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Abstract

The Dielectric Resonator Antennas (DRAs) have received wide attention due to
low loss, high radiation efficiency, small size, wider bandwidth and simple feed net-
work as compared to the microstrip antennas. Microstrip antennas have many chal-
lenges such as low radiation efficiency, high conductor loss, poor polarization purity,
multiple frequency bands and multiple polarizations with a large footprint area of

the antenna, low gain and narrow bandwidth.

The existing design techniques for tri-, dual- and single-band DRAs reported in
the literature have various limitations such as ground plane area of DRA, volume
of Dielectric Resonator (DR) and DRA not sufficient for small physical area appli-
cations, realization of Circular Polarization (CP) over large ground plane area and

unavailability of single DR geometry with multi-mode for multi-band applications.

In this thesis, compact CP tri-band (L5, L1 and S-bands) staired Rectangular
Dielectric Resonator Antennas (RDRAs) (two port, single port) using tri-, dual-
and single-sections Wilkinson Power Dividers (WPDs) with wide-band 90° phase
shifters are designed, analyzed, fabricated and tested. These tri-band RDRAs are
used in Indian Regional Navigation Satellite System (IRNSS) and GPS-Aided GEO
Augmented Navigation (GAGAN) applications. The ground plane footprint areas of
tri-band RDRAs and volumes of staired Rectangular Dielectric Resonators (RDRs)
are significantly reduced by using high dielectric constant of DR materials and high
dielectric constant of dielectric substrates. The broadside radiation patterns of tri-
band RDRAs are produced by TFEY,;, TE{,5 and TE{;5 modes for L5, L1 and
S-bands, respectively. Various parameters of tri-band RDRAs like return loss, Right
Hand Circularly Polarized (RHCP) - Left Hand Circularly Polarized (LHCP) radia-



tion patterns, RHCP gains and axial ratios are analyzed and measured.

Compact CP dual-(L5 and L1) and single-band RDRAs are designed, analyzed,
fabricated and tested using feed networks of dual- and single-sections WPDs with
wide-band 90° phase shifters. The miniaturized volumes of RDRs and ground plane
areas of dual- and single-bands RDRAs are achieved using high dielectric constant
of DR materials and high dielectric constant of dielectric substrates. The broadside
radiation patterns of dual-band RDRA are produced by TFY,; and TEY,3 modes for
L5 and L1-bands, respectively. The T'EY;; modes are produced in three single-band
RDRAs for L5, L1 and S-bands. The simulated and measured parameters of dual-
and single-band RDRAs are return loss, RHCP-LHCP far field radiation patterns,
RHCP gain and axial ratio.

The design and analysis of finite ground plane single-band CP RDRAs using WPD
with wide-band 90° phase shifter for L1 and L5-bands are carried out by using high
dielectric constant of DRs and dielectric substrates. Also, the effect of different radii
of finite circular ground planes of single- and dual-band RDRAs are investigated by
using the Method of Moments (MoM). The effect of different radii of circular ground

plane on single- and dual-band RDRAs are analyzed for return loss and gains.

xi
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Chapter 1

Introduction

1.1 General Introduction

In modern wireless communication technologies, small size, low profile, high radi-
ation efficiency, wider bandwidth, Circular Polarization (CP), multi-band and mul-
tiple polarization antennas have received more attention in systems such as satellite,
mobile and other communication systems. The microstrip and Dielectric Resonator
Antennas (DRAs) are used [1, 2|. Microstrip antennas have many challenges such as
the low radiation efficiency, high conductor loss, multi-band and multiple polariza-

tions with large footprint area, low gain and narrow bandwidth [1, 2].

The DRAs are preferred due to low loss, high radiation efficiency, small size, wider
bandwidth and simple feed network compared to microstrip antennas [2]. At lower
microwave frequency band (L- and S-bands), physical size of dielectric resonator
antenna is very large because of larger wavelength achieved at lower microwave fre-

quency. Compact DRAs are very useful in lower microwave frequency band [2].

1.1.1 Applications

The ground terminals of Global Navigation Satellite System (GNSS) are occupied
by two bands such as lower L-band from 1.164 to 1.300 GHz and the upper L-band
from 1.559 to 1.612 GHz [3]. The ground terminals of Indian Regional Navigation
Satellite System (IRNSS) operate in L5 (1.164-1.188 GHz) and S (2.48-2.50 GHz)
bands [3]. Also, user segment of GPS-Aided GEO Augmented Navigation (GAGAN)



operates in L5 and L1 (1.565-1.585 GHz)-bands [4]. Tri-band (L5, L1 and S-bands)
antennas can be used for IRNSS and GAGAN applications.

The GNSS, IRNSS and GAGAN receivers capable of tracking all-in-view GNSS,
IRNSS and GAGAN signals require multi-band or wide-band and broadbeam CP
antennas [5]. CP antennas are used to reduce the effect of multipath interferences
and improve the system performance for navigation satellite application [6, 7]. All
the received GNSS, IRNSS and GAGAN signals are RHCP [5]. The dual-band

antenna is preferred to mitigate the effect of ionosphere on the IRNSS signal.

The minaturized DRAs are achieved using high dielectric constant materials of
Dielectric Resonator (DR) and optimized aspect ratios of DR [6, 7]. Several research
groups have studied different aspects of the DRAs such as compactness, low-profile
design, wider bandwidth operation, circular polarized radiations, high gain and mod-
ified shape etc separately [2, 6, 7]. The reported DRAs are operated at L, S, C, X,
Ku, K, and Ka-bands [2]. L and S-bands are lower frequency ranges compared to
other band such as C, X, Ku and Ka-bands [2]. Size of L and S-bands DRAs are
very large compared to other band such as C, X, Ku and Ka-bands [2]. Compact
designs of DRAs have been implemented in the frequency range of 3 to 10 GHz [2].
IRNSS at L5 and S-bands (seven satellites in geostationary orbit) is implemented by
Indian Space Research Organisation (ISRO) [4].

1.1.2 Design Challenges and Motivation

The ground terminals of GNSS, IRNSS and GAGAN are operated in lower mi-
crowave frequency due to which physical size of the antennas become very large.
The ground terminals of IRNSS and GAGAN applications required multi-band op-
eration in single-compact antenna. Compact antenna size over multi-band (lower
microwave frequency), Right Hand Circular Polarization (RHCP) generation and

broadside radiation patterns generation become very challenging design issues

[3].



The 3-D geometry of DRAs allows them to generate various modes in single an-
tenna volume which reduces overall cost and system size [8]. The stable radiation
patterns over required bands can be obtained by using higher-order modes of DR As.
The use of linearly polarized antennas at the receiver-end results in 3 dB loss due
to polarization mismatch. For optimal performance, the receiver antennas are re-
quired to be RHCP. The key advantages of the circular polarization as compared
to linear polarization are : 1) insensitivity to the relative orientation between the
satellite based transmit and receive antennas, 2) decreased sensitivity to the earth’s
ionospheric effects on signal polarization and 3) inherent discrimination between the

direct and single bounce reflected signals [5].

1.2 Dielectric Resonator Antennas

1.2.1 History of Dielectric Resonator Antennas

Okaya and Barash first analyzed modes in DRAs in the early 1960s. The study of
DRs as antenna elements began in the early 1980s with examination of characteris-
tics of cylindrical, rectangular and hemispherical shaped DRAs by Long, McAllister
and Shen [2]. Analysis of excitation, resonant modes and radiation patterns made
it apparent that these DRs can be used as antennas and offered a new attractive

alternative to traditional conductor based radiators [2].

In 1990s, various feeding techniques to excite the DRAs were realized and numeri-
cal techniques were applied for determining input impedance and Q-factor of DRAs.
In 1994, Mongia and Bhartia [2] proposed resonant modes and set of simple equations

for predicting the resonant frequency and Q-factor for various DRA shapes.

1.2.2 Important Characteristics of Dielectric

Resonator Antenna

The main characteristics of DRA are:



o The physical size of DRA is proportional to (%) where, \q is free-space wave-
length at resonant frequency and €, is dielectric constant of dielectric resonator

material.
e Low conductor loss due to dielectric material.
« High radiation efficiency.

e Resonant frequency of DRA is a function of shape, size and dielectric constant

of Dielectric Resonator (DR) material.

o Dielectric constant of DR material is in the range of 8 to over 100 which allows

designer to have control over physical size and bandwidth of DRAs.

e Resonant frequency and Q-factor will be affected by the aspect ratio of DRA

for a fixed dielectric constant of DR material.
o High power handling capability.

o Mostly suitable for microwaves and millimeter waves.

1.2.3 Working Principle of Dielectric Resonator Antenna

The Electromagnetic (EM) waves produced from rapid oscillations of electrons
in atoms causes acceleration or deaccelerations which become electromagnetic wave
radiation [9]. The radio waves from RF transmitter circuits are fed into ceram-
ics forming resonator as shown in Figure 1.1 (a). The RLC equivalent circuit is
shown in Figure 1.1 (b) for DRA based on electric properties of ceramic dielectric
resonator. These RF waves bounce back and forth between resonator walls, thus

forming standing waves, hence stores electrical energy [9].

The oscillating current introduces oscillating electric fields (E-fields) and oscillating
magnetic fields (H- fields) [9]. Due to the accelerrating currents, time-varying fields
are radiated away from DRA into free space [9]. The walls of ceramic are formed
partially transparent magnetic walls. Because of fringing effect, the magnetic energy

leaks through these transparent walls. Thus, the radio power is radiated into free
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Figure 1.1: (a) Ceramic dielectric resonator antenna with dimensions of a, b and d
(b) DRA equivalent RLC circuit [9]

space [9]. As per the principle of conservation of energy, probe currents are equated
with DRA radiating currents. In other words, time-average electric energies are

equated with time-average magnetic energies inside the DRA as given in equation

(1.1) [9].
/VyE|2dv:/V|H|2dv (1.1)

1.3 Objective and Design Specifications

Compact CP tri-, dual-, single-band DRAs will be designed, analyzed, fabricated
and tested for lower frequency bands such as L5 (1.164-1.188 GHz), L1 (1.565-1.585
GHz) and S (2.48-2.5 GHz)-bands. The design specifications of tri-, dual- and single-
band DRAs are given in Table 1.



Table 1.1: Design specifications of tri-band DRA at L5, L1 and S-bands, dual-band
DRA at L5 and L1-bands, single-band DRA at each of L5, L1 and S-bands

Tri-band L5-band L1-band S-band
Dual-band L5-band L1-band -
Single-bands L5-band L1-band S-band
Design Parameters L5-band L1-band S-band
Frequency Band 11764+12MHz | 1575+10MHz | 2490+£10MHz
Return Loss (RL) > 10 dB > 10 dB > 10 dB
Polarization RHCP RHCP RHCP
Radiation Pattern Broadside Broadside Broadside
RHCP Gain at 6 = 0° 2.0 dB 2.0 dB 2.0 dB
RHCP Gain at 0 = +60° -4.0 dB -4.0 dB -4.0 dB
RHCP Gain at 6§ = +70° -5.5 dB -5.5 dB -5.5 dB
RHCP Gain at 6§ = +80° -7.0dB -7.0 dB -7.0dB
Axial Ratio (AR) at 6§ = 0° to +60° <3.0dB <3.0dB <3.0dB

1.4 Novel Contributions of the Proposed Research

Work

« Compact CP tri-band staired RDRA (two-port) for IRNSS and GAGAN

applications is designed, analyzed, fabricated and tested at L5, L1-and S-bands.
RHCP of tri-band RDRA for L5, L1-bands is obtained using novel design feed
network of dual-section Wilkinson Power Divider (WPD) with wide-band 90°
phase shifter. Single geometry staired RDRA produces multi-modes such as
TEY,; mode at 1.176 GHz, TEY,; mode at 1.575 GHz and TEY{;5 mode at
2.49 GHz with broadside radiation patterns which reduces overall cost and
system size. Tri-band RDRA was significantly miniaturized ground plane area
to 0.16 Ag x 0.16 Ao (40 mm x 40 mm) and volume of staired RDR to 27
mm X 27 mm x 35.3 mm using high dielectric constant of dielectric resonator
and dielectric substrate. Simulated and measured parameters are return loss,
isolation, RHCP-LHCP radiation patterns, RHCP gain and axial ratio. Also,
miniaturized CP tri-band staired RDRA (single port) is investigated using
novel design feed network of tri-section WPD with wide-band 90° phase shifter.



RHCP of tri-band DRA is produced using tri-section WPD with wide-band
90° phase shifter. Ground area and volume of tri-band DRA are remarkably
reduced to 0.16 A9 x 0.16 A\gp (40 mm X 40 mm) and 23.2 mm x 23.2 mm X
28.25 mm, respectively.

Miniaturized CP dual-band RDRA for L5 and L1-band is developed us-
ing novel design feed network of dual-section WPD with wide-band 90° phase
shifter. Dual-band RDRA significantly reduces ground plane area to 40 mm
x 40 mm and volume of RDR to 24.2 mm x 24.2 mm x 26.2 mm using high
dielectric constant of dielectric resonator and dielectric substrate. Rectangu-
lar Dielectric Resonator (RDR) generated dual mode such as TEY;; mode at
1.176 GHz and TEY,3 mode at 1.575 GHz with broadside radiation patterns.

Simulated and measured parameters of dual-band RDRA are observed.

Compact single-band (L5, L1 and S-bands) RDRAs are designed, an-
alyzed, fabricated and tested. CP of single band RDRAs are generated using
WPD with wide-band 90° phase shifter. RDRs for single-band (L5, L1 and S-
band) generated single TE{;; mode. Single-band (L5, L1 and S-bands) RDRAs
have significantly miniaturized ground planes area and volume of RDRs using

high dielectric constant of dielectric resonator and dielectric substrate.

Design and analysis of finite ground plane CP single-band RDRAs
(L5 and L1-bands) are presented using feed network of WPD with wide-band
90° phase shifter. In this work, high dielectric constant of RDR and dielectric
substrate are used. Design and analysis of effect of different radii finite ground
plane in two ports CP single- and dual-band DRAs are investigated using
Method of Moments (MoM).

Simultaneously achieved design specifications of DR As such as return
loss, polarization, radiation patterns, RHCP gain at different zenith angle and
axial ratio over tri-, dual- and single-bands with compact ground plane area

and volume of DRAs.



1.5 Organization of Thesis

In chapter 2, theoretical aspect of Hemispherical DRA (HDRA), Cylindrical DRA
(CDRA), Rectangular DRA (RDRA), modes in DRA, Dielectric Waveguide Model
(DWM), curve-fitting method, circular polarization and MoM are provided. It in-
cludes the literature review of tri-/multi-, dual-, single-/wide-band DRAs and anal-
ysis DRAs using MoM. The research gap and design challenges of tri-, dual- and

single-band DRAs are also discussed.

Chapter 3 presents compact CP tri-band staired RDRA (two-port) and minia-
turized CP tri-band staired RDRA (single port). Tri-band RDRAs are designed,
analyzed, fabricated and tested at L5, L1 and S-bands for IRNSS and GAGAN ap-
plications. The design steps, structures, mathematical formulation, feed networks,
electric field distributions, fabrications, testings, simulated results and measured re-

sults are described for tri-band RDRAs.

Chapter 4 investigates compact CP dual-band RDRA. This RDRA is designed,
analyzed, fabricated and tested at L5 and Ll-bands. The geometry, excitation,

electric field distribution, fabrication, testing, simulated results and measured results

of dual-band RDRA are described.

Chapter 5 presents compact CP single-bands RDRAs. These single-band RDRAs
at L5, L1 and S-bands are designed, analyzed, fabricated and tested. The structures,

feed networks, modes, fabrications, testing, simulated results and measured results

of single-band RDRAs are also described.

In chapter 6, the design and analysis of effect of finite ground plane in CP single-
and dual-bands RDRAs are carried out. The finite ground plane CP single-bands
RDRAs are designed and analyzed at L5 and L1-bands. Also, the finite ground plane
CP single- and dual-bands RDRAs are designed and analyzed using MoM.



Finally chapter 7 contains a summary and discussion of the finding and results
from the work contains within this thesis. The potential revenues of future work and

other applications are also suggested.

In Appendix A, automated measurement system, measurement of radiation pat-
terns, gain transfer method and rotating source method are discussed. In Appendix
B, MoM formulation of two-port single- and dual-band CP RDRAs and energy con-
servation are presented. In Appendix C, Matlab codes of tri-, dual- and single-band

RDRASs are provided.
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Chapter 2

Dielectric Resonator Antennas

2.1 Theory

The characteristics of Dielectric Resonator Antennas (DRAs) are low loss, high
radiation efficiency, small size, wider bandwidth and simple feed network [1]. Figure
2.1 shows different Dielectric Resonator (DR) shapes of DRAs. There are three basic
shapes in DRAs [2].

