation pattern evidently express the effect of the CAFSS on the improvement
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Figure 3.17: Ratio of |Ey|/|Ey| of the structures shown in Figure 3.15 with the tapering
parameters given in Table 3.3.

of the AR of the patch antenna at the angles close to 90°.

Figures 3.22 and 3.23 show the simulation results for the gain and radiation efficiency of the
antenna for the two cases of the antenna alone and also antenna combined with the CAFSS.
Evidently, combining the antenna with CAFSS has resulted in the increase of the gain of
the antenna. This can be due to the fact that the physical aperture of the antenna has been
increased by putting the CAFSS on the antenna. Therefore, the increase in the gain of the

antenna may be expected.
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Figure 3.18: Simulated radiation pattern of the antenna with CAFSS combined with the
power divider. Solid lines and dashed lines represent RHCP and LHCP waves, respectively.
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Figure 3.19: Simulated AR of the final structure with the parameters given in Table 3.4.

3.6 Other Measures of the Antenna

Beside the parameters discussed and evaluated in previous sections, there are other pa-
rameters defined for the GPS antenna which describe the sufficiency of the antenna signal
reception. These parameters are Phase Center (PC) and Up/Down Ratio (UDR) and are

conventionally used to assess the performance of the antenna.
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Figure 3.20: Ratio of |Ey|/|Ey| of the final structure with the parameters given in Table
3.4.
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Figure 3.21: cos 6 profile achieved for the CAFSS used. Dashed line is the cos 6 function
and solid lines are the profiles found by the radiated fields of the antenna at different angles.

3.6.1 Phase Center

Referring to [36], phase center is defined as ”The location of a point associated with an an-

tenna such that, if it is taken as the center of a sphere whose radius extends into the far-field,
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Figure 3.22: Simulation results for the gain of the antenna versus frequency. Solid and
dashed lines are the results for the antenna with CAFSS and antenna alone, respectively.

o
koA
>
2 -1r §
o
kS
i
S _15l =o— Antenna with CAFSS |
g ~| | = ®=Antenna Alone
& ___-."0"o """ '°'"'~-o....
JPE 2 -0
-2 - ]
“”‘
cr"‘
-25 L L L | I |
1.54 1.55 1.56 1.57 1.58 1.59 1.6 1.61

Frequency (GHz)

Figure 3.23: Simulation results for the radiation efficiency of the antenna versus frequency.
Solid and dashed lines are the results for the antenna with CAFSS and antenna alone, re-
spectively.

the phase of a given field component over the surface of the radiation sphere is essentially
constant, at least over that portion of the surface where the radiation is significant.”. Based
on this definition, the PC location of the GPS antenna is required to remain constant over
the bandwidth as it is the indication of the actual place of the antenna and measurements

of the location of the receiving antenna are based on the phase center location. Figure 3.24
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shows the location of PC over the bandwidth. As demonstrated, PC movements are on the

order of few millimeters which is below the requirement of the GPS system.

-05 _g4 -03 -02

Figure 3.24: Phase center displacement of the antenna versus frequency.

3.6.2 Up/Down Ratio

Up/Down Ratio (UDR) is defined as the ratio of the RHCP gain of the antenna and upper
hemisphere at the angle 6 divided by the LHCP gain of the antenna at the same angle at the
lower hemisphere [7]. It can be written as [22](See Figure 3.25) :

Grucp(9)

UDR= —"—"F"——~"—
Grucp(m —0)

(3.34)

Using this definition, the ratio is evaluated and shown in Figure 3.26 for different planes.

As shown, the antenna exhibits a UDR of better than 20dB at all of the angles.

3.7 Effect of the Size of CAFSS

As indicated in Figure 3.15, the CAFSS discussed in this chapter contains three and a half
of rows of CAFSS. However the design procedure discussed in this chapter is not limited
to this number of rows for the CAFSS and the procedure can be simply assigned to larger
CAFSSs. In this section, the number of rows of CAFSS is increased by one and the design

parameters are derived for the larger CAFSS. Since the structure with smaller profile is
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Figure 3.26: Up/Down Ratio (UDR) of the antenna evaluated at different angles.

desirable and all the required features are derived for the antenna, the CAFSS designed in
previous sections is considered as the final structure and the larger CAFSS is only evaluated
for the sake of parametric study.

The structure shown in Figure 3.27, shows the view of CAFSS with the number of rows
increased by one. The required parameters of the CAFSS can be found using Equation
3.32. These parameters may be used as the starting point to find the best values for CAFSS,
as stated earlier. Table 3.5 shows the final parameters of CAFSS after tuning the parameters

of the CAFSS for the best axial ratio.
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Figure 3.27: View of the structure with the increased number of rows of CAFSS.

RowNumber |1 =1|i=2|1=3|i=4|1=5|1=6
t,i(mm) 135 | 1.3 [ 213 | 24 | 29 | 29
(mm) 1 | 084 | 0.84 | 0.68 | 0.55 | 0.55

Spi(mm) 13 | 1.3 | 095 | 065 | 06 | 06
(mm) 13 [ 185 5 | 577 ] 63 | 63

Table 3.5: Parameters of CAFSS

The biggest changes are to the last row of CAFSS since there is an obvious change to
the periodic boundary condition for this row. Simulation results for the structure and the
parameters given is shown in Figures 3.28 and 3.29 for the axial ratio and the radiation
pattern of the antenna, respectively. Axial ratio of better than 2.1dB is achieved at angles
up to 140 degrees at all of the planes. The gain of the antenna is 6.9dB and the diameter
of the structure is 18cm (~ ). The number of rows for the CAFSS cab still be increased
further. However, we stop at this step and leave a more comprehensive study on the size of
CAFSS to future as all of the requirements demanded are attained by the CAFSS with 3.5
rOwsS.

For a smaller CAFSS, with less number of unit cells, a desirable response cannot be

achieved both in terms of input impedance and radiation pattern. It can be due to the fact
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Figure 3.28: Simulation result for the axial ratio of the structure with increased number of
rows in CAFSS.
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Figure 3.29: Simulation results for the radiation pattern of the structure with increased
number of rows in CAFSS.

that the FSS is a periodic structure and hence in order to draw the desired behaviour from
the FSS, there must be enough number of unit cells. For the CAFSS with less number of
unit cells, the FSS hardly act as a transparent superstrate at the desired frequency and thus

affect the radiation pattern features as well as the input impedance of the antenna.
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3.8 Effect of Proximity to the Ground

Since the GPS antenna is usually mounted on grounded based stations, it is covered by the
ground on one side. Thus, it is important to evaluate the effect of proximity to the ground
in order to make sure that the antenna provides the required performance under common

terrestrial circumstances.

Antenna combined with
CAFSS

Ground

W
g

Figure 3.30: Simulation results for the radiation pattern of the structure with increased
number of rows in CAFSS.

A ground plane with the size of 2\ x 2\ is placed on the ground plane side of the
antenna at a distance d from the antenna (see Figure 3.30). Figure 3.31 shows the ax-
ial ratio of the antenna for different distances from the ground, at four different planes
(¢ = 0,90,45, —45). As shown, for distances larger than 2\ (~ 40cm), the axial ratio of
the antenna can be guaranteed to maintain its regular behaviour as there is no ground on
one side of the antenna.

Figure 3.32 demonstrates the effect of increasing the ground plane size for different ground
sizes, Wy = 2, 3\ ,and 4 (see Figure 3.30). As shown, increasing the size of the ground
plane, while keeping its distance constant from the antenna, can still affect the performance

of the antenna.
In conclusion, since the axial ratio of the antenna is a sensitive parameter, appropriate con-

siderations are needed to be taken into account when designing and mounting the antenna

on any plant.
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Figure 3.31: Axial ratio of the antenna for different distances from the ground with the size

of 2X x 2\ (a)p = 0° (b)¢ = 45° ()¢ = 90° (d)¢p = —45°

3.9 90° Hybrid Phase Shifter

Figure 3.33 shows the schematic of a 90° hybrid. S-parameters matrix of the the network

can be written as [4]:

0j 10
1157001

[S]_ﬁ 10 0 j (3.35)
01350

As the S-parameters matrix of the network shows, when excited at port 1, the power
divides between ports 2 and 3 with a phase difference of 90° and no power couples into
port 4. Ports are connected through four branches of quarter wavelength transmission lines
with characteristic impedances of Zy and Z;/ V/2 where Zj is the characteristic impedance
of the system where all the ports have to be matched to. Basics of the design are discussed
in details in [4].

For our application, we require the 90° hybrid be adequately adjusted for the circular shape

of the structure. Hence, the power divider is designed in circular shape (similar to the one
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Figure 3.32: Axial ratio of the antenna for different ground sizes at the distance 2\ away
from the antenna (a) W, = 2\ (b) W, = 3X (c) W, = 4\
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Figure 3.33: Schematic of 90° hybrid (taken from [4]).

presented in [22]). The network is shown in Figure 3.34. The circle of the network is com-
prised of four quarter-wavelength microstrip lines placed consecutively with characteristic
impedances of Zy and Zy/+/2. Thus, the circle has the perimeter of one wavelength. For
the substrate with the relative permittivity of 4.3 and thickness of 0.79mm, the effective
permittivity can be found to be 3.27. Thus the effective wavelength for the transmission
line (A\cf ) is 10.57cm and Ry, radius of the 90° hybrid, is 16.8mm. The structure will be
designed for 502 system. Therefore, W and W5 can be found to be 1.54mm and 2.63mm,
respectively. Simulation results for the S-parameters of the 90° hybrid is shown in Figure

3.35. Figure 3.36 shows the transmission phase difference for ports 2 and 3.
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Figure 3.34: 90° hybrid in circular shape
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Figure 3.35: Simulation results for the S-parameters of the 90° hybrid shown in Figure 3.34

In the next step, the power divider is combined with the antenna. The patch antenna is
excited at point 15mm from center of the patch for the patch radius of 25mm. The CAFSS

affects the impedance of the patch antenna and hence the resonance frequency and thus,
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Figure 3.36: Transmission phase difference between ports 2 and 3

these parameters are derived by tuning the parameters. S-parameters of the final structure
is shown in Figure 3.37. 90° hybrid is combined with the patch antenna and CAFSS with
port 1 defined as the input port of the power divider and port defined as the isolated port of
the power divider (see Figure 3.38). At the resonance frequency of the patch antenna, the
input impedance of the antenna is 502 and thus power transmits to the input ports of the

patch antenna and no power goes through the isolated port of the 90° hybrid.
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Figure 3.37: S-parameters of the 90° hybrid combined with the antenna and CAFSS
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Figure 3.38: Back side view of the final structure; power divider combined with the antenna
and CAFSS.

3.10 Conclusion

In this chapter, one of the problems with current GPS antennas was discussed. While the
problem has been assumed to be primary due to the radiation of surface waves reaching the
edges of the ground plane, it was shown that there is another important factor playing role
in the corruption of AR at angles close to 90°. It was shown that this factor is an intrinsic
factor of the structure which is caused by the basic radiation equations for an arbitrary an-
tenna aperture radiating fields into the space. In this chapter, the approach to the problem
was to introduce an FSS on the top of the patch antenna to form the Ey and Ey compo-
nents of the fields radiated by the patch antenna. The FSS was placed in the reactive region
of the antenna (a sphere of radius of about 90mm around the antenna for the dimensions
given in this chapter) to keep the profile of the antenna small and still appropriate for many
contemporary applications. Although the goal was to introduce a factor of cos @ to the Ejy
component, the CAFSS can be adequately tuned to achieve the best profile for the radiated
fields to achieve the best AR at all of the planes and not necessarily the cos  profile.