1. Hemispherical DRA (HDRA)
2. Cylindrical DRA (CDRA)
3. Rectangular DRA (RDRA).

2.1.1 Hemispherical Dielectric Resonator Antenna

HDRA is characterized by radius (a) and dielectric constant (e,) of DR material
with no degree of freedom in design [2, 3]. Figure 2.2 shows geometry of HDRA [1].
The Transverse Electric (TE) and Transverse Magnetic (TM) modes are generated in
HDRA [2, 3]. TE and TM modes have zero value for radial component of electric field
(E,=0) and zero value for radial component of magnetic field (H,=0), respectively.
The mode index is mnl, where m is the field variation in radial (r) direction, n is the
field variation in azimuth (¢) direction and [ is the field variation in elevation (0)
direction [2, 3]. T'E111 and T'Mq1; are two fundamental modes in HDRA. T'Ey1; and
T'Mi11 modes have radiation patterns similar to short horizontal magnetic dipole

and short electric monopole, respectively [2, 3].
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2.1.2 Cylindrical Dielectric Resonator Antenna

CDRA is characterized by radius (a), height (h) and dielectric constant (e,) of DR
material as shown in Figure 2.3 with one degree of freedom in design compared to
HDRA [1, 2, 3]. TE, TM and Hybrid Electromagnetic (HEM) modes are generated
in CDRA [2, 3]. The mode index is mnl, where m is the field variation in azimuth (¢),

n is the field variation in radial (r) direction and [ is the filed variation in z-direction.

T Myis, T Ey15 and H E115 modes are produced in CDRA, where 9 is fraction of half
cycle field variation. T'My;s, T Eo15 and H F115 modes have radiation patterns similar
to short electrical monopole, short magnetic monopole, short horizontal magnetic
dipole, respectively [2, 3]. TE and TM modes are not dependent on ¢-direction but

hybrid modes are dependent on ¢-direction.

2.1.3 Rectangular Dielectric Resonator Antenna

RDRA is characterized by length (d), width (a), height (b) and dielectric constant
(er) of DR material as shown in Figure 2.4 with two degrees of freedom in form of
aspect ratios § and g [1, 2]. RDRA is most versatile basic shape because of two more

degrees of freedom as compared to one degree of freedom of CDRA and no degree

of freedom of HDRA [2].

TE and TM modes were produced in isolated rectangular dielectric waveguide.
RDRA mounted on ground plane generates only TE mode [2]. TE*, TEY and TE*
modes are radiated like short magnetic dipoles in x-, y- and z-directions, respectively.
TE},,, TE!;; and TEf,; modes are fundamental lower order modes where subscripts

indicate field variations in x-, y- and z-directions, respectively.
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Figure 2.1: Different radiating geometries of DRAs [1]

Probe feed

Hemisphere
Ground plane

Figure 2.2: HDRA with probe-fed [1]
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Ground plane

Coaxial feed

(a) (b)

Figure 2.3: (a) 3-D cross-sectional view of CDRA (b) probe-fed CDRA [1]

Ground
plane

Feed line

(2) (b)

Figure 2.4: (a) 3-D cross-sectional view of RDRA (b) aperture-fed RDRA [1]

2.1.4 Modes in Dielectric Resonator Antenna

The electric field distributions of TEY};, TE{;5, and TEY{,5 modes of DRA are
shown in Figures 2.5 (a), 2.5 (b) and 2.5 (c), respectively. The fields of TEY{;,,

modes with odd m can be expressed as [4]:

Eow = —k,Acos(kyx)cos(kyy)sin(k,z) (2.1)
Foy =0 (2.2)
Ey, = kyAsin(kyx)cos(kyy)cos(k,z) (2.3)
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Figure 2.5: Electric field distribution of (a) TE{;; mode (b) TE{;5 mode (¢) TEY5
mode of DRA [4]

kyk , .
Hyp = — 5Asm(k:xx)sm(kyy)cos(kzz) (2.4)
]{32 k2
Ho, = %Acos(ka,x)cos(kyy)cos(kzz) (2.5)
koky . |
Hy, = o Acos(kyx)sin(kyy)sin(k,z) (2.6)

where A is arbitrary constant.

The fields of T'EY},, modes with even m can be expressed as [4]:

Eyy = —k;Bcos(kyx)cos(kyy)cos(k,z) (2.7)
Eoy =0 (2.8)
Eo. = kyBsin(kyx)cos(kyy)sin(k.z) (2.9)
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kak
Hoy = 2 Bsin(kyz)sin(kyy)sin(k.z) (2.10)

jwp
k2 + k2
Ho, = QBCOS(]%%C)COS(kyy)Sin(kzz) (2.11)
jwp
ok |
Hy, = ———=Bcos(kyx)sin(kyy)cos(k;z) (2.12)
jwp

where B is arbitrary constant. k;, k, and k., are wave-numbers in x-, y- and z-

directions, respectively.

2.1.5 Dielectric Waveguide Model

The rectangular dielectric resonator with dimensions ¢ X b X d on ground plane
is shown in Figure 2.6 (a), which is equivalent to an isolated dielectric resonator with
dimensions a x b X 2d in free-space as shown in Figure 2.6 (b). For rectangular
dielectric resonator, the resonant frequencies of TE mode can be estimated with
reasonable accuracy using Dielectric Waveguide Model (DWM) [2, 5, 6]. The fields
of this model are assumed to be totally reflected by two opposite sides of the DR,
while the other four sides behave like Perfect Magnetic Conductor (PMC) walls [6].

For TE{,,, modes, wave-number ky is obtained by solving the following transcen-

dental equation [2, 5]:

ky tan(kyb/2) = \/(er — 1)kg — k2 (2.13)

where kg is free-space wave-number given by equation:

_ oy
o &

ko

(2.14)

and c is the velocity of light in free-space. The wave-numbers k,, k, and k. satisfy

following separation equation [2, 5]:

k2 + k4 k2 = ek (2.15)

17



(b)

Figure 2.6: (a) Dielectric resonator on ground plane (b) equivalent dielectric res-
onator in free-space [6]

For T EY{,,,, modes, the resonant frequency f, of DRA can be obtained from equations

(2.14) and (2.15) [4, 6]:

; _c,/k:%—l—kg—l-k:g (2 16)
e 2m\/ér ‘

where,
T
ky = 24 (2.17)
mm
k, = T (2.18)

Fy (2.19)

2.1.6 Curve-Fitting Method

The geometry of the strip-fed rectangular DRA is shown in Figure 2.2. Initially,
DRA is considered as excitation free [7]. The length, width and height of Rectangular

Dielectric Resonator (RDR) are a, b and d with a>b, respectively [7]. In the analysis,
b d

it was determined that it requires only three curve-fitting variables (., %, €-) and only
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four design parameters (a, b, d, €,) [7]. The curve-fitting data generated using DWM

model [7]. The frequency changes exponentially with p:g. The resonant frequency
fr of DRA can be expressed as [7]:
C S1
= 2.20
f’f’ 271'@\/5 <826(53p) + S4> ( )
where,
s1 = —5.29¢* + 15.97¢> — 17.74¢> + 8.812¢ — 3.1983 (2.21)
s9 = 0.2706¢* — 0.7232¢> + 0.7857¢% — 0.4558¢ — 1.023 (2.22)
s3 = —8.03¢* + 23.06¢> — 24.53¢> + 11.75¢ — 3.588 (2.23)
sq = 43.18¢* — 124.7¢° + 134.5¢*> — 65.85¢ + 15.37 (2.24)
with q:g. The f, as function of ¢, for different ratios of d/a are shown in Figure

2.8. The results of curve-fitting method are compared with DWM, the errors are less
than 3% over 0.4 < p <1, 0.2 < q <l and 6 < ¢ < 100 [7]. The DWM results are
matched with the curve-fitting method [7].

Conversely, if the design resonance frequency f, is specified, length a of RDRA
can be calculated from equation (2.20) as follows when the parameters of €., p and

q are given [7]:

a

_ %ffﬁ (Szes(;p) + 34> (2.25)
After a is obtained, the other two dimensions b and d can be determined from two
aspect ratios p and q, respectively [7]. If the ratios p and q are not specified, then
they can be arbitrarily chosen with the valid ranges of 0.4 < p <1 and 0.2 < q <1
[7].
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Figure 2.7: Geometry of the strip-fed RDRA [7]
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Figure 2.8: The resonance frequency of RDRA as function of €, for d/a=0.2, 0.4 and
1: a=20 mm and b=12 mm [7]

2.1.7 Circular Polarization in Dielectric Resonator

Antennas

Circular polarized signals are used in many communications, radars and navigation
satellite applications to improve system performance [2]. Satellite communications
use circular polarization to overcome polarization rotation effects due to the atmo-

sphere [2]. Two methods are available for generating circular polarization [2, §]:
o Two point feeding systems.

e Orthogonal degenerate mode.
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2.1.7.1 Polarization

The polarization of an electromagnetic wave refers to the rotation of the electric
field vector at a fixed location as function of time [2]. Assume uniform plane wave
travelling in the z-direction, electric fields (E) have component in both x and y-

directions. At z = 0, the time-harmonic electric field can be written as [2]:
E = E,cos(wt + ¢g)% + Eycos(wt + ¢y) 0 (2.26)

If phase of two electrical components are equal (¢,=¢,=¢0), then the amplitude of

Electric field (E-field) [2],

|E| = \/ B2+ EZcos(wt + ¢o) (2.27)

and angular orientation 1 at y-axis [2]:

Y = arctan <§y> (2.28)

X

The angular orientation is independent of the time. The orientation of the wave is
linearly polarized, since the electric field vector traces out a straight line over time
[2]. For the case where, E,=E,=Ej and (¢,-¢,=%m/2), the electric field amplitude
will be [2]:

|E| = \/((Eocos(wt + ¢y £ 1/2))2 + (Egcos(wt + ¢,))2) = V2Ey (2.29)

and the angle is [2]

Eycos(wt + ¢, £ 7r/2)> — arctan (isin(wt + ¢y)

Eqycos(wt + ¢y) cos(wt + ¢y) > = Gy Ewt

(2.30)

Y = arctan <

Above equations describe a vector with constant amplitude, which rotates in either
a clockwise or counterclockwise direction, tracing out a circle with time is known as

circular polarization [2].
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The wave will be elliptically polarized, where both the magnitude and orientation
of the E-field will vary with time, tracing out an ellipse [2]. The axial ratio (AR) is
a measure of the elliptically polarized electromagnetic wave and is the ratio of the

major axis to the minor axis of the ellipse. It can be expressed as [2]:

AR[dB] = 2010g( Emaz/ Emin) (2.31)

where, Fpq. and E,;, are the magnitudes of the maximum and minimum E-fields,
respectively [2]. The axial ratio equals 0 dB for a circularly polarized wave and is
infinite for a linearly polarized wave [2]. An axial ratio of less than or equal to 3 dB

is still considered an acceptable value when a circularly-polarized wave is required

2].

The circularly polarized wave consists of two orthogonal linearly polarized waves
that are in phase quadrature (two waves are 4m/2 phase offset between them) [2].
The circular polarization is realized in antennas by generating two linearly polarized

waves which are spatially orthogonal and in phase quadrature using two points fed

12].

The purity of the circular polarization will depend on the relationship between the
magnitude and phase of the two linearly polarized components [2]. The axial ratio

can be expressed as [2]:

B2+ B2+ \/E;‘; + B} + \JEL+ B} + 2E2E2cos (1)

AR[dB] = 20log (2.32)

B2+ B2 - \/E;l + B+ \JEL T B} + 2E2E2cos (1)
where, Y=2(¢y-¢).

In the DRASs, circular polarization can be generated by using either a two-point

feed or a single-point feed technique [2, §].
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2.1.7.2 Dual-Point Feed

Two linearly polarized waves are orthogonal and have equal amplitude, the DRA
must be capable of supporting degenerate modes. This will occur for DRAs that
exhibit symmetry along the x- and y-axes [2, 8]. Three examples of two-point feed

DRAs are shown in Figure 2.9.

Rectangular DRA Cylindrical DRA Ring DRA

P1 ) Pl Pi

Figure 2.9: Dual-point CP DRAs [§]

2.1.7.3 Single-Point Feed

Most research has been focused on the developing DRAs of circularly polarized
radiation from a single feed point [2, 8]. A single point fed DRA does not achieve
the same axial ratio bandwidth as compared with dual-point feed case, but it does

not require complex feed network and is better suited for an array design [2, 8].

2.1.8 Method of Moments

Method of Moments (MoM) is a numerical technique which converts electric field
integral equations in to linear system of equations [9, 10]. Figure 2.10 shows block
diagram of MoM technique converting integral equations to matrix form. Consider

general problem [9, 10]:
L(f) =g (2.33)

where L is a linear operator, ¢ is a known function and f is unknown. In electro-
magnetic problems, L is typically an integral-differential operator, f is the unknown
function (current) and ¢ is a known excitation source (voltage). In MoM, the ba-

sic approach is to expand the unknown quantity in integral equations using set of
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known basis functions with unknown coefficients. The resulting equation is then
converted into a linear system of equations by applying boundary conditions [9, 10].

The unknown coefficients are evaluated numerically [9, 10].

Integral
Kquation

Linear
Equation

Matrix
Equation

Figure 2.10: Block diagram of MoM technique converting integral equation to matrix
equation form

The steps of MoM are as follows [9, 10]:

e Step-1: Expand unknown function f into a sum of N weighted set of basis

functions:
N

L(f) =L (Z anfn) Z anL fn =g (2.34)

n=1

Define an inner product or moment between a basis function fn(r/) and testing

or weighting function f,(r) as

(fms fn) = /fm r): /fn ) - dr'dr (2.35)

In Galerkin method, basis functions themselves are used as the testing or

weighting functions.
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o Step-2: Take inner product between a basis function and testing or weighting

function:

N
>~ an{fms L(fa)) = {fm: 9) (2.36)

n=1
N
(e (S anta) ) = s (2.37)
n=1
o Step-3: Convert above linear equations in to matrix equations form:

(fi,L(f1)) (fu,L(f2)) . . . : a1 9
(f2,L(f1)) (fo,L(f2)) . . . : as g2
= (2.38)
I (far, LOIN)) | Lane | | 9ur |

2.2 Literature Review

Literature survey of tri-/multi-, dual-, single- and wide-band DRAs are given in
sections 2.2.1, 2.2.2 and 2.2.3, respectively. In section 2.2.4, literature survey of
analysis of DRAs using MoM is given.

2.2.1 Tri- and Multi-Band Dielectric Resonator Antennas

The tri-band dual-sense CP hybrid DRA was developed using feed of vertical-
tapered-strip connected to a 50 () microstrip line for three operating frequency bands
of 1.705-2.03 GHz, 2.23-2.96 GHz and 3.65-3.76 GHz with ground plane footprint
area of 80 mm x 70mm [11]. T'M;; mode at lower-band, T'F11; mode at central-
band and combination of the quasi-T'Ms; mode & quasi-T'F111 mode at upper-band
were generated through Square Microstrip Ring (SMR), modified hexagonal DR and
combination of SMR & DR, respectively. Top and side views of tri-band hybrid
DRA are shown in Figures 2.11 (a) and 2.11 (b), respectively. The mathematical
formulation of tri-band hybrid DRA is given in reference [11].
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Figure 2.11: Structure of of tri-band hybrid DRA (a) top view (b) side view [11]

All Global Positioning System (GPS) bands (L1, L2, L3, L4 and L5) CP DRA for
GPS application has been proposed using hybrid ring feed network with ground plane
footprint area of 75 mm x 75 mm [12]. Figure 2.12 shows 3-D structure of all GPS
bands CP DRA. Tri-band omnidirectional CP DRA with top-loaded alford loop using
axial probe feed was investigated in operating frequency range of 1.92-1.955 GHz,
2.315-2.5 GHz and 3.415-3.55 GHz for Global System for Mobile communications
(GSM), Wireless Local Area Network (WLAN) and Worldwide Interoperability for
Microwave Access (WiMAX) applications with ground plane diameter of 50 mm,
respectively [13]. The top and side views of tri-band CP DRA are shown in Figures
2.13 (a) and 2.13 (b), respectively.

In [14], quad-band quad-sense CP CDRA using modified circular-shaped aperture
feed was presented by Sharma et al with ground plane area of 120 mm x 120 mm
for L1/L2 GPS band (1.2/1.5 GHz), Compass Navigation Satellite System (CNSS)
and WLAN (2.4 GHz) & WiMAX (2.5 GHz) applications. HEMy15, HEMy1541,
HEM 55 _tike, HEMio5, HE M35 and HEMj45 modes have been produced in quad-
band quad-sense CP CDRA. The cylindrical shape quad-band quad-sense CP DRA
(dielectric constant €,=9.8 of dielectric resonator material) was designed, analyzed,
fabricated and tested. The top and isometric views of quad-band CP CDRA are

represented in Figures 2.14 (a) and 2.14 (b), respectively.
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L]

Figure 2.12: 3-D geometry of all GPS bands CP DRA with hybrid ring excitation
[12]
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(a) (b)
Figure 2.13: Geometry of tri-band CP DRA with top-loaded alford loop (a) top view
(b) side view [13]

The compact tri-band CDRA using feed of annular-shaped microstrip line for
wireless applications is reported in operating frequency ranges of 2.35-2.55 GHz,

3.35-3.65 GHz and 5.1-5.4 GHz [15]. In the past, DRAs for wideband applications
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Figure 2.14: Geometry of quad-band quad-sense CP CDRA (a) top view without
cylindrical DR (b) isometric view [14]

were developed with different shapes such as flipped staired pyramid [16] and three-
stepped rectangular shapes [17]. RDRA was most versatile over CDRA and HDRA
due to two reason. First, RDRA has more degrees of freedom than CDRA or HDRA
[2, 18]. Second, RDRA has low cross-polarization than CDRA which is used for
finding better CP [18].

A novel tri-band CDRA with coaxial probe feed using varying permittivity in ¢-
direction was analyzed at center frequencies of 4.93 GHz, 6.46 GHz and 7.41 GHz [19].
The permittivities €,1, €0 and €,3 of tri-band CDRA are 4, 14 and 6, respectively.
Top and front views of tri-band CDRA are shown in Figures 2.15 (a) and 2.15 (b),

respectively.

Tri-band CDRA using coaxial probe feed with ground plane area of 60 mm Xx
60 mm was simulated using embedded CDR within another CDR with a different
permittivity at operating frequency ranges of 3.306 — 3.403 GHz, 3.698 — 4.006 GHz
and 4.541 — 5.450 GHz [20]. A novel small tri-band RDRA for WLAN and WiMAX
applications has been presented with omnidirectional radiation patterns at resonance
frequencies of 2.4 GHz, 3.5 GHz and 5.8 GHz [21]. Low cost and low profile tri-band

RDRA for multiple applications has been investigated using plexiglass dielectric
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(b)

Figure 2.15: Structure of tri-band CDRA using varying permittivity in ¢-direction
(a) top view (b) front view [19]

resonators on FR4 substrate. The top view, side view and metalized plates of tri-

band RDRA are shown in Figures 2.16 (a), 2.16 (b) and 2.16 (c), respectively.
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Figure 2.16: Geometry of tri-band RDRA (a) top view (b) side view (c) metalized
plates [21]

Multi-band DRA using coaxial probe feed for WLAN application was simulated,
fabricated and tested at center frequencies of 2.45 GHz, 5.2 GHz and 5.8 GHz [22].
Bandwidth broadening of a RDRA by merging adjacent band has generated to the
TEY,,, TE{,5 and TE{,;5 modes at three frequencies of 2.92 GHz, 3.57 GHz and
4.62 GHz, respectively [6]. The dimensions of bandwidth broadening RDRA were
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determined using DWM.

The broadband flipped staired pyramid with RDRA and conical with CDRA using
aperture coupled feed have been achieved broadside radiation patterns over frequency
ranges of 7.85-12.99 GHz and 8.98 - 12.5 GHz, respectively [23]. In the past, dielectric
resonator antennas for wideband applications were developed with different shapes

such as flipped staired pyramid [24] and three-stepped rectangular shapes [25].

The higher order mode tri-band CP RDRA has been presented using microstrip
patch feed as shown in Figure 2.17. Single coaxial cable feeds to the microstrip
patch on RDRA. Microstrip patch is coupled to a double stub strip structure on
the RDRA side wall [26]. In tri-band RDRA, CP is achieved and antenna gain is
increased due to degenerate mode pair of T'E;; mode and higher order T'E¥,,; mode.
Ground plane area of tri-band CP RDRA was miniaturized to 40 mm x 40 mm using
dielectric constant €,=10 of dielectric resonator. The volume of rectangular dielectric
resonator was reduced to 25.4 mm x 14.3 mm x 26.1 mm. For ground plane area
44 mm x 44 mm, tri-band CP DRA was developed at resonance frequencies of 5.2
GHz, 6.7 GHz and 9.85 GHz [27]. The quad-band CP DRA has been investigated
at 5 GHz, 6.4 GHz, 7.8 GHz and 10.3 GHz with ground plane area of 44 mm x 44

1min.

= s

Mz
H1

e Ground

Figure 2.17: Geometry of higher order mode tri-band CP RDRA [26]
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2.2.2 Dual-Band Dielectric Resonator Antennas

The dual-band CP RDRA using cross-slot-coupled feed for CNSS applications has
generated broadside radiation patterns at first center frequency of 1.268 GHz with
T E111 mode and second center frequency of 1.561 GHz with T'E'113 mode, respectively
[18]. The ground plane area of dual-band RDRA was achieved 100 mm x 100 mm
using dielectric constant €,=20.5 for dielectric resonator and dielectric constant e¢,=
2.55 for dielectric substrate. Figures 2.18 (a) and 2.18 (b) show 3-D view and top
view of dual-band RDRA, respectively. The electric field distribution of T'E717 and

T E113 modes are shown in Figure 2.19 (a) and 2.19 (b), respectively.

(a) (b)

Figure 2.18: (a) 3-D view (b) top view of dual-band RDRA [18]

Fang et al reported dual-band CP RDRA which generates quasi-T'F11; mode at
1.58 GHz and quasi-T'E113 mode at 2.44 GHz, respectively [28]. Ground plane area
of dual-band RDRA was reduced to 160 mm x 160 mm using dielectric constant
€,=9.8 for dielectric resonator and dielectric constant e¢,= 2.94 for dielectric sub-
strate. Figure 2.20 shows 3-D geometry of dual-band RDRA with two opposite
corners truncation of RDR which gives circular polarization. The electric field dis-
tribution of quasi-T'E11; and quasi-T'F113 modes are shown in Figure 2.21 (a) and

Figure 2.21 (b), respectively.
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Figure 2.19: Electric field distribution of (a) T'E1;; mode (b) T'E113 mode of dual-
band RDRA [18]

Using wide dual-band CP stacked RDRA, broadside radiation patterns are achieved
for lower band of 1.77-2.00 GHz using fundamental quasi-T'E11; mode of RDRA and
higher band of 2.38-2.96 GHz using higer order quasi-7'E113 and quasi-T' E115 modes
[29]. Figure 2.22 gives structure of wide dual-band CP stacked RDRA. CP DRAs
were obtained over wider bandwidth using multi-point feed compared to single point

feed.

T Top view of
LA v the DRA Groove

’ as Y Ground
:. a ) :\ + Mane
R PR .. Dualband “}
™ Cp DR."".{-E'

Figure 2.20: 3-D geometry of dual-band RDRA [28]

The dimensions of dual-band RDRA was determined using dual mode design for-
mula with Covariance Matrix Adaptation Evolutionary Strategy (CMA-ES) method
[28, 30]. New single and dual modes design formulas of RDRAs were derived by Fang
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Figure 2.21: Electric field distribution of (a) quasi-T'Eq11; mode (b) quasi-TEq13
mode of dual-band RDRA [28§]

et al using CMA-ES optimization method [31]. CMA-ES method is more accurate
as compared to Least Squares (LS) method. In [7], dual mode design formula of
RDRA gives better accuracy than DWM. The dimensions of dual-band RDRA are
calculated using DWM [32].

In the past, circular polarization of dual-band DRAs have been produced using
different techniques such as cross-slot-couple feed [18], two opposite corners truncated
on DRA at 45° with groove on top face of the DRA[28], feed of asymmetrical cross-
slot [29], zonal slot and cross-slot feed [33], two corners truncated on DRA at 45°

[23] and cross slot feed with unequal slot arms [34].

A wide dual-band CP stacked RDRA was designed with ground plane area of 100
mm X 100 mm using dielectric constant €,=9.8 of dielectric resonator and dielectric
constant €,=4.4 of dielectric substrate [29]. Structure of wide dual-band RDRA
is shown in Figure 2.22. Dual-band zonal-slot hybrid DRA was investigated at 2.4
GHz and 5.2 GHz using conducting cavity [33]. The top and front views of dual-band
zonal-slot hybrid DRA are shown in Figure 2.23 (a) and Figure 2.23 (b), respectively.
The dual-band RDRA produces fundamental T'E{;; mode at first center frequency
of 3.48 GHz and higher order TEY,3 mode at second center frequency of 5.28 GHz
(32].
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Figure 2.22: Structure of wide dual-band CP stacked RDRA [29]

y

DRA Cross coupling slot

Figure 2.23: (a) Top view and (b) front view of dual-band zonal-slot hybrid DRA
[33]
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The ground plane areas of dual-band DRAs achieved 100 mm x 100 mm at reso-
nance frequencies of 1.268 GHz and 1.561 GHz [18], 40 mm x 40 mm for frequency
ranges of 3.4-3.58 GHz and 5.1-5.9 GHz [35], 50 mm x 50 mm at center frequen-
cies of 5.96 GHz and 11.95 GHz [37] and 134 mm x 89 mm in frequency ranges of
2.12-2.45 GHz and 2.64-3.98 GHz [38], respectively. A wide dual-band CP RDRA
with larger aspect ratio was designed using dielectric constant €,=10 of dielectric
resonator and dielectric constant €,=2.33 of dielectric substrate [34]. 3-D geometry

of wide dual-band CP RDRA is shown in Figure 2.24.

Figure 2.24: 3-D geometry of wide dual-band CP RDRA [34]

A dual-band CP aperture coupled RDRA for wireless applications was designed
over two frequency bands 3.4-3.58 GHz and 5.1-5.9 GHz with ground plane area
40 mm x 40 mm [35]. The top view and 3-D geometry of dual-band RDRA are
shown in Figure 2.25 (a) and 2.25 (b), respectively. Inverted sigmoid shaped multi-
band CP DRA reported using dielectric constant €,=12.8 of dielectric resonator and
dielectric constant €,=4.4 of dielectric substrate [36]. Figures 2.26 (a), 2.26 (b), 2.26
(¢) show configuration of multi-band CP DRA, feeding patch applied at DR surface
and photograph of fabricated antenna, respectively. Reconfigurable dual-/tri-band
CP DRA has been investigated using dielectric constant €,=10 of dielectric resonator
and dielectric constant €,=3.5 of dielectric substrate [37]. Top and side views and
photographs of dual-/tri-band DRA are shown in Figures 2.27 (a), 2.27 (b) and 2.27

(¢), respectively.
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Figure 2.27: (a) Top view (b) side view (c) photograph of fabricated reconfigurable
dual-/tri-band CP DRA [37]

For space applications (GNSS, Telemetry and Telecommand), a multi-permittivity
3-D printed ceramic dual-band CP DRA was designed at upper L-band (1.559 - 1.61
GHz) and S-band (2.025 - 2.29 GHz) [38]. The footprint area of 3-D printed ceramic
DRA is 100 mm x 100 mm and it is embedded in cubsat or nanosatellite. The
compact dual-band CP CDRA is excited using a pair of arc-shaped strips connecting
coaxial probes [39]. The dual-band singly fed CP DRA was designed using elliptical
shape dielectric resonator [40]. The circular polarized radiation of dual-band RDRA
was obtained by circular patch over meta-surface [41]. The dual-band CP DRA is

proposed using an asymmetric Y-shaped geometry of dielectric resonator [42].
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2.2.3 Single- and Wide-Band Dielectric Resonator Antennas

In the past, single- and wide-band CP DRAs were developed using different dielec-
tric resonator shapes such as rectangular [43, 44], hollow rectangular [45], cylindrical
[46, 47] and hollow cylindrical [48]. The top and side views of CP DRA with wide-
band feed network are shown in Figures 2.28 (a) and 2.28 (b), respectively. Figure
2.29 gives top and side views of low-profile CP higher order RDRA.

The circular polarization of DRAs are generated using wide-band branch-line cou-
pler [43], wide-band rat-race and slot feed [46], quadrature coupler [45, 47], embedded
vertical feed network [48], vertical feeding strips [49], corner chopped [50], diagonal
probe feed [50] and parasitic patch [51]. The front and top views of CP hollow RDRA
with an underlaid quadrature coupler are represented in Figures 2.30 (a) and 2.30
(b), respectively. Also, the electric fields of hollow RDRA is given in Figure 2.31.
The 3-D view of CP hollow CDRA and layout of feed network are shown in Figures
2.32 (a) and 2.32 (b), respectively. Dimensions of single-band RDRA are determined
using single mode (T EY;;) formula using CMA-ES optimization method [31]. Single
mode (TEY};) design formula of RDRA has received more accuracy than DWM [7].
Figure 2.33 (a) shows corner chopped CP RDRA. Diagonal probe fed CP RDRA is
shown in Figure 2.33 (b).

Coround Manc

(@) (b)

Figure 2.28: (a) Top view (b) side view of CP DRA with wide-band feed network
[43]
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Figure 2.30: (a) Front view (b) top view of CP hollow RDRA with an underlaid

quadrature coupler [45]
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Figure 2.33: (a) Top view of structure-1 and (b) top view of structure-2 of modified
CP RDRA [50]

Hen et al designed CP RDRA using Wide-band Branch Line Coupler (WBLC)
with broadside radiation patterns at 6.5 GHz [43]. The ground plane footprint area
of CP RDRA is 42 mm x 42 mm. The design equations for dual-band DRA were
used to design the wide-band DRA as both the resonance frequencies of f; and fs
are very closed [7]. The DWM and curve fitting technique are used to determine
the dimensions of RDRAs [2, 7]. Figure 2.34 shows wide-band 4-port CP DRA. For
Global Navigation Satellite System (GNSS) applications, DRAs were investigated
using cylindrical shape with ground plane diameter of 90 mm [52], rectangular shape

[53] and cylindrical shape ground plane diameter of 300 mm [54].

A wide-band CP DRA using sequentially rotated feed network has been inves-
tigated in frequency range of 4.2 - 8.0 GHz with broadside radiation patterns and
ground plane area of 53.8 mm x 53.8 mm [55]. The top and side views of wide-band

RDRA are shown in Figures 2.35 (a) and 2.35 (b), respectively.

A compact CP hybrid DRA over GNSS frequency band with broadside radiation
patterns was designed by Caillet et al with ground plane area of 100 mm x 100 mm
[56]. The miniaturization and bandwidth enhancement with two segmented high-
aspect ratio RDRAs have been presented using microstrip feed [57]. Annular DRA
for GNSS applications was developed in frequency range of 1.15 to 1.62 GHz [58].
Dual sense wide-band CP DRA was presented for GNSS and satellite communications

with ground plane diameter of 90 mm [59].
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Figure 2.35: (a) Top view and (b) side view of wide-band CP RDRA with sequentially
rotated feed network [55]

2.2.4 Analysis of Dielectric Resonator Antennas using Method

of Moments

In analysis of the DRA, the conducting ground plane is assumed to be infinite
[60, 61]. Many researchers have analyzed the effect of finite ground plane for linearly
polarized RDRAs using MoM [61, 62]. The configuration of DRA is shown in Figure
2.36. Baghaee et al have investigated rigorous analysis of linearly polarized probe
fed RDRA with effect of finite ground plane using MoM [63]. Figures 2.37 (a) and
2.37 (b) show 3-D geometry and side view of probe-fed RDRA, respectively. The
numerical analysis of linearly polarized probe fed RDRA with finite ground plane is

carried out using MoM [64].
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Figure 2.37: (a) 3-D Geometry (b) side view of probe-fed RDRA on finite ground
plane [63]
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A linearly polarized RDRA excited through slot on finite ground plane has been
numerically investigated by MoM and FDTD methods for verification purpose [65].
The analysis of RDRAs using method of moment were presented with different feed
schemes such as apearture coupling [66] and probe feed [67]. The effects of finite
ground plane and air gaps on radiation characteristics of RDRA was analyzed using
MoM by Baghaee et al [68]. The input impedance of DRA is calculated using MoM
[69]. The mutual impedance of two HDRAs (excited using coaxial probes) has been

determined numerically using MoM [70].

2.3 Research Gap and Design Challenges of
Tri-, Dual- and Single-Band Dielectric

Resonator Antennas

The compact DRAs are required in many applications where physical space is
limited and larger ground plane cannot be accommodated. The effect of placing
a DRA on relatively small ground plane can be quite significant, since much of the
analysis has assumed that the ground plane was infinite. The small size of the ground

plane is affected on lowering the maximum gain and a change in its input impedance.

The existing design techniques tri-, dual- and single-band DRAs reported in the
literature have various limitations such as the volume of the dielectric resonator,
ground plane area of DRA, volume of DRA not sufficient for small space applica-
tions, realization of circular polarization over single-, multi-band using feed network
with high ground plane area, unavailability of single DR geometry with multi-mode
for multi-band applications and multi-band design using hybrid DRA over lower

frequency.

A small number of antennas have been investigated to cover the whole GNSS
frequency band (1.150- 1.610 GHz) with high performance but drawback is that

these are not miniaturized sufficiently to be placed on small platforms.
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Tri-, dual- and single-band DRAs have many challenges such as ground plane
miniaturization, circular polarization generation over multi-band and single-band,
design of RDR shape, volume miniaturization of RDR at lower resonance frequencies,
miniaturization of DRAs at lower resonant frequencies, return loss and gain of DRAs

and broadside radiation patterns at three resonance frequencies.