Obviously, the CAFSS presented in this chapter is not limited to the GPS application. The
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approach presented can be easily applied to all the other applications requiring shaping the
radiated fields of an antenna or an aperture before reaching the far-field region. Moreover,
the method can be implemented in various shapes like CAFSS, RAFSS, and SAFSS (Spher-
ically Arranged FSS) , depending on the geometry of the problem and form of the radiated
fields.

In this solution, the focus was only placed to solve for the intrinsic factor in the radiated
field and surface wave suppression was neglected. However, the solution is still promising
even though radiation from surface waves still exists. In the next efforts, the CAFSS may
be appropriately designed to exhibit band-gap properties besides its transmission properties
so as to suppress the radiation from the surface waves. The result of such modification will
most probably be reduction of back lobe radiation of the antenna as the diffracted waves
from the edge of the ground planes are responsible for the reception from back of the an-
tenna.

The structure can be simply implemented in various applications as it is excited on its back

from one port and matched at the other port of the power divider.
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Chapter 4

Conclusion and Future Work

In this chapter, we first summarize the contributions of this dissertation and conclude our

work. Then, new problems are described for future research directions.

4.1 Overall Contributions

This dissertation discussed two separate, however relevant, problems with the contemporary
antennas radiating CP wave. The approach to both of the problems was to integrate the
antenna with FSS structure. While these structures are conventionally used as spatial filters
for plane wave incidence, in this thesis, these structures are manipulated to both behave
as a spatial filter and shape the radiated field of the antenna. This shaping can either be
in magnitude or phase or both the magnitude and phase of the waves passing though the
FSS. For the two applications of FSS discussed in this thesis, phase or magnitude of the
transmitted wave is altered to achieve the desired behaviour. Although these two parameters
cannot be changed and kept uncorrelated, the goal is to adjust one while keeping the changes
of the other so that it does not result in huge changes of the desired radiation properties of

the antenna.

4.1.1 Bidirectional Same Sense CP Wave Antenna

As discussed in Chapter 2, a bidirectional CP slot antenna was combined with the PCS.
While the antenna radiates different senses of polarizations on each side, it radiates same
sense of polarization on both sides of the ground plane when combined with the PCS. The
role of the PCS in fact is to change the sense of the polarization as it passes through the

PCS. To do so, the phase of the transmitted wave is adjusted while other parameters of the
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wave is remained unchanged. The phase change discussed in this chapter is limited to 180°
phase shift for one of the two perpendicular polarizations incident on the FSS. Since both
the thickness and periodicity of these structures are much smaller than the wavelength, it is
harder to attain other values for the change in the phase of the transmitted wave except for
tiny values of phase change added to the 0° or 180° phase change of the wave by changing
the physical parameters of the PCS. It should be kept in mind that the PCS is still required
to demonstrate transparency at the desired frequency and not to introduce considerable loss
to the transmitted wave unless it is purposefully demanded.

For the JC slot PCS presented in Chapter 2, other applications can also be imagined for
other types of polarizations besides the CP wave application discussed in this thesis. For
instance, for a linearly polarized (LP) wave incident on the PCS with the direction of the
polarization inclined by 45° along the two directions of the PCS, with the same parameters
of the PCS, the transmitted wave will undergo a rotation of the direction of polarization by
90¢ as a result of 180° phase change for one of the two linear polarizations along the PCS
axes.

For the purpose that the antenna is designed, the structure is needed to be kept as small as
possible and since the frequency of operation is within the L-band (1.575GHz), the wave-
length of the wave is about 20cm. Thus the PCS is required to be placed at the close
proximity of the antenna (reactive region). To exhibit the same transmission properties of
PCS for higher angles of wave incidence, JC slot FSS is chosen as it is stable with regard
to the angle of incidence at the angles up to 70°. Although there are many simplifying as-
sumptions associated with the design procedure discussed in this thesis, the final simulation
and measurement result are a demonstration of proof for the validity of the design proce-
dure presented. An appropriate analytical model unifying the effect of both the FSS and the

antenna, however, can help us in improving the radiation properties of the final structure.