There are challenges in simultaneously achieving design specifications of DRAs
such as return loss, polarization, radiation patterns, RHCP gain at different zenith

angle and axial ratio over tri-, dual- and single-bands.
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Chapter 3
Circularly Polarized Tri-Band Staired

Rectangular Dielectric Resonator

Antenna

3.1 Compact Circularly Polarized Tri-Band
Staired Rectangular Dielectric Resonator

Antenna (Two Port)

3.1.1 Introduction

A compact tri-band Circularly Polarized (CP) staired Rectangular Dielectric Res-
onator Antenna (RDRA) is designed, analyzed, fabricated and tested at L5, L1 and
S-bands using novel design feed networks of single- and dual-section Wilkinson Power
Divider (WPD) with wide-band 90° phase shifter [1]. These bands are used for In-
dian Regional Navigation Satellite System (IRNSS) and GPS Aided Geo Augmented
Navigation (GAGAN) systems being designed by Indian Space Research Organisa-
tion (ISRO, Department of Space, Government of India). In tri-band CP DRA, area
of ground plane was reduced to 40 mm x 40 mm (0.16 A\p X 0.16 \g at lower center
frequency of f; = 1.176 GHz) using high dielectric constant (e, = 38.67) of ceramic
DR material and high dielectric constant (e, = 10.2) of dielectric substrate (Rogers
RO3210) [1]. The volume of staired RDR is reduced to 27 mm x 27 mm x 35.3 mm

using high dielectric constant (e, = 38.67) of ceramic DR material.
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For L5 and L1-bands, tri-band DRA has generated Right Hand Circular Polariza-
tion (RHCP) using novel design feed network of dual-section WPD with wideband
90° phase shifter [1]. Single-section WPD with wideband 90° phase shifter produced
RHCP in tri-band DRA at S-band. The TFEY,;, TEY,5 and TEY,5, modes of tri-band
DRA are achieved at three center frequencies of 1.176 GHz, 1.575 GHz and 2.49 GHz,
respectively. Simple geometry of staired RDR generates multi-modes with broadside
radiation patterns. S-parameters, RHCP-LHCP radiation patterns, RHCP gain and
axial ratio are simulated and measured for tri-band DRA. Design specifications of

tri-band DRA at L5, L1 and S-bands are shown in Table 1.1 [1].

3.1.2 Design Steps of Tri-Band Rectangular Dielectric

Resonator Antenna

e Choose dielectric constant €, of DR, dielectric constant €, of dielectric sub-

strate, aspect ratios and resonance frequencies.
« Find design dimensions of staired RDR.
e Determine design dimensions of feed networks.
» Design of feed networks using reference [2].
o Verification of the S-parameters of feed networks.
 Design of staired RDRA using reference [2].
 Verification of the modes of staired RDRA.
o Verification of RHCP polarization of staired RDRA.
o Compare the simulated results with design specification of tri-band DRA.
« Fabrication of tri-band RDRA.

o Testing of tri-band RDRA.
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3.1.3 Structure and Feed Networks

3.1.3.1 Structure and Mathematical Formulation

The geometry of tri-band staired RDRA with finite ground plane is shown in
Figure 3.1 (a). Figure 3.1 (b) represents the feed networks such as single- and dual-
sections WPD with wideband 90° phase shifter which is printed on bottom face of
dielectric substrate. Figure 3.1 (c) represents the geometry dimensions of tri-band
RDRA [1]. Initially, staired RDRA is considered the excitation free to determine it’s
geometry parameters. The 3-D geometries of tri-band RDRA are shown in Figure
3.1 (d) [1]. The staired RDRA consists of Lower Rectangular Dielectric Resonator
(LRDR) and Upper Rectangular Dielectric Resonator (URDR). For LRDR, Wy, L;,
H; and €, represents the width, length, height and dielectric constant of dielectric
resonator material, respectively. For URDR, W,,, L, and H, are the width, length

and height, respectively.

Assumed aspect ratios of %l, %l and have knowledge of €., geometry parameters

of LRDR calculates at first center frequency fi using DWM with CMA-ES [3].

C Hl Wl
~ e )
IAVAS S l l

fi (3.1)

Achieving kj L; changes the equation (3.1) as:

) (3.2)

where, k1=27 f1./€/c, c is velocity of light and F7 is exponentially functions. Equa-

tion (3.2) can be used to determine the value of ;.

Similar to first center frequency of f1, second center frequency of fo can be written

as [3]:

c H W
= (=t
Liv/e 2(Ll’ Ll)

f2 (3.3)
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Figure 3.1: Geometry of compact tri-band RDRA with finite ground plane

Phase Shifter
O

(a) front view

(b) feed networks of single- and dual-sections WPD with wideband 90° phase shifter
(c) geometry dimensions representation of tri-band RDRA

(d) 3-D geometries of tri-band RDRAs [1]

Dividing equation (3.3) by equation (3.1), we get

H W
BB »
= o H W, :

fi AL T L’ L

where F3=Fy/F, value of l is obtained as [3]:

H Wi fa
L) .
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W f2

where, z:%l, X=Th y=7}. and F} is achieved from extensive data sets obtained

using DWM. Fy can be expressed as following function [3]:

z = Fy(z,y) = P(2)Q(y) (3.6)

where,
P(x) = Rpe P 4 Tp (3.7)
Q(x) = Roe ™ + T (3.8)

The CMA-ES method uses to determined various parameters in 2x3 matrix N [3]

Rp Sp T

N=| """ e pys (3.9)
Rq Sq Tq
z = Fy(z,y|N) (3.10)

From matrix N, an optimal parameter matrix N, can be achieved using minimizing

the maximum absolute error as follow [3]:
E(N) = max [z — Fi(zi, yi|N)| (3.11)

where, () is represented as number of sample points and z;,y;,z; are the sample
values. This optimization process is independently repeated 100 times for global

optimal solution. The final optimal parameter matrix achieved is given as below [3]:

—0.4167 0.6258 1.5137
N, = (3.12)
10.4051 1.7887 0.1221

With the knowledge of L;, H; of LRDR is determined from equation (3.5). W; of

LRDR is calculated from assumed value of aspect ratio ‘;:V—ll

For determination of H,, W, and L, of URDR, third center frequency fs relates

to assumed aspect ratios of IE—Z and % as expressed below [3]:
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Similar to equation (3.3), achieving k2L, changes the equation (3.13) as

3=

) (3.13)

koL, = 27rF5(

5| &=
H|F

(3.14)

where, p= u, q= 5, r=koL, and Fj are exponentially decaying functions. Fjy
is achieved from extensive data sets obtain using DWM. F5 can be expressed as

following function [3]:

r=hkoLy = Fs(p,q) = W(p)e PSP 4 H (p) (3.15)
where,
W(p) = Awe PBW + Oy (3.16)
a(p) = Aqe PP 1 O, (3.17)
S(p) = Age PBs 4 Oy (3.18)
H(p) = Age PP 4 Oy (3.19)

The CMA-ES method is used to determine various parameters in 4x3 matrix M as

follows [3]:

Aw Bw Cw]
Ao Ba C
M = “ T e pYS (3.20)
Ag Bg (g
'\ Ag Bg Cy]|
r = F5(p,q/M) (3.21)
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From matrix M, an optimal parameter matrix M, can be achieved using minimizing
the maximum absolute error as follow [3]:

EM) = max_|r; — F5(pi, ¢;|M)| (3.22)
1=1,2,..,|Q)]

where, () is number of sample points and p;,q;,r; are sample values. The op-
timization process is independently repeated 100 times for global optimal solution.

Finally, an optimal parameter matrix is achieved as given below [3]:

Aw Bw Cwl| [180.1639 14.4967 1.0077)
A, B, C, _ 27871 2.8633 1.5811
M = — (3.23)
Ags Bg Cs 51943 3.8173 0.75%4
Ay By Cy| | 65618 3.5343 3.3658]

L, can be determined from equation (3.14). Knowing L,, H, and W, can be
determined from assumed aspect ratios of %‘ and VLV—;L Suppose IL{—; = 1.12, 12/—; =
1.0, % = 0.22, VLV—;‘ = 0.77, ¢, = 38.67, f1=1.176 GHz, fo=1.575 GHz and f3=2.49
GHz, the geometry parameters of staired RDRA are determined as L; = 27 mm, W}
= 27 mm, H; = 30 mm, L, = 27 mm, W, = 21 mm and H, = 5.3 mm. where,
ko=2m f3,/€,/c. In proposed triband RDRA, LRDR is resonated at L5 and L1-bands.
URDR of triband RDRA resonates at S-band. The combination of LRDR and URDR

produces three resonance over desired L5, L1 and S-bands.

3.1.3.2 Feed Networks

The WPD has useful properties such as lossless network when output ports are
matched and good isolation between output port-2 and port-3 [4, 5]. For L5- and L1-
band, RHCP of tri-band DRA is produced using novel design of dual-section WPD
with wide-band 90° phase shifter [1]. RHCP of tri-band DRA at S-band is achieved
using single-section WPD with wide-band 90° phase shifter. The configuration of
dual-section WPD with wide-band 90° phase shifter is shown in Figure 3.2 (a).
Figure 3.2 (b) shows configuration of single-section WPD with wide-band 90° phase
shifter [1].
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In dual-section WPD, Z; and Z5 are characteristic impedances of microstrip trans-
mission lines. [; and [y are length of microstrip transmission lines. R; and Rs repre-
sents two resistors. The relation between characteristic impedances of transmission
lines and physical lengths of transmission lines was produced using even mode anal-
ysis [5]. Absorption resistors are determined through characteristic impedances and

physical lengths of microstrip lines using odd-mode analysis [5].

Characteristic impedances Z; and Z2 can be expressed using even mode analysis

as [5]

Zy (3.24)

a 1+ 2a2 — b2

— ZOJ (1+a?)V1+8a2b? —1+4a* —a®(1 + 4%

1+ /1 + 84202
Zy = o Z (3.25)

Using odd mode analysis, resistors Ry and Ra can be represented as [5]:

2217
ZWV

Ry (3.26)

ZoZ1 2y + 273 + 72,72V
Ry =2 04142 + ;45 + 2 Z3NV (3.27)

Z2 72
ZIZO(722 —1)+ 2220(2732 + 1)

where, a=tan (31l1, b=tan [l and
V = (2223 + ((1® =1)/ab)(Z, 22/ Z3) — (1/a*)(Z3 ) Z3) (3.28)

The propagation constants $; and [2 applies to resonance frequencies f; and fa,

respectively. In phase shifter, characteristic impedance Z3 is expressed as [6]:
Z3 = 1.527 (3.29)
The characteristic impedances Z4 and Z5 are equal to Zy as given in [5].

In dual section WPD with wide-band 90° phase shifter, Zy, Zs, Z3 and Z4 are

characteristic impedances of quarter wavelength transmission lines and Zj5 is charac-
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Figure 3.2: Feed networks of triband staired RDRA (a) configuration of dual section
WPD with wideband 90° phase shifter (b) configuration of single-section WPD with
wideband 90° phase shifter [1, 5, 6, 7]

teristic impedance of half wavelength transmission line [1]. The values of resistances
are R1=110 Q) and R2=150 Q). Z, Zs and Z3 are obtained using equations (3.24)
to (3.29).

In single-section WPD, characteristic impedance Zg and resistance R can be ex-
pressed as [6]:
Zg =\/273 (3.30)

R =27, (3.31)

In phase shifter, characteristic impedance Z7 is written as [6]:
Z7 = 1.52Z) (3.32)
The characteristic impedances Zg and Zg are equal to Zp as given in [6].

In single-section WPD with wide-band 90° phase shifter, Zg, Z7 and Zg are charac-
teristic impedances of quarter wavelength transmission lines and Zg is characteristic
impedance of half wavelength transmission line [1]. The value of absorption resis-
tance is R=100 Q). Zg and Z7 are obtained using equations (3.30) and (3.32). Table
3.1 gives optimized design dimensions of dual and single-sections WPD with phase

shifter.
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Table 3.1: Optimized design dimensions of dual-section WPD with wide-band 90°
phase shifter at 1.176 GHz, 1.575 GHz and single section WPD with wide-band 90°
phase shifter at 2.49 GHz

Characteristic impedance (()) | Length (mm) | Width (mm)
Z1=70.7 22.07 0.25
Z2=55.0 22.38 0.50
Z3=76.0 19.80 0.20
Z4=50.0 15.00 0.70
Z5=50.0 32.80 0.70
Ze=170.7 14.00 0.20
Z7=76.0 12.00 0.20
Z3=50.0 12.90 0.60
Z9=50.0 25.00 0.60

Dual-section WPD at L1- and L5-bands are developed for half-power division by
Z1, Zz, Ry and Ry at port 3 and port 4 [1]. In dual-section WPD, 90° phase shift
is received by Z4 and Zs. The resistances R; and Ry are obtained from equations
(3.26) and (3.27), respectively. In single section WPD, half power division at port 5
and port 6 is obtained by Zg and R for S-band [1]. 90° phase shift is obtained by Zg
and Zg in single section WPD. The resistance R is obtained from equation (3.31). In
single- and dual-sections WPD, two short stubs necessaries for smooth phase change

over wide-band and impedance matching [1].

Design of dual-section WPD with wideband 90° phase shifter is verified using
reference [2]. S11, S31, Sy1 and S3y4 of dual-section WPD with phase shifter at L5-
and L1-bands are represented in Figure 3.3 (a). Figure 3.3 (b) shows the phase shift
of dual-section WPD with phase shifter at L5 and L1-bands. The return loss (|.S11])
at port-1 of dual-section WPD with phase shifter is achieved to be better than 17
dB over L5 and Ll-bands. The isolation (|S34]) of dual-section WPD with phase
shifter is found to be better than 20 dB over L5- and L1-bands. |S31| and |S41]| are
found to be better than 3.97 dB over L5 and L1-bands.

Design of single-section WPD with wideband 90° phase shifter is verified using
reference [2]. Sa2, Sz, Sgo and Ssg of single-section WPD with phase shifter at
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Figure 3.3: (a) S11, S31, S41 and S3y4 (b) phase shift of dual-section WPD with
wide-band 90° phase shifter at L5- and L1-band [1]
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Figure 3.4: (a) S22, Ss2, Se2 and Sse (b) phase shift of single section WPD with
wide-band 90° phase shifter at S-band [1]

S-band are shown in Figure 3.4 (a). Figure 3.4 (b) shows the phase shift of single-
section WPD with phase shifter at S-band. Non-linearity (wiggles) in the simulated
phase shift data are achieved due to high impedances of stubs in phase shifters. The
return loss (|S22|) at port-2 of single-section WPD with phase shifter is obtained
to be better than 20 dB over S-band. The isolation (|Ss¢|) of single-section WPD
with phase shifter is achieved to be better than 23 dB over S-band. [Ss2| and |Sg2]
of single-section WPD with phase shifter are found to be better than 3.6 dB over
S-band.
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3.1.4 Electric Field Distribution

Figures 3.5 (a), (b) and (c) show the electric field distribution of T'EY;; mode at
1.176 GHz, TEY,3 mode at 1.575 GHz and T E{,5 mode at 2.49 GHz of triband DRA,
respectively. TEY{);, TE{,5 and TE{}, modes are detected as 0.5\g, 1.5\¢ and A9 on
z-direction. Electric field E vectors at 1.176 GHz, 1.575 GHz and 2.49 GHz rotate
in anticlockwise direction as phase changes from 0° to 90° as shown in Figures 3.6
(a) to (f). The anticlockwise rotation of electric fields shows RHCP. All electric field

distributions of tri-band DRA are simulated using reference [2].
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Figure 3.5: Electric field distribution of tri-band RDRA
(a) TEY{,; mode at 1.176 GHz

(b) TEY,5 mode at 1.575 GHz

(c) TEY,5 mode at 2.49 GHz [1]
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Figure 3.6: Electric field distribution of tri-band RDRA (a) 1.176 GHz with respect
to 0° (b) 1.176 GHz with respect to 90° (c¢) 1.575 GHz with respect to 0° (d) 1.575
GHz with respect to 90° (e) 2.49 GHz with respect to 0° (f) 2.49 GHz with respect
to 90° [1]
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3.1.5 Fabrication and Testing

Tri-band RDRA consists of staired RDR, dielectric substrate, single- and dual-
sections WPD with wide-band 90° phase shifter, ground plane, strips and 3M adhe-
sive. The feed networks of tri-band RDRA are located on bottom side of dielectric
substrate as shown in Figure 3.7 (a). Top side of dielectric substrate is represented as
ground plane. The staired RDR and ground plane are connected using 3M adhesive
with size of 27 mm x 27 mm x 0.05 mm as shown in Figure 3.7 (b) [1]. The side
view photograph of fabricated tri-band RDRA is given in Figure 3.7 (c).

3M adhesive Port-1
(1] Port-2

i

ngle-section

Port-1 artmd plane Strip-1
(a) (b)

Figure 3.7: Photograph of fabricated triband RDRA (a) bottom view (b) top view
(c) side view [1]

Figure 3.8: Photograph of fabricated triband RDRA with bakelite support, mounting
fixture and fixure pipe in anechoic chamber [1]
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The strips are attached to sidewalls of staired RDR using 3M adhesive. Port 1
and port 2 acts as input ports of triband DRA. As shown in Figure 3.7, strips 1,
2, 3 and 4 are soldered to ports 3, 4, 5 and 6, respectively. The isolation between
ground plane and strips is obtained by removing four 2 mm radius patches of copper
in the ground plane. The ground plane area of triband RDRA is 40 mm x 40 mm.
Lengths of vertical feeding strips 1, 2, 3 and 4 are 8.135 mm, 8.135 mm, 5.135 mm
and 5.135 mm, respectively. The widths of all feeding strips are 2 mm. Thickness of

dielectric substrate is 0.635 mm.