4.1.2 Antennas with Low Susceptibility to Low Angles

Chapter 3, discussed an application of FSS for the GPS antennas for which the axial ratio
is needed to be improved at the angles close to 90° off the broadside direction. Again, to
keep the whole structure as small as possible, the FSS is placed at the reactive region of the
antenna. In contrast to the application discussed in the previous section for changing the

phase of the transmitted wave, this chapter discussed changing the magnitude of the trans-
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mitted wave versus different angles waves incident on the FSS. In other words, the FSS is
tapered for different angles of wave incidence. The goal was to address one of drawbacks
associated with current GPS antennas. As discussed in Chapter 3, to diminish the effect of
one of the factors intrinsic in radiation equations responsible for the corruption of axial ratio
at low angles, magnitude of the radiated field of the antenna was manipulated differently for
the two perpendicular linear polarizations before reaching far-field region of the antenna.
Again, with all of the assumptions made for designing the final structure, simulation results
of the axial ratio of the antenna demonstrate the validity of the procedure given to design
the FSS.

As mentioned in Chapter 3, the problem is assumed to be solely due to the radiation of sur-
face waves at the edges of the ground plane and generated by the patch antenna. Solutions
available in the literature are based on suppression of surface waves. Our approach to the
problem, however, was to adjust radiated fields of the antenna and the effect of the surface
waves was ignored. Although the final result is still promising even with the existence of
surface waves, suppressing the radiation of surface waves can improve the efficiency of
the antenna further especially back-lobe radiation of the antenna which is the direct conse-
quence of the diffracted fields at the edges of the ground plane.

The procedure presented in Chapter 3 for designing the CAFSS is based on the assump-
tion that the CAFSS and RAFSS behave similarly in terms of transmission properties. This
approach was chosen because analytical model available for the RAFSS cannot be simply
applied to CAFSS as the properties and boundary conditions of the FSS changes as we move
along the radius the CAFSS. Moreover, simulation setup with periodic boundary condition
cannot be deployed to simulate CAFSS. Thus, although the design of the CAFSS requires
more accurate and better analytical and simulation setup, existence of such models can ev-
idently improve the final results and also ease of whole structure design. With the presence
of such model, however, the mutual effect of the antenna and the FSS still is needed to be

considered adequately.

4.2 Future Research Directions

While there have been a great deal of research on the FSS structures and their application
in literature, most of the efforts have been on the frequency response of the FSS and also

power handling capability of the FSS. As demonstrated in this thesis, however, the FSS can
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be combined with the radiating element to alter the radiation properties of the antenna and
derive interesting features out of the final structure. Thus, this set of structures can open
a new window in addressing current limitations in the contemporary wireless and satellite

systems. In what follows, a few of the research problems will be defined for future studies.

4.2.1 Dual-band Bidirectional Same Sense CP Antenna

The structure presented in Chapter 2 is designed to work at single frequency band. Many of
the current systems, however, require an antenna to perform at multiple frequency bands.
As discussed in Chapter 2, the FSS was designed to exhibit 0° and 180° phase shifts for
the two perpendicular polarizations in order to change the sense of the polarization. As
implied in that chapter, for an FSS exhibiting multiple resonance frequencies (for LP wave
incidence), as we move from one resonance frequency to the next one, a phase shift of 180°
will be added to the transmission phase of the wave passing through the FSS. Hence, it
might seem impossible to attain a phase shift of 0° for transmission phase of one of the LP
waves and 180° for the other LP wave at two frequencies. As long as the change of the
sense of the CP wave is important, the property can be achieved by introducing the 0° and
180° for the two LP waves at the two frequencies interchangeably. In other words, if the
FSS exhibits 0° and 180° shifts for x-directed LP wave for instance at the lower and upper
frequencies, respectively, it should demonstrate 180° and 0° phase shifts at the lower and
upper frequencies, respectively, for the y-directed LP wave passing through the FSS.