The simulated and measured parameters of tri-band RDRA are Sii, S22, Sio,
S91, RHCP-LHCP radiation patterns, RHCP gain and axial ratio. Si1, S22, S12 and
Sa1 are measured using E5071B Vector Network Analyzer (VNA). Figure 3.8 shows
photograph of fabricated tri-band RDRA with bakelite support, mounting fixture
and fixure pipe in anechoic chamber. In an anechoic chamber, the measurements of
tri-band RDRA are taken using an automated system (Appendix A.1). Measurement
of radiation patterns are discussed in Appendix A.2. The gain transfer method
(Appendix A.3) was used to measure the gain of tri-band RDRA. The rotating
source method (Appendix A.4) was employed to measure the axial ratio of tri-band

RDRA.

3.2 Miniaturized Circularly Polarized Tri-Band
Staired Rectangular Dielectric Resonator

Antenna (Single Port)

3.2.1 Introduction

For IRNSS and GAGAN applications, miniaturized tri-band CP staired RDRA
was designed, analyzed, fabricated and tested for L5, L1 and S-bands [8]. Tri-band
RDRA produces RHCP using a novel tri-section WPD with wideband 90° phase
shifter as feed network. A single input port is used for L5, L1 and S-bands. The

ground plane footprint area of tri-band RDRA is miniaturized to 40 mm x 40 mm
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using high dielectric constant (e,= 51.92) of DR material and high dielectric constant
(e, = 10.2) of dielectric substrate (Rogers RO3210) [8]. The volume of staired RDR is
reduced to 23.2 mm x 23.2 mm x 28.25 mm because of high dielectric constant of DR
material. The TEY,,, TEY,5 and TEY,, modes in tri-band RDRA produces broadside
radiation patterns at 1.176 GHz, 1.575 GHz and 2.49 GHz, respectively. The return
loss, RHCP-LHCP field patterns, RHCP gain and axial ratio are simulated and
measured for tri-band RDRA [§].

3.2.2 Configuration and Feed Network

The dimensions of staired RDR are obtained using equations (3.1) to (3.23) with
assumed aspect ratios of RDRs. Assume Hl =1.13, M = 1.0, & =0.13, M = 1.38,
e = 51.92, f1=1.176 GHz, fo=1.575 GHZ and f3:2.49 GHz, as design dimensions
of staired RDR, which gives [; = 23.2 mm, W; = 23.2 mm, H; = 26.1 mm, L, =
16.9 mm, W, = 23.2 mm and H,, = 2.15 mm [8]. The front view of tri-band RDRA
is shown in Figure 3.9 (a). Figure 3.9 (b) represents the bottom view of tri-band
RDRA. 3-D views of tri-band RDRA is shown in Figure 3.9 (c).

For L5, L1 and S-bands, RHCP of tri-band RDRA is produced by tri-section
WPD with wideband 90° phase shifter. Figure 3.9 (d) represents schematic diagram
of tri-section WPD with wideband 90° phase shifter. In tri-section WPD, three
transmission sections of characteristic impedances 7, Zs and Z3 have lengths [y, lo
and [3 [9, 10], respectively. The electrical lengths 61= (111, 6= [ily and O3= [il3
at first frequency f are less than or equal to /2 [9]. 31 is equal to (Qyﬁ) Z1, Zo,
Z3, 01, 62 and 603 are obtained by even mode analysis of tri-section WPD. u;= %

and ug= ;3 where, 1 < u; < ug < 319, 10].

The characteristic impedance Z; and electric length 6; are given by equations

(3.33) to (3.38) as follows [9]:

71 = [3.595u% — 11.686u1 + 59.52]¢"2P 3.33
1
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Figure 3.9: Configuration of miniaturized tri-band CP RDRA
(a) front view
(b) bottom view
(c) 3-D views of tri-band RDRA
(d) Feed network of miniaturized triband CP RDRA [6, 7, §]
T
6 = @[UQ(] + rs] (3.34)
where,
_ 1.361 — ¢ 0401w (3.35)
P~ 10,015 + 109 '
g = 0.616u; + 3.822(u1 — 3.714)? (3.36)
r = 0.821uy + 3.113(u; — 3.208)2 (3.37)
s = ug — 1.994u1 — 0.555(uy — 2.363)> (3.38)
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Za, B2, Z3 and 63 are given by (3.39) to (3.42) [9].

Zy =27, (3.39)

t0 +btand
Oy = — arctan(co L+ Otan 1) (3.40)

2a
Z3

Jg = — 3.41
3= 7 (3.41)
03 = 6 (3.42)

The parameters a and b are shown in equations (3.43) and (3.44), respectively as

follows [9]:
270 A
=220 4
a=v2( 7 3 Zo) (3.43)
b=2(— )" — (— .44
oy - (k) (3.44)

Ry, Ry and R3 are obtained using odd-mode analysis of tri-section WPD [9].
R1, Ry and Rj3 can be found by numerically solving equation (6) in reference [9] for
frequencies fi1, fo and f3 with known parameters (Z1, Za, Z3, 01, 02 and 63) obtained
from equations (3.33) to (3.44). The values of Ry, Rs and R3 are 110Q), 1500}, 176C),

respectively.

Zy is equal to 1.527 [6]. Z5 and Zg are equal to Zy as given in [6]. Z4 is charac-
teristic impedance of half wavelength transmission line. Z5 and Zg are characteristic
impedances of quarter wavelength transmission lines. The electrical lengths are 6,=
Bily, O5= P1ls and Og= Pilg. 04, 05 and g are 180°, 90° and 90°, respectively. The
optimized design dimensions of tri-section WPD with wide-band 90° phase shifter
at 1.176 GHz, 1.575 GHz and 2.49 GHz are given in Table 3.2.
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Table 3.2: Optimized design dimensions of tri-section WPD with wide-band 90°
phase shifter at 1.176 GHz, 1.575 GHz and 2.49 GHz

Characteristic impedance (Q)) | Length (mm) | Width (mm)
Z1=88.09 [1=23.27 0.13
Z2=170.70 [0=16.15 0.25
Z3=56.75 [3=23.88 0.45
Z4=76.00 [4=16.40 0.20
Z5=50.00 [5=19.80 0.60
Z6=50.00 l6=30.10 0.60

Tri-section WPD with wide-band 90° phase shifter is analyzed using reference [2].
The S-parameters of tri-section WPD with wide-band 90° phase shifter are shown
in Figure 3.10 (a). [S11], |S21], [S31] and |Sa3| are found to be better than 16 dB,
3.99 dB, 4.5 dB and 17 dB over L5, L1, and S-bands, respectively [8]. The phase
shift of tri-section WPD with wide-band 90° phase shifter is shown in Figure 3.10
(b). Tri-section WPD with wide-band 90° phase shifter achieved the phase shift of
90° over all band.

0 115
110
= ST < 105
= \\ _~
= A @ 100
£-10 \ & 95
W \ L
e I\ [ 3] g 00— A
% .15 R 1 =T
; -15 N\ / g . v Er: 85
A VAR
72} —S - \\ : -
-20 \ = 75
-=531 = 70
)5 =523 65 —PhaseShift‘
-28 5
1 1.5 2 2.5 3 1 1.5 2 2.5 3
Frequency (GHz) Frequency (GHz)
(@) (b)

Figure 3.10: (a) Si1, S21, S31 and S23 (b) phase shift of tri-section WPD with
wide-band 90° phase shifter [§]

TEY,, at 1.176 GHz, TE{,5 at 1.575 GHz and TFEY,, at 2.49 GHz modes of tri-
band RDRA are shown in Figure 3.11 (a), (b) and (c), respectively. The TEY,,
TEY,5 and TEY,, modes are observed 0.5\¢ at 1.176 GHz, 1.5\ at 1.575 GHz and
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Ao at 2.49 GHz, respectively. Figures 3.12 (a) to (f) show simulated E vectors rotate
in anticlockwise direction as phase change from 0° to 90° at 1.176 GHz, 1.575 GHz
and 2.49 GHz. This produced RHCP.
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Figure 3.11: Electric field distribution of tri-band RDRA (a) TEY{,; mode at 1.176
GHz (b) TEY,5 mode at 1.575 GHz (c) TEY,, mode at 2.49 GHz [8]
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Figure 3.12: Electric field distribution of tri-band RDRA (a) 1.176 GHz with respect
to 0° (b) 1.176 GHz with respect to 90° (c¢) 1.575 GHz with respect to 0° (d) 1.575
GHz with respect to 90° (e) 2.49 GHz with respect to 0° (f) 2.49 GHz with respect
to 90° [8]

3-D and bottom views of fabricated tri-band RDRA are given in Figures 3.13
(a) and 3.13 (b), respectively. Tri-band RDRA in the anechoic chamber is shown in
Figure 3.14. Tri-band RDRA contains staired RDR, tri-section WPD with wide-band
90° phase shifter, dielectric substrate, copper metal sheet (ground plane), feed pins
1 and 2, teflon rings, 3M adhesive and silver epoxy adhesive as shown in Figure 3.9
(a) and (b). Tri-section WPD with wide-band 90° phase shifter is placed on bottom
face of dielectric substrate as shown in Figure 3.13 (b). Copper is fully removed

on top side of dielectric substrate. Metal sheet is used as the ground plane in this
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antenna. Copper metal sheet is protecting the dielectric substrate from bending and
it can also handle the weight of RDR. Port 1 is input port of antenna. Output port

2 and port 3 of feed network are connected to the feed pin 1 and 2, respectively.

Top face of dielectric substrate is attached to the bottom face of the copper metal
sheet using 3M adhesive with size of 40 mm x 40 mm x 0.05 mm. Air gap between
copper metal sheet and dielectric substrate is removed using 3M adhesive. Groove
with volume (23.2 mm x 23.2 mm x 1 mm) is created on top side of copper metal
sheet. Copper metal sheet with groove is attached to the staired RDR using silver
epoxy adhesive with size of 23.2 mm x 23.2 mm x 0.06 mm . Teflon rings are used
for isolating the ground plane and feed pins 1 and 2 [8]. Volume (Ly, x Wy x Hy) of
ground plane is 40 mm x 40 mm X 2mm. Heights of feed pin-1 and 2 are 7.5 mm.
Diameter of all pins are 1.3 mm. Locations of feed pin-1 and pin-2 are (0, 7.65, 0)

and (7.65, 0, 0), respectively. Thickness of dielectric substrate is 0.635 mm.

(@ (b)

Figure 3.14: Fabricated tri-band RDRA in anechoic chamber [§]
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3.3 Simulated and Measured Results

3.3.1 Tri-Band Staired Rectangular Dielectric Resonator
Antenna (Two Port)

The simulated return loss at port-1 is found to be better than 13 dB for L5-band
and 20 dB for L1-band as given in Figure 3.15. The measured return loss at port-1 is
achieved better than 13.7 dB for L5-band and 10 dB for L1-band as shown in Figure
3.15. The simulated and measured return loss at port-2 are better than 15 dB over
S-band as given in Figure 3.16. Figure 3.17 and 3.18 show simulated and measured
|S12| and |S21| which are better than 13 dB for L5-band, 13 dB for L1-band and 15
dB for S-band, respectively.
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Figure 3.15: Simulated and measured Sj; of tri-band RDRA (two port) [1]

The dielectric resonator material (dielectric constant of €, = 38.67) was obtained
from TCI Ceramics (Division of National Magnetics Group, Bethlehem, PA, USA).
The dielectric constant of this material was measured as ¢, = 37.59 at 5 GHz using
Rectangular Dielectric Waveguide (RDWG) method [11, 12]. Simulated value of tri-
band RDRA was obtained by prescribed dielectric constant €, = 38.67 provided by
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Figure 3.16:
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the manufacturer of DR material. Simulated and measured return loss and isolation
are matched except shift in center frequencies. This shift in center frequencies is
due to difference between prescribed dielectric constant (e, = 38.67) provided by the

manufacturer and measured dielectric constant (¢, = 37.59) of DR material.



Figure 3.18:
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Figure 3.19: Simulated and measured RHCP-LHCP radiation patterns of tri-band
RDRA at L5-band for ¢=0° [1]

The simulated and measured RHCP-LHCP radiation patterns at ¢=0° for L5, L1,

and S-bands are given in Figures 3.19, 3.20 and 3.21, respectively. For ¢p=45°, Fig-
ures 3.22, 3.23 and 3.24 represents simulated and measured RHCP-LHCP radiation
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Figure 3.20: Simulated and measured RHCP-LHCP radiation patterns of tri-band
RDRA at L1l-band for ¢=0° [1]
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Figure 3.21: Simulated and measured RHCP-LHCP radiation patterns of tri-band
RDRA at S-band for ¢=0° [1]

patterns for L5, L1, and S-bands, respectively. The simulated and measured RHCP-
LHCP radiation patterns at ¢=90° for L5, L1, and S-bands are shown in Figures
3.25, 3.26 and 3.27, respectively.
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Figure 3.22: Simulated and measured RHCP-LHCP radiation patterns of triband
RDRA at L5-band for ¢=45° [1]
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In Figures 3.19 to 3.27 and Table 3.4, L5, L1 and S-bands are shifted because of the
difference between prescribed dielectric constant €, = 38.67 and measured dielectric
constant €, = 37.59. RHCP-LHCP radiation patterns of tri-band RDRA achieved to
be broadside directions over L5, L1 and S-bands. The reduction of Half Power Beam
Width (HPBW) and multiple ripples in measured RHCP-LHCP radiation patterns
are observed because of bakelite support, fixture pipe and mounting fixture in an

anechoic chamber (Figure 3.8).
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Figure 3.24: Simulated and measured RHCP-LHCP radiation patterns of tri-band
RDRA at S-band for ¢=45° [1]
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Figure 3.25: Simulated and measured RHCP-LHCP radiation patterns of tri-band
RDRA at L5-band for ¢=90° [1]

The simulated RHCP gain and axial ratio of tri-band RDRA are represented in
Table 3.3. RHCP gain is the peak gain of the center frequencies of L5, L1 and S-
bands. Axial ratio at § = 0° to +60° is lower than 3 dB over L5, L1 and S-bands.
For L5, L1 and S-bands, simulated and measured parameters (gain, axial ratio) of
tri-band RDRA are shown in Table 3.4. In tri-band RDRA, simulated and measured
parameters (gain, axial ratio) are mismatched due to errors introduced by bakelite

support, mounting fixture and fixture pipe in anechoic chamber (Figure 3.8).

80



0 Vid \T=\
- 4 \ \
-9 ~ ’ LT SN ™~
o~/ L Y
Y R
-10 I\ ) aorn
rLd ___—._-l—-\ 7~ \
E/—l;ﬁ ’ IS " \\ i M \ J/
B T rNC PN g I\ =N Y
&) * v oy \ [] (/2N
= v ! \ g ' []
= -20 LY V! VI
: V! v V! (N
A ”s ! V1 "
M s H . 'V
< f ¥ i
E H] i 1]
AT [ N S — [ ']
_30 —viea. L P=1.979GrL .' \/
—Mea. R_lf P-1.575GHz ?
-35 | ==Mea. RHCP-1.575GHz ¢
= =Mea. LHCP-1.575GHz
40
-100 -50 0 50 100
0 (degree)

Figure 3.26: Simulated and measured RHCP-LHCP radiation patterns of tri-band

RDRA at L1l-band for ¢=90° [1]
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Figure 3.27: Simulated and measured RHCP-LHCP radiation patterns of tri-band

RDRA at S-band for ¢=90° [1]

Table 3.3: Simulated RHCP gain and axial ratio of tri-band RDRA [1]

Design Parameters L5-Band | L1-Band | S-Band
RHCP Gain at § = 0° 2.0 dB 1.9 dB 2.0 dB
RHCP Gain at # = £60° -1.8 dB -1.5 dB -1.6 dB
RHCP Gain at § = £70° -2.7dB -2.7dB -2.7dB
RHCP Gain at § = £80° -4.1 dB -3.9 dB -3.9 dB
Axial Ratio at # = 0° to £60° | <3.0dB | <3.0dB | <3.0dB
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Table 3.4: Simulated and measured gain and axial ratio of tri-band RDRA [1]

Frequency | Simulated | Measured | Simulated | Measured
(GHz) Gain (dB) | Gain (dB) | AR (dB) | AR (dB)
1.164 1.00 0.61 2.25 6.29
1.176 2.00 2.75 1.60 4.18
1.118 1.00 4.14 2.80 2.35
1.200 0.60 4.50 3.50 1.20
1.565 0.90 2.01 2.85 7.02
1.575 1.90 291 2.00 5.08
1.585 0.89 2.59 2.80 0.91
2.600 1.00 2.00 2.20 2.40

3.3.2 Tri-Band Staired Rectangular Dielectric Resonator

Antenna (Single Port)

The simulated and measured return loss of tri-band RDRA are shown in Figure
3.28. Simulated |S;1| is found to be better than 12 dB over L5-, L1- and S-bands.

The measured |S71| of tri-band RDRA is shifted to higher frequency as shown in
Figure 3.28.
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Figure 3.28: Simulated and measured Sy of tri-band RDRA (single port) [§]
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Figure 3.29: Simulated and measured RHCP-LHCP radiation patterns at L5-band
for p=0° of tri-band RDRA (single port) [§]
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Figure 3.30: Simulated and measured RHCP-LHCP radiation patterns at L1-band
for ¢=0° of tri-band RDRA (single port) [8]

The dielectric resonator material (dielectric constant of €, = 51.92) was obtained

from TCI Ceramics (Division of National Magnetics Group, Bethlehem, PA, USA).
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Figure 3.31: Simulated and measured RHCP-LHCP radiation patterns at S-band for
»=0° of tri-band RDRA (single port) [§]
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Figure 3.32: Simulated and measured RHCP-LHCP radiation patterns at L5-band
for ¢p=45° of tri-band RDRA (single port) [§]

The dielectric constant of this material was measured as ¢, = 47.35 at 5 GHz using
RDWG method [11, 12]. Simulated value of tri-band RDRA was obtained by pre-

scribed dielectric constant €, = 51.92 provided by the manufacturer of DR material.
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Figure 3.33: Simulated and measured RHCP-LHCP radiation patterns at L1-band
for ¢p=45° of tri-band RDRA (single port) [§]
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Figure 3.34: Simulated and measured RHCP-LHCP radiation patterns at S-band for
$=45° of tri-band RDRA (single port) [§]

The simulated and measured return loss are matched except shift in center frequen-
cies. This shift in center frequencies is due to difference between prescribed dielectric
constant (¢, = 51.92) provided by the manufacturer and measured dielectric constant

(e, = 47.35) of DR material.
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Figure 3.36: Simulated and measured RHCP-LHCP radiation patterns at L1-band
for $=90° of tri-band RDRA (single port) [§]

Simulated and measured RHCP-LHCP radiation patterns at ¢=0° for L5, L1, and
S-bands are given in Figures 3.29, 3.30 and 3.31, respectively. For ¢=45°, Figures
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Figure 3.37: Simulated and measured RHCP-LHCP radiation patterns at S-band for
»=90° of tri-band RDRA (single port) [§]
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Figure 3.38: Simulated and measured RHCP gain of tri-band RDRA (single port)

3.32, 3.33 and 3.34 represents simulated and measured RHCP-LHCP radiation pat-
terns for L5, L1, and S-bands, respectively. Simulated and measured RHCP-LHCP
radiation patterns at ¢=90° for L5, L1, and S-bands are shown in Figures 3.35,
3.36 and 3.37, respectively. In Figure 3.38, simulated and measured RHCP gain are

shown. Simulated and measured axial ratio are given in Figure 3.39.
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In Figures 3.28 to 3.39, L5, L1 and S-bands are shifted because of difference
between prescribed dielectric constant €, = 51.92 and measured dielectric constant
e, = 47.35. RHCP-LHCP radiation patterns of tri-band RDRA was achieved in
broadside directions over L5, L1 and S-bands. Reduction of HPBW and multiple
ripples in measured RHCP-LHCP radiation patterns are observed because of bakelite
support, fixture pipe and mounting fixture in an anechoic chamber (Figure 3.14).
In tri-band RDRA, simulated and measured parameters (gain and axial ratio) are
mismatched due to errors introduced by bakelite support, mounting fixture and
fixture pipe in anechoic chamber (Figure 3.14). Simulated return loss, RHCP gain
and axial ratio of tri-band RDRA are shown in Table 3.5.

Table 3.5: Simulated return loss, RHCP gain and axial ratio of tri-band RDRA [7]

Design Parameters L5-Band | L1-Band | S-Band
Return Loss (RL) >10.0 dB | >10.0 dB | >10.0 dB
RHCP Gain at 6 = 0° 1.3 dB 1.1 dB 1.1 dB
RHCP Gain at 6 = £60° -1.5dB -3.0 dB -4.4 dB
RHCP Gain at § = £70° -2.7dB -4.4 dB -7.1dB
RHCP Gain at 6 = £80° -4.0 dB -6.0dB | -10.7 dB
Axial Ratio (AR) at # = 0° to £50° | <3.0dB | <3.0dB | <3.0dB
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3.4 Conclusions and Discussion of Results

Table 3.6 shows comparison of tri-band RDRA (two port) and tri-band RDRA
(single port) with published research work. Ground plane areas of tri-band RDRA
(two port) and tri-band RDRA (single port) are much lower than published research
work. Radiated areas of tri-band RDRA (two port) and tri-band RDRA (single port)
are much lower than published research work. Compact tri-band RDRA (two port)
and tri-band RDRA (single port) are designed, analyzed, fabricated and tested for
IRNSS and GAGAN applications. Simulated return loss, radiation patterns, RHCP
gain, axial ratio of tri-band RDRA (two port) and tri-band RDRA (single port)
are as per required specifications. Measured return loss, radiation patterns, gain,
and axial ratio of tri-band RDRA (two port) and tri-band RDRA (single port) are
found to be in close agreement with simulated results considering inaccuracy in the
knowledge of dielectric constant of DR material and errors due to mounting fixture

in an anechoic chamber.
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Table 3.6: Comparison of tri-band RDRA (two port) and tri-band RDRA (single
port) with published research work

Reference [13] [14] [15] Our work Our work
(two port) | (one port)
Antenna Hybrid Hybrid DRA DRA DRA
type DRA DRA
Shape Hexagonal | Cylindrical | Cylindrical Staired Staired
of DR DR DR cone DR RDR RDR
Feed Microstrip Axial Hybrid Dual section | Tri-section
line probe ring WPD, WPD with
WPD with phase
phase shifter shifter
e, of DR 9.9 9.8 9.8 38.67 51.92
¢ of 3.9 - 4.4 10.2 10.2
substrate
Mode T My, - HE M5 TFE, TFE{,
TEwn, TEY)s, TEY)s,
quasi-1'Moy, TFEY, TFEY
quasi-T'EF111
Polarization LHCP, RHCP, RHCP RHCP RHCP
RHCP LHCP
Radiation Broadside Omni- Broadside Broadside Broadside
pattern directional
f1 (GHz) 1.865 1.937 1.176 1.176 1.176
f2 (GHz) 2.670 2.45 1.227 1.575 1.575
f3 (GHz) 3.645 3.51 1.575 2.49 2.49
Ground
plane area 0.2200 0.1020 0.0841 0.0256 0.0256
(A3) at fi
Radiator area 0.0480 0.0900 0.0441 0.0112 0.0083
(\3) of DRA
Height ()\g) 0.150 0.145 0.200 0.140 0.110
of DRA
RL at f; 17 29 18 15 20
RL at f; 20 28 25 20 15
RL at f3 18 16 13 16 24
(RL in dB)
Gain at f; 5.0 1.2 -1.8 2.75 1.3
Gain at fo 5.3 1.6 -0.8 291 1.1
Gain at f3 2.4 -1.5 2.6 2.0 1.1
(Gain in dB)
AR at f; 1.0 1.5 1.8 1.6 2.3
AR at fo 0.7 0.2 1.8 2.0 0.9
AR at f3 1.1 1.8 1.7 2.1 0.9
(AR in dB)
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Chapter 4
Compact Circularly Polarized Dual-Band

Rectangular Dielectric Resonator Antenna

4.1 Introduction

A compact dual-band (L5 and L1-bands) Circularly Polarized (CP) Rectangular
Dielectric Resonator Antenna (RDRA) is designed, analyzed, fabricated and tested
[1]. Right Hand Circular Polarization (RHCP) of dual-band CP RDRA was gener-
ated using novel design feed network of dual-section WPD with wide-band 90° phase
shifter for L5 and L1-bands. Miniaturized ground plane area 40 mm x 40 mm of
dual-band RDRA is achieved using high dielectric constant (e,= 51.92) of Dielec-
tric Resonator (DR) material and high dielectric constant (e, = 10.2) of dielectric
substrate (Rogers RO3210). The TEY}; and TFE{,3 modes of dual-band DRA are
produced at 1.176 GHz and 1.575 GHz, respectively [1].

Single geometry Rectangular DR (RDR) generates dual-mode which gives broad-
side radiation patterns over L5 and L1-bands. Volume of RDR was reduced to 24.2
mm X 24.2 mm X 26.2 mm using high dielectric constant (e,= 51.92) of DR material
[1]. Compact dual-band RDRA consists of RDR, dual-section WPD with wide-band
90° phase shifter, dielectric substrate, copper metal sheet ground plane, 3M adhe-
sive, silver epoxy adhesive and feeding probes [1]. Design specifications of dual-band
RDRA at L5 and L1-bands are given in Table 1.1. Simulated and measured param-
eters of dual-band RDRA are |S1;1|, RHCP-LHCP radiation patterns, RHCP gain
and axial ratio [1]. The design steps of dual-band RDRA are similar to section 3.1.2.

94



4.2 Geometry and Excitation of Dual-Band

Rectangular Dielectric Resonator Antenna

4.2.1 Geometry of Dual-Band Rectangular Dielectric

Resonator Antenna

Front view and bottom view of dual-band CP RDRA are depicted in Figures 4.1
and 4.2, respectively [1]. Figure 4.3 presents the 3-D views of dual-band CP RDRA.
The optimized dimensions of RDR are obtained width W=24.2 mm, length L.=24.2
mm and height H=26.2 mm using dual-mode design of equations (3.1) to (3.12) using

DWM with CMA-ES by assuming Z = 1.08, ¥ = 1.0, ¢,= 51.92, f1=1.176 GHz
and fo=1.575 GHz [2].

L=W=242mm
RDRA
g
Port 2 E Tetflon ring inner dia.
D=1.3mm port 3 cl\en Di:1.3mm and Quter
Ho=7 Smm | dia. Dé=4.6mm
Notch thickness He=1mm L .
Ground plate thickness t=2mm
3M adhesive T=0.05mm i

Dielectric substrate
thickness h=0.635mm

Figure 4.1: Front view of dual-band RDRA [1]

Wideband 90°

phase shifter p, >
£
i,
=

Stubs Port-1

k—— Le=40mm———

JL Shorted DSWPD

Figure 4.2: Bottom view of dual-band RDRA [1]
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Ground Plane

Dielectric
Substrate

Feed Network

Figure 4.3: 3-D geometry views of dual-band RDRA [1]

4.2.2 Dual-Section Wilkinson Power Divider
with Phase Shifter

Dual-section WPD with wide-band 90° phase shifter is represented as feed network
in Figure 4.4 [1]. Characteristic impedances Z1, Za, Z3, Zy, Z5 and resistances
Ry, Rs are calculated using equations (3.24) to (3.31) [3, 4, b]. Z1, Za, Z3, Z4
are characteristic impedances of quarter wavelength transmission lines [3, 4]. Zs
is characteristic impedance of half wavelength transmission line [4]. The values of
absorption resistances are R1=110 Q) and Rp=150 Q [1]. Half-power division of
dual-section WPD in L5 and L1-bands is achieved by Z;, Z2, R; and Rs at port-2
and port-3. In dual-section WPD, 90° phase shift is obtained by Z4 and Z5. Two
short stubs Z3 are required for smooth phase change over wide-band and impedance
matching. The optimized design dimensions of dual-section WPD with wide-band

90° phase shifter are shown in Table 4.1 at 1.176 GHz and 1.575 GHz.

Port-1 is input port of dual-section WPD with wide-band 90° phase shifter. Port-2
and port-3 are output ports of dual-section WPD with wide-band 90° phase shifter.
The design of dual-section WPD with wide-band 90° phase shifter is verified using

reference [6]. Figure 4.5 (a) depicts S-parameters of dual-section WPD with wide-
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band 90° phase shifter for L5 and L1-bands. Phase shift of dual-section WPD with
wide-band 90° phase shifter for L5 and L1-bands is indicated in Figure 4.5 (b). |S11]
is found to be better than 15 dB over L5 and L1-bands. |S21] is achieved to be better
than 4 dB over L5 and L1-bands. |S31| is determined to be better than 4.5 dB over
L5 and L1-bands. |S23| is obtained to be better than 20 dB over L5 and L1-bands.

Dual Section ‘ Wideband 90
WPD degree phase shifter

Figure 4.4: Dual-section WPD with wide-band 90° phase shifter [1]

Table 4.1: Optimized design dimensions of dual-section WPD with wide-band 90°
phase shifter at 1.176 GHz and 1.575 GHz [1]

Characteristic impedance (()) | Length (mm) | Width (mm)
Z1=70.70 23.00 0.25
Z9=55.00 22.38 0.50
Z3=76.00 20.00 0.20
Z4=50.00 15.00 0.50
Z5=50.00 32.80 0.70
0 94
I 0 s e = 93 P |
< 10 < 9 1
% 15 .\ 2 91
N
# 0 = 90 1
Sosa I | |
= 1 12 1.4 6 18 2 1 L2 14 16 18 2
Frequency (GHz) Frequency (GHz)
(@ (b)

Figure 4.5: Results of feed network (a) S-parameters of dual section WPD with 90°
phase shifter (b) phase shift of dual section WPD with 90° phase shifter
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4.3 Electric Field Distribution

Figures 4.6 (a) depicts TFEY;; mode at 1.176 GHz in dual- band RDRA. TEY{,4
mode at 1.575 GHz of dual-band RDRA is shown in Figure 4.6 (b). The TEY;; and
TE{,5 modes are recognized as 0.5\ and 1.5)\¢ in vertical z-direction, respectively.
The electric field distribution at 1.176 GHz with respect to 0° of dual-band RDRA

is shown in Figure 4.7 (a).
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Figure 4.6: Electric field distribution of dual-band RDRA (a) TEY}; mode at 1.176
GHz (b) TEY{,5 mode at 1.575 GHz [1]
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Figure 4.7: Electric field distribution of dual-band RDRA

(a) 1.176 GHz with respect to 0° (b) 1.176 GHz with respect to 90°
(¢) 1.575 GHz with respect to 0° (d) 1.575 GHz with respect to 90°
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In dual-band RDRA, Figure 4.7 (b) represents electric field distribution at 1.176
GHz with respect to 90°. The electric field E vectors at 1.176 GHz are rotated
in anticlockwise direction as phase changes from 0° to 90° as shown in Figures 4.7
(a) and 4.7 (b). The electric field distribution at 1.575 GHz with respect to 0° of
dual-band RDRA is given in Figure 4.7 (c¢). In dual-band RDRA, Figure 4.7 (d)
depicts electric field distribution at 1.575 GHz with respect to 90°. Electric field E
vectors at 1.575 GHz are rotated in anticlockwise direction as phase changes from
0° to 90° as shown in Figures 4.7 (c¢) and (d). The anticlockwise rotation of electric
fields gives RHCP. All Electric field distributions of dual-band RDRA are verified

using reference [6].

4.4 Fabrication and Testing

The dual-band RDRA consists of rectangular dielectric resonator, dielectric sub-
strate, ground plane of copper metal plate, 3M adhesive, silver epoxy adhesive, dual-
section WPD with wide-band 90° phase shifter, two feeding probes and two teflon
rings. Figures 4.8 (a) and 4.8 (b) show bottom and top views of dual-band RDRA,
respectively. The dual-band RDRA in the anechoic chamber is depicted in Figure
4.9. Dual-section WPD with wide-band 90° phase shifter is placed on bottom face
of dielectric substrate as shown in Figure 4.8 (a). Copper is fully removed on top
side of dielectric substrate. Metal sheet is used as the ground plane in this antenna.
Copper metal sheet is protecting the dielectric substrate from bending and it can

also handle the weight of RDR.

Top face of dielectric substrate is attached to the bottom face of the copper metal
sheet using 3M adhesive with size of 40 mm x 40 mm x 0.05 mm. Air gap between
copper metal sheet and dielectric substrate is removed using 3M adhesive. Groove
with volume (24.2 mm x 24.2 mm X 1 mm) is created on top side of copper metal
sheet. Copper metal sheet with groove is attached to the RDR using silver epoxy
adhesive with size of 24.2 mm x 24.2 mm x 0.06 mm [1]. Port-1 represents input
port of dual-band RDRA. Port-2 and port-3 are connected to the feeding probes
1 and 2, respectively. Volume (L, x W, x Hg) of ground plane is 40 mm x 40
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mm X 2mm. Heights of feed pin-1 and 2 are 7.5 mm. Diameter of all pins are 1.3
mm. Locations of feed pin-1 and pin-2 are (0, 7.65, 0) and (7.65, 0, 0), respectively.

Thickness of dielectric substrate is 0.635 mm.

Figure 4.9: Testing of fabricated dual-band RDRA in the anechoic chamber
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4.5 Simulated and Measured Results

The simulated and measured return loss of dual-band RDRA are shown in Figure
4.10. These are found to be better 10 dB over L5 and L1-bands. The dielectric res-
onator material (¢, = 51.92) was obtained from TCI Ceramics (Division of National
Magnetics Group, Bethlehem, PA, USA). The dielectric constant of this material
was measured as €, = 47.35 at 5 GHz using RDWG method [7, 8]. The simulated
and measured return loss of dual-band RDRA are matched except a slight shift in
resonance frequencies. This shift in center frequencies is due to difference between
prescribed dielectric constant (e,= 51.92) provided by the manufacturer and mea-

sured dielectric constant (e,= 47.35) of DR material.