Designing such structure, however, requires larger FSS as a third resonance frequency is
needed to design for both of the frequencies. But the FSS is not limited to JC slot FSS and
any other shapes of FSS (either resonant or non-resonant) that best fits the requirements of

the system can be used to design the FSS.

4.2.2 Dual-band CP Antenna with Low Susceptibility to Low Angles

Similar to dual-band bidirectional antenna, the structure discussed in Chapter 3 can also
be designed for two frequencies as it is required by the antennas operating at GPS L1 and
L2 bands. Since the proposed FSS is non-resonant, more layers of capacitive and inductive
layers will be required to exhibit double resonance frequencies. Increasing number of layers
of the FSS may result in undesired angular dependency of FSS as a result of close proximity

of the antenna and the FSS. Important hint in the design of the FSS is to appropriately taper
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the FSS so that it exhibits the same angular dependency at both of the resonance frequencies.

4.2.3 Surface Wave Suppressed Antenna with Improved Axial Ratio

One of the potential future research works could be an extension to the work done at Chap-
ter 3. As discussed, for the structure presented, unlike the precedent works in this field, only
the intrinsic factor present in the radiation equations was modified and there was no focus
on the surface waves. Mitigating the effect of surface waves radiation at the edges of the
ground plane, however, can improve the antenna performance in terms of axial ratio, sus-
ceptibility to surrounding area, and back-lobe radiation. Among various methods present in
literature for removing the radiation by the surface waves, two methods can be applied to
the combination of the antenna and CAFSS presented in Chapter 3. One is to stop antenna
from generating surface wave modes by appropriately design the patch antenna (increas-
ing the size of the patch and introduce vias at the required radius), as discussed in details
in [23]. Other method is to introduce a periodic structure beside the antenna which exhibits
bandgaps at the frequency of operation and thus can stop propagation of surface waves at
the boundary of the dielectric and free space. To do so, either a separate periodic structure
(basically EBG), in addition to the CAFSS, can be designed with the appropriate bandgap
behaviour or the CAFSS may be modified to exhibit band-gap property for the propagation
of surface waves along its interface with free space in addition to its basic property of be-
ing transparent for the propagation of antenna radiated fields and demonstrate the desired
dependency versus angle of incidence. Either of the suggested methods has its own chal-
lenges. The former increases the complexity of the whole structure which elaborates the
both the design procedure and the simulation process. The latter, even though with the less
level of complexity, requires adequate model and design procedure to exhibit both of the

aforementioned properties simultaneously.

4.2.4 Analytical Modeling of CAFSS and FSS Placed Close to the Antenna

As a general future work, deriving analytical model of each of the structures discussed in
previous chapters can obviously improve the final performance of the structure. The FSS
structures discussed in this thesis are designed assuming plane wave incidence. The sim-

ulations are done using periodic boundary condition which the excitation is also based on
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plane wave incidence. The deployment of the FSS, however, is in reactive region of the
antenna; the spot where the plane wave incidence may not be valid. Although the FSS pre-
sented in Chapter 2 can be modeled using lumped element equivalent network, the mutual
effects of the FSS and the antenna is needed to be considered separately. Being close to the
antenna, the FSS has a great effect on both the input impedance and radiation properties of
the antenna. Hence, existence of such model can help us improve the performance of the
structure presented in Chapter 2.

For the CAFSS combined with the antenna, however, the process of modeling the structure
is more complicated since the FSS is arranged in cylindrical format. Besides the mutual
effect of the antenna and FSS mentioned in previous paragraph, the CAFSS also needs to
be modeled for cylindrical wave incidence. A similar method to [37, 38] may be used to
analyze the CAFSS. But it should be pointed out that in these references the structure is de-
signed under the surface wave propagation assumption. For our case, however, the CAFSS
is excited by plane wave from bottom of the CAFSS and unlike surface waves, the propaga-
tion direction has component along the normal vector of the CAFSS plane. Consequently,
those approaches cannot be directly applied to our problem and more considerations are

required to appropriately model the CAFSS.
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