The simulated and measured RHCP-LHCP radiation patterns at ¢=0° are given
in Figures 4.11 over L5 and L1-bands. For ¢=45°, simulated and measured RHCP-
LHCP radiation patterns are shown in Figure 4.12. In dual-band RDRA, Figure 4.13
clearly shows simulated and measured RHCP-LHCP radiation patterns at ¢=90° for
L5 and L1-bands. RHCP-LHCP radiation patterns are obtained broadside over L5
and L1-bands. The reduction of HPBW and multiple ripple in measured RHCP-
LHCP radiation patterns are observed due to bakelite support, fixture pipe and

mounting fixture in the anechoic chamber (Figure 4.9).

Figure 4.14 shows simulated and measured RHCP gain of dual-band RDRA for L5
and L1-bands. Simulated and measured axial ratio of dual-band RDRA are given in
Figure 4.15. Simulated RHCP gain and axial ratio of dual-band RDRA for L5 and
L1l-bands are shown in Table 4.2 [6]. Measured RHCP-LHCP radiation patterns,
RHCP gain and axial ratio are mismatched because of error introduced by bakelite

support, fixture pipe and mounting fixture in the anechoic chamber (Figure 4.9).

101



0
5
_-10
=
= -15
N
-20
-25]| — Simulated
= Measured
=30 '
1 1.2 14 16 1.8 2
Frequency (GHz)

Figure 4.10: Simulated and measured return loss of dual-band CP RDRA for L5 and
L1-bands [1]
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Figure 4.11: Simulated and measured RHCP-LHCP radiation patterns at L5 and
L1-band of dual-band DRA for ¢=0° [1]
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Figure 4.12: Simulated and measured RHCP-LHCP radiation patterns at L5 and
L1-band of dual-band DRA for ¢p=45°
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Figure 4.13: Simulated and measured RHCP-LHCP radiation patterns at L5 and
L1-band of dual-band DRA for ¢=90°
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Figure 4.15: Simulated and measured axial ratio at L5 and L1-bands of dual-band
RDRA

Table 4.2: Simulated RHCP gain and axial ratio of dual-band RDRA [6]

Parameters L5-Band | L1-Band
RHCP Gain at 0 = 0V 1.5 dB 1.5 dB
RHCP Gain at § = +60Y -1.3dB -0.9 dB
RHCP Gain at § = +£70° -2.6 dB -2.2 dB
RHCP Gain at § = +80° -4.12dB | -3.7dB
Axial Ratio at § = 0%0+55° | < 3dB <3dB
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4.6 Conclusion and Discussion of Results

Table 4.3 shows comparison of dual-band RDRA with published research work.
The ground plane and radiated areas of dual-band RDRA are miniaturized using
high dielectric constant (e,= 51.92) of DR material and high dielectric constant (e,
= 10.2) of dielectric substrate (Rogers RO3210). Both Ground plane and radiated
areas of dual-band RDRA are much lower than published research work. Compact
dual-band RDRA is designed, analyzed, fabricated and tested. The simulated and
measured results of dual-band RDRA are in closed agreement except a small shift in
center frequencies. This is due to difference between prescribed dielectric constant
(e,= 51.92) provided by the manufacturer and measured dielectric constant (e,=

47.35) of DR material.
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Table 4.3: Comparison of dual-band RDRA with published research work

Reference [9] [10] [11] Our work
Antenna type DRA DRA DRA DRA
Shape of DR RDR RDR Stacked RDR RDR

Feed Cross-slot | Apearture Cross-slot DSWPD
coupled with PS

¢, of DR 20.5 9.8 9.8 51.92
¢, of substrate 2.55 2.94 4.4 10.2

Mode TFEY, TEY,, Quasi- TEY,,
TE 3 TE 3 TE, TE 3
T Fr13,
T Fh1s
Polarization RHCP LHCP LHCP RHCP
Radiation Broadside | Broadside Broadside Broadside
pattern
Resonance frequencies
f1 (GHz) 1.268 1.58 1.83 1.176
f2 (GHz) 1.561 2.40 2.60 1.575
Ground

plane area 0.1790 0.7098 0.3717 0.0256

(A3) at fi
Radiator area 0.0160 0.0410 0.0595 0.0090
(\3) of DRA

Height (\o) 0.299 0.2122 0.2439 0.1027
of DRA
RL (dB) at f; 14 13 13 11
RL (dB) at f» 13 14 15 12
Gain (dB) at f; 6.0 6.0 6.0 1.5
Gain (dB) at f, 6.5 8.5 7.0 1.5
AR (dB) at f; 1.0 0.2 0.1 1.5
AR (dB) at fo 1.5 0.1 0.2 0.1
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Chapter 5
Compact Circularly Polarized Single-Band
Rectangular Dielectric Resonator

Antennas

5.1 Single-Band Rectangular Dielectric Resonator

Antenna at S-Band

5.1.1 Introduction

A compact single-band Circularly Polarized (CP) Rectangular Dielectric Res-
onator Antenna (RDRA) using Wilkinson Power Divider (WPD) with wide-band
90" phase shifter is designed, analysed, fabricated and tested for S-band [1]. Finite
ground plane area of S-band CP RDRA is reduced to 25 mm x 25 mm using high di-
electric constant (€,=20.4) of Dielectric Resonator (DR) and high dielectric constant
(6,=10.2) of dielectric substrate (Rogers R03210). Volume of Rectangular Dielectric
Resonator (RDR) was miniaturized to 18.2 mm x 18.2 mm x 13.0 mm because of
high dielectric constant (e,=20.4) of DR material. The mode of single-band RDRA
is TEY|; [1]. The radiation patterns of single-band RDRA was broadside. WPD
with wide-band 90° phase shifter generates RHCP in single-band RDRA.

The single-band RDRA consists of RDR, dielectric substrate, ground plane, WPD
with 90° phase shifter, 3M adhesive and two feeding probes [1]. 3M adhesive is used

for remove air gap between RDR and ground plane. The design specifications of
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single band DRA at S-band are given in Table 1.1. The design steps of single-band
RDRA are similar to section 3.1.2. Simulated and measured parameters of single-

band RDRA are |S71|, RHCP-LHCP radiation patterns, RHCP gain and axial ratio.

5.1.2 Structure and Feed Network

5.1.2.1 Structure

The front view, bottom view and 3-D geometries of single-band RDRA are shown
in Figures 5.1, 5.2 and 5.3, respectively. Initially, RDR is considered as excitation
free. L, W and H are length, width and height of RDR, respectively. Assuming
aspect ratios % = 0.74, % = 1.0, ¢,=20.4 and resonant frequency fy of 2.49 GHz,
optimized dimensions of RDR are determined using DWM with CMA-ES method
(equations (3.13) to (3.23)) [2]. L, W and H of RDR are 18.2 mm, 18.2 mm and 13.0

mm, respectively. single-band RDRA is designed and analyzed at resonant frequency

of 2.49 GHz [1].

g [ Ground Plane

Feed Network

Figure 5.1: Front view of single-band RDRA [1]

Port-2

vy = l

Single Section WPD with

wideband 90 degree | 8 —L|

phase] shifter i 3 =
We = Roit:3
- Port-1

|4 Lg .

Figure 5.2: Bottom view of single-band RDRA [1]
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Figure 5.3: 3-D geometry views of single-band RDRA

5.1.2.2 Feed Network

The feed network consists of WPD and wide-band 90° phase shifter. Figure 5.4
shows the schematic of WPD with wide-band 90° phase shifter. The characteristic
impedance Z; and resistance R are obtained using equation (3.30) and (3.31), re-
spectively [3]. The characteristic impedance Z3 is calculated using equation (3.32)
[3]. The characteristic impedances Z3 and Zy are equal to Zy [3|. Z1, Z2 and Z3 are
characteristic impedances of quarter wavelength transmission lines. Zj is the char-
acteristic impedance of half wavelength transmission line. The value of resistance
R is equal to 100Q). Table 5.1 shows optimized design dimensions of WPD with
wide-band 90° phase shifter at 2.49 GHz.

Single Section Wideband 90 degree

Figure 5.4: Feed network of WPD with wide-band 90° phase shifter [1, 3, 4]

The design of single-band RDRA is verified using reference [5]. The S-parameters
of WPD with wide-band 90° phase shifter are depicted in Figure 5.5 (a). |S11], [S21],
|S31], |S23| are found to be better than 16 dB, 4 dB, 3.9 dB and 27 dB, respectively
over S-band. Figure 5.5 (b) represents phase shift of WPD with wide-band 90° phase
shifter.
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Table 5.1: Optimized design dimensions of WPD with wide-band 90° phase shifter
at 2.49 GHz

Characteristic impedance (Q)) | Length (mm) | Width (mm)
Z1=70.70 12.00 0.25
Z9=76.00 12.70 0.20
Z3=>50.00 12.95 0.70
Z4=>50.00 25.00 0.70
0 100
N e TP EEE R e 98 1
& 10 ’g 96
g-ls -/ % 94 1
E £ 9
£ -20 4 %
s @ 90 1
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— 21|l ommmmmmm =T & 88 1
-30 "::5-2;— 86 -
y
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(a) (b)

Figure 5.5: (a) S-parameters (S11, S21, S31, S23)
(b) phase shift of WPD with wideband 90° phase shifter

5.1.3 Electric Field Distribution

The electric field distribution of TE{;; mode at 2.49 GHz is shown in Figure 5.6.
In z-direction, T E{;; mode is analyzed as 0.5\ at 2.49 GHz [1]. The electric field
distribution at 2.49 GHz with respect to 0" is shown in Figure 5.7 (a). In single-band
RDRA, Figure 5.7 (b) shows electric field distribution at 2.49 GHz with respect to
90°. The electric field vector E revolves in anticlockwise direction as phase change

from 0° to 90° generates RHCP as given in Figures 5.7 (a) and 5.7 (b), respectively.
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Figure 5.7: (a) Electric field distribution at 2.49 GHz with respect to 0, and
(b) electric field distribution at 2.49 GHz with respect to 90°

5.1.4 Fabrication and Testing

The single-band RDRA consists of rectangular dielectric resonator, WPD with
wideband 90° phase shifter, dielectric substrate, ground plane, two vertical feed
probes and 3M adhesive. WPD with wide-band 90° phase shifter is located on
bottom face of dielectric substrate (Figure 5.2). The top part of dielectric substrate

is represented as ground plane (Figure 5.1). The ground plane is connected to the
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RDR using 3M adhesive with size of 18.2 mm x 182 mm x 0.05 mm. Port-1 is
represented as input port of single-band RDRA [1].

Two vertical feed probes are attached to the port-2 and port-3 using soldering,
respectively. Two side walls of RDR are excited through two vertical feed probes.
Feeding probes and ground plane are isolated by removing 4 mm diameter copper
metal from ground plane.The area (Lg x W,) of ground plane is 25 mm x 25 mm.
The height and the diameter of both the feed pin-1 and 2 are 8.11 mm and 1.3
mm, respectively. The locations of feed pin-1 and pin-2 are (0, 9.75, 0) and (9.75,
0, 0), respectively.The thickness of dielectric substrate is 0.635 mm. In Figure 5.8,
photographs of single-band RDRA parts are shown. Figure 5.9 presents photograph

of fabricated single-band RDRA for test and measurement in the anechoic chamber.

(b) (c)

Figure 5.8: Photographs of single-band RDRA parts (a) bottom view of dielectric
substrate (b) top view of dielectric substrate (c) rectangular dielectric resonator [1]

Figure 5.9: Photograph of fabricated single-band RDRA for test and measurement
in the anechoic chamber
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5.2 Single-Band Rectangular Dielectric Resonator

Antenna at L1-Band

5.2.1 Introduction

A compact single band CP RDRA using WPD with wide-band 90° phase shifter is
designed, analyzed, fabricated and tested for LL1-band. Finite ground plane footprint
area of single-band RDRA is miniaturized to 28 mm x 28 mm using high dielectric
constant (e,= 51.92) of dielectric resonators and high dielectric constant (e,= 10.2) of
dielectric substrate (Rogers R03210) [6]. The volume of RDR is reduced to 18 mm X
18 mm x 25 mm for L1-band using high dielectric constant (e,= 51.92) of dielectric
resonator. The mode of single-band RDRA is TEY,;. The radiation patterns of
single-band RDRA are broadside. WPD with wide-band 90° phase shifter produces
RHCP in single-band RDRA [6].

The single band RDRA consists of RDR, dielectric substrate, copper ground plane
metal sheet, WPD with wide-band 90° phase shifter, 3M adhesive and two feeding
probes [6]. The design specifications of single-band RDRA at L1-band are given in
Table 1.1. The design steps of single-band RDRA are similar to section 3.1.2. The
simulated and measured parameters of single-band RDRA are |S11|, RHCP-LHCP

radiation patterns, RHCP gain and axial ratio.

5.2.2 Configuration and Excitation of Single-Band

Rectangular Dielectric Resonator Antenna

5.2.2.1 Configuration

The front view, bottom view and 3-D geometries of single-band RDRA are shown
in Figures 5.10, 5.11 and 5.12, respectively. Initially, RDR is considered as excitation
free. L, W and H are length, width and height of RDR, respectively. Assuming
aspect ratios % = 1.139, % = 1.0, ¢,=51.92 and resonant frequency of 1.575 GHz,
optimized dimensions of RDR are obtained using equations (3.13) to (3.23) (DWM
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with CMA-ES method) [2]. L, W and H of RDR are 18.0 mm, 18.0 mm and 25.0

mm, respectively [6].

Figure 5.10: Front view of single-band RDRA [6]
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Feed Network

IMAdhesive

Port 2
Dielectric Substrate

Figure 5.12: 3-D geometries of single-band RDRA [6]
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5.2.2.2 Excitation

The feed network consists of WPD and wide-band 90° phase shifter. Figure 5.13
shows the schematic of WPD with wide-band 90° phase shifter. The characteristic
impedance Z; and resistance R are obtained using equation (3.30) and (3.31), re-
spectively [3]. The characteristic impedance Z3 is calculated using equation (3.32)
[3]. The characteristic impedances Z3 and Zy are equal to Zy [3|. Z1, Z2 and Z3 are
characteristic impedances of quarter wavelength transmission lines. Zj is the char-
acteristic impedance of half wavelength transmission line. The value of resistance
R is equal to 100 ). Table 5.2 shows optimized design dimensions of WPD with
wide-band 90° phase shifter at 1.575 GHz.

The design of single-band RDRA is verified using reference [5]. The S-parameters
of WPD with wide-band 90° phase shifter are depicted in Figure 5.14 (a). |S11], [S21],
|S31], |S23| are found to be better than 15 dB, 4 dB, 4 dB and 20 dB, respectively
over L1-band. Figure 5.14 (b) represents phase shift of WPD with wide-band 90°
phase shifter.

Single Section Wideband 90 degree

Figure 5.13: Feed network of WPD with wide-band 90° phase shifter [1, 3, 4]

Table 5.2: Optimized design dimensions of WPD with wide-band 90° phase shifter
at 1.575 GHz

Characteristic impedance (()) | Length (mm) | Width (mm)
Z1=70.70 21.18 0.25
Z2=176.00 19.80 0.20
Z3=50.00 18.00 0.70
Z4=50.00 36.90 0.70
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Figure 5.14: (a) S-parameters (S11, S21, S31, S23)
(b) phase shift of WPD with wideband 90° phase shifter

5.2.3 Electric Field Distribution

The electric field distribution of TEY{}; mode at 1.575 GHz is shown in Figure
5.15. In z-direction, T E{;; mode is analyzed as 0.5\ at 1.575 GHz [6]. The electric
field distribution at 1.575 GHz with respect to 0° is shown in Figure 5.16 (a). In
single-band RDRA, Figure 5.16 (b) shows electric field distribution at 1.575 GHz
with respect to 90°. The electric field vector E revolves in anticlockwise direction as
phase change from 0° to 90° generates RHCP as given in Figure 5.16 (a) and 5.16
(b), respectively.
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Figure 5.15: Electric field distribution of TEY;; mode at 1.575 GHz [6]
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Figure 5.16: (a) Electric field distribution at 1.575 GHz with respect to 0, and
(b) electric field distribution at 1.575 GHz with respect to 90° [6]

5.2.4 Fabrication and Testing

Single-band RDRA consists of rectangular dielectric resonator, WPD with wide-
band 90° phase shifter, dielectric substrate, copper metal sheet (ground plane), two
vertical feed probes and 3M adhesive [6]. WPD with wide-band 90° phase shifter is
located on bottom face of dielectric substrate. Copper is fully removed from the top
side of dielectric substrate. A copper metal sheet, used as the ground plane in this
antenna, not only protect the dielectric substrate from bending but can also handle
the weight of RDR. The top face of the dielectric substrate is attached to the bottom
face of the copper metal sheet using 3M adhesive with size of 28 mm x 28mm X
0.05 mm. The air gap between the copper metal sheet and dielectric substrate is

removed using 3M adhesive [6].

The top face of copper metal sheet is connected to the RDR using 3M adhesive
[1]. The air gap between RDR and copper metal sheet is removed by 3M adhesive
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with size of 18 mm x 18 mm x 0.05 mm. Port-1 is represented as input port of
single-band RDRA. Two vertical feed probes are attached to the port-2 and port-3
using soldering. The RDR is excited through two vertical feed probes [6].

The feeding probes and copper metal sheet are isolated by teflon rings. The 4
mm diameter copper is removed from metal sheet. The volume (L, x W, x Hy)
of ground plane is 28 mm x 28 mm X 3mm. The height and diameter of both
the feed pin-1 and 2 are 8.2 mm and 1.3 mm, respectively. The locations of feed
pin-1 and pin-2 are (0, 5.25, 0) and (5.25, 0, 0), respectively. The thickness of
dielectric substrate is 0.635 mm. Figure 5.17 show bottom view and 3-D geometries
of fabricated single-band RDRA. The photograph of fabricated single-band RDRA

for test and measurement is shown in Figure 5.18 [6].

Figure 5.17: Photograph of (a) bottom view (b) 3-D geometries views of fabricated
single-band RDRA [6]

Figure 5.18: Photograph of fabricated single-band RDRA for test and measurement
in the anechoic chamber
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5.3 Single-Band Rectangular Dielectric Resonator

Antenna at L5-Band

5.3.1 Introduction

A compact single band CP RDRA using WPD with wide-band 90° phase shifter
is designed, analyzed, fabricated and tested for L5-band. The finite ground plane
footprint area of single-band RDRA is miniaturized to 40 mm x 40 mm for L5-band
using high dielectric constant (e,= 51.92) of dielectric resonator and high dielectric
constant (e,= 10.2) of dielectric substrate (Rogers R03210) [6]. The volume of RDR
is reduced to 23.1 mm x 23.1 mm x 28.0 mm for L5-band. The mode of single-band
RDRA is TEY};. The radiation patterns of single-band RDRA are broadside. WPD
with wide-band 90" phase shifter produces RHCP [6].

The single-band RDRA consists of RDR, dielectric substrate, copper metal sheet
(ground plane), WPD with wide-band 90° phase shifter, 3M adhesive, silver epoxy
adhesive and two feeding probes [6]. The design specifications of single-band RDRA
at L5-band are given in Table 1.1. Simulated and measured parameters of single-

band RDRA are |S11|, RHCP-LHCP radiation patterns, RHCP gain and axial ratio.

5.3.2 Geometry and Feed Network of Single-Band RDRA

5.3.2.1 Geometry

The front view, bottom view and 3-D geometries of single-band RDRA are shown
in Figures 5.19, 5.20 and 5.21, respectively. Initially, RDR is considered as excitation
free. L, W and H are length, width and height of RDR, respectively. Assuming
aspect ratios % = 1.21, % = 1.0, €=51.92 and resonant frequency of 1.176 GHz,
optimized dimensions of RDR are obtained using equations (3.13) to (3.23) (DWM
with CMA-ES method) [2]. L, W and H of RDR are 23.1 mm, 23.1 mm and 28.0

mm, respectively [6].
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Figure 5.19: Front view of single-band RDRA [6]
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Figure 5.20: Bottom view of single-band RDRA [6]
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Figure 5.21: 3-D geometries of single-band RDRA [6]

122



5.3.2.2 Feed Network

The feed network consists of WPD and wide-band 90° phase shifter. Figure 5.22
shows the schematic of WPD with 90° phase shifter. The characteristic impedance
71 and resistance R are obtained using equation (3.30) and (3.31), respectively [3].
The characteristic impedance Z3 is calculated using equation (3.32) [3]. The char-
acteristic impedances Z3 and Z4 are equal to Zy [3]. Z1, Zo and Z3 are character-
istic impedances of quarter wavelength transmission lines. Z4 is the characteristic
impedance of half wavelength transmission line. The value of resistance R is equal
to 100 Q). Table 5.3 shows optimized design dimensions of WPD with wide-band 90°
phase shifter at 1.176 GHz.

The design of single-band RDRA is verified using reference [5]. The S-parameters
of WPD with wide-band 90° phase shifter are depicted in Figure 5.23 (a). |S11], [S21],
|S31], |S23| are found to be better than 15 dB, 4 dB, 4 dB and 20 dB, respectively
over L5-band. Figure 5.23 (b) represents phase shift of WPD with wide-band 90°
phase shifter.

Single Section Wideband 90 degree

Figure 5.22: Feed network of WPD with wide-band 90° phase shifter [1, 3, 4]

Table 5.3: Optimized design dimensions of WPD with wide-band 90° phase shifter
at 1.176 GHz

Characteristic impedance (()) | Length (mm) | Width (mm)
Z1=170.70 27.68 0.25
Z2=176.00 25.35 0.20
Z3=50.00 28.10 0.70
Z4=50.00 47.80 0.70
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5.3.3 Electric Field Distribution

The electric field distribution of TE{;; mode at 1.176 GHz is shown in Figure
5.24. In z-direction, T E{;; mode is analyzed as 0.5\ at 1.176 GHz [6]. The electric
field distribution at 1.176 GHz with respect to 0° is shown in Figure 5.25 (a). In
single-band RDRA, Figure 5.25 (b) shows electric field distribution at 1.176 GHz
with respect to 90°. The electric field vector E revolves in anticlockwise direction as

phase change from 0° to 90° generates RHCP as given in Figure 5.25 (a) and 5.25

(b), respectively.
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Figure 5.24: Electric field distribution of TEY;; mode at 1.176 GHz [6]
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Figure 5.25: (a) Electric field distribution at 1.176 GHz with respect to 0°, and
(b) electric field distribution at 1.176 GHz with respect to 90° [6]

5.3.4 Fabrication and Testing

The single-band RDRA consists of rectangular dielectric resonator, WPD with 90°
phase shifter, dielectric substrate, copper metal sheet (ground plane), two vertical
feed probes, silver epoxy adhesive and 3M adhesive [6]. WPD with wide-band 90°
phase shifter is located on bottom face of dielectric substrate. Copper is fully removed
from the top side of dielectric substrate. A copper metal sheet, used as the ground

plane in this antenna, not only protect the dielectric substrate from bending but can

also handle the weight of RDR.

The top face of dielectric substrate is attached to the bottom face of the copper
metal sheet using 3M adhesive with size of 40 mm x 40 mm x 0.05 mm. The air gap
between copper metal sheet and dielectric substrate is removed using 3M adhesive.
A groove with volume (23.15 mm x 23.15 mm X 1 mm) is created on top side of
the copper metal sheet. The copper metal sheet with groove is attached to the RDR
using silver epoxy adhesive with size of 23.15 mm x 23.15 mm x 0.06 mm. Air
gap between RDR and copper metal sheet is removed using silver epoxy adhesive.
Port-1 is represented as input port of single-band RDRA. Two vertical feed probes
are attached to the port-2 and port-3 using soldering.
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The RDR is excited through two vertical feed probes [6]. The feeding probes
and copper metal sheet are isolated by teflon rings. The 4 mm diameter copper is
removed from metal sheet. Volume (Ly x Wy x Hy) of ground plane is 40 mm X
40 mm x 2 mm. The height and diameter of both feed pin-1 and 2 are 8.5 mm
and 1.3 mm, respectively. The locations of feed pin-1 and pin-2 are (0, 8.25, 0)
and (8.25, 0, 0), respectively. The thickness of dielectric substrate is 0.635 mm. In
Figure 5.26, photographs of single-band RDRA parts are shown. Figure 5.27 shows
the photograph of fabricated single-band RDRA for test and measurement in the

anechoic chamber [6].

Figure 5.26: Photograph of (a) bottom view (b) 3-D geometries views of fabricated
single-band RDRA [6]

Figure 5.27: Photograph of fabricated single-band RDRA for test and measurement
in the anechoic chamber
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5.4 Simulated and Measured Results

5.4.1 Single-Band Rectangular Dielectric Resonator
Antenna at S-Band

The simulated and measured return loss are found to be better than 15 dB over S-
band as shown in Figure 5.28. The simulated and measured RHCP-LHCP radiation
patterns at ¢=0° are given in Figure 5.29 over S-band. For ¢=45° simulated and
measured RHCP-LHCP radiation patterns are shown in Figure 5.30 over S-band. In
single-band RDRA, Figure 5.31 shows simulated and measured RHCP-LHCP radi-
ation patterns at ¢p=90° over S-band. RHCP-LHCP radiation patterns are obtained
broadside over S-band. Figure 5.32 shows simulated and measured RHCP gain of
single-band RDRA for S-band. The simulated and measured axial ratio of single-
band RDRA for S-band is depicted in Figure 5.33.

The simulated RHCP gain and axial ratio are given in Table 5.4. Measured RHCP-
LHCP radiation patterns, RHCP gain and AR are closed to simulated parameters
except shift in resonant frequency due to 3M adhesive, air gap between feeding probes
and RDR walls, fixture pipe and mounting fixture. The reduction of HPBW and
multiple ripples are observed in measured radiation patterns due to mounting fixture

and fixture pipe in the anechoic chamber.

Table 5.4: Simulated RHCP gain and axial ratio of single-band RDRA for S-band

Parameters S-Band

RHCP Gain at 0 = 0V 2.90 dB
RHCP Gain at § = +60° -0.46 dB
RHCP Gain at § = +70Y -1.77 dB
RHCP Gain at § = +80° -3.40 dB
Axial Ratio at § = 07 to £60° | < 3 dB
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5.4.2 Single-Band Rectangular Dielectric Resonator
Antenna at L1-Band

The simulated and measured return loss are found to be better than 14 dB over
L1-band as shown in Figure 5.34 [6]. The dielectric resonator material (¢, = 51.92)
was obtained from TCI Ceramics (Division of National Magnetics Group, Bethlehem,
PA, USA). The dielectric constant of this material was measured as €, = 47.35 at 5
GHz using RDWG method [7, 8]. The simulated and measured return loss of single-
band RDRA are matched except a slight shift in resonance frequencies. This shift
in center frequencies is due to difference between prescribed dielectric constant (e,=
51.92) provided by the manufacturer and measured dielectric constant (e,= 47.35)

of DR material.

The simulated and measured RHCP-LHCP radiation patterns at ¢=0° are given
in Figure 5.35 over L1-band. For ¢=45°, simulated and measured RHCP-LHCP radi-
ation patterns are shown in Figure 5.36 over L1-band. In single-band RDRA, Figure
5.37 shows simulated and measured RHCP-LHCP radiation patterns at ¢p=90° over
L1-band. RHCP-LHCP radiation patterns are obtained broadside over L1-band.
Figure 5.38 shows simulated and measured RHCP gain of single-band RDRA for
L1-band. The simulated and measured axial ratio of single-band RDRA for L.1-band
are shown in Figure 5.39. The reduction of HPBW and multiple ripples in measured
RHCP-LHCP radiation patterns are observed due to bakelite support, fixture pipe
and mounting fixture in the anechoic chamber (Figure 5.18). The simulated RHCP
gain and axial ratio of single-band RDRA for L1-band are shown in Table 5.5 [6].
The measured RHCP-LHCP radiation patterns, RHCP gain and axial ratio are mis-
matched because of error introduced by bakelite support, fixture pipe and mounting

fixture in the anechoic chamber (Figure 5.18).
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Table 5.5: Simulated RHCP gain and axial ratio of single-band RDRA for L1-band
(6]

Parameters L1-Band
RHCP Gain at § = 0° 2.05 dB
RHCP Gain at § = £60 -1.00 dB
RHCP Gain at § = £70Y -3.00 dB
RHCP Gain at § = £80Y -3.98 dB
Axial Ratio at § = 0° to £50° | < 3 dB
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5.4.3 Single-Band Rectangular Dielectric Resonator
Antenna at L5-Band

The simulated and measured return loss are found to be better than 14 dB over
L5-band as shown in Figure 5.40 [6]. The dielectric resonator material (e, = 51.92)
was obtained from TCI Ceramics (Division of National Magnetics Group, Bethlehem,
PA, USA). The dielectric constant of this material was measured as €, = 47.35 at 5
GHz using RDWG method [7, 8]. The simulated and measured return loss of single-
band RDRA are matched except a slight shift in resonance frequencies. This shift
in center frequencies is due to difference between prescribed dielectric constant (e,=
51.92) provided by the manufacturer and measured dielectric constant (e,= 47.35)

of DR material.

The simulated and measured RHCP-LHCP radiation patterns at ¢=0° are given
in Figure 5.41 over L5-band. For ¢=45°, simulated and measured RHCP-LHCP
radiation patterns are shown in Figure 5.42 over L5-band. In single-band RDRA,
Figure 5.43 shows simulated and measured RHCP-LHCP radiation patterns at ¢=90°
over LH-band. RHCP-LHCP radiation patterns are obtained broadside over L5-band.
Figure 5.44 shows simulated and measured RHCP gain of single-band RDRA for L5-
band.

The simulated and measured axial ratio of single-band RDRA for L5-band are
depicted in Figure 5.45. The reduction of HPBW and multiple ripples in measured
RHCP-LHCP radiation patterns are observed due to bakelite support, fixture pipe
and mounting fixture in the anechoic chamber (Figure 5.27). The simulated RHCP
gain and axial ratio of single-band RDRA for L5-band are shown in Table 5.6 [6].
The measured RHCP-LHCP radiation patterns, RHCP gain and axial ratio are mis-
matched because of error introduced by bakelite support, fixture pipe and mounting

fixture in the anechoic chamber (Figure 5.27).
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Table 5.6: Simulated RHCP gain and axial ratio of single band RDRA for L5-band

Parameters L5-Band
RHCP Gain at 0 = 0° 1.6 dB
RHCP Gain at § = £60 -1.0 dB
RHCP Gain at § = £70Y -2.5 dB
RHCP Gain at § = £80Y -3.35 dB
Axial Ratio at € = 0° to £50° | < 3 dB
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5.5 Conclusions and Discussion of Results

Table 5.7 shows comparison of single-band RDRAs with published research work.
The ground plane and radiated areas of single-band RDRAs are miniaturized using
high dielectric constant (e,= 20.4 and 51.92) of DR material and high dielectric
constant (e, = 10.2) of dielectric substrate (Rogers R0O3210). Both the ground
plane and the radiated areas of single-band RDRAs are much lower than published
research work. The compact single-band RDRAs are designed, analyzed, fabricated
and tested for S, L1 and L5-bands. The simulated and measured results of single-
band RDRAs are in closed agreement except a small shift in center frequencies. This
is due to difference between prescribed dielectric constant (e,= 51.92) provided by

the manufacturer and measured dielectric constant (e,= 47.35) of DR material.
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Table 5.7: Comparison of single-band RDRAs with published research work

Reference [9] [10] [11] Ll-band | L5-band | S-band
Antenna DRA DRA DRA DRA DRA DRA
type
Shape CDR RDR Hollow RDR RDR RDR
of DR RDR
Feed Four Aperture | Quadrature WPD WPD WPD
port coupler with PS with PS with PS
strips
€r 9.9 30 10 51.92 51.92 20.4
of DR
€, of - 4.4 6.15 10.2 10.2 10.2
substrate
Mode - - TFEi11 TFE{}; TFE{}; TFE{};
T F11,
quasi-T' Moy,
quasi-T'F111
Polarization RHCP CP LHCP RHCP RHCP RHCP
Radiation Broadside | Broadside | Broadside | Broadside | Broadside | Broadside
pattern
Resonance
frequencies
f1 (GHz) 1.275 0.866 2.4 1.575 1.176 2.490
Ground
plane 0.113 0.120 0.922 0.022 0.0246 0.0433
area
(A3) at fi
Radiator 0.054 0.0121 0.0645 0.0090 0.00821 0.0225
area
(A3) of
DRA
Height (o) 0.102 0.0867 0.0269 0.132 0.101 0.108
of DRA
RL (dB) 10 20 12 20 15 25
Gain (dB) 4.5 3.75 6.0 2.05 1.6 2.9
AR (dB) 0.1 1.0 0.2 1.0 1.7 1.0
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Chapter 6
Design and Analysis of Effect of Finite
Ground Plane on Circularly Polarized
Single and Dual-Band Rectangular

Dielectric Resonator Antennas

6.1 Design and Analysis of Finite Ground
Plane Circularly Polarized Single-Band

Rectangular Dielectric Resonator Antennas

6.1.1 Introduction

In analysis of DRA, the conducting ground plane is assumed to be infinite [1, 2].
Circularly Polarized (CP) single-band Rectangular Dielectric Resonator Antennas
(RDRAS) are analyzed for finite ground plane using reference [3]. The finite ground
plane area of CP single-band RDRAs for L5 and L1-bands were reduced to 25 mm
x 25 mm using high dielectric constant (e,= 100) of dielectric resonators and high
dielectric constant (e,= 10.2) of dielectric substrates (Rogers R03210) [4]. The vol-
ume of Rectangular Dielectric Resonators (RDRs) for L5 and L1-bands are 16.9 mm
x 16.9 mm X 65 mm and 12.8 mm X 12.8 mm X 28 mm, respectively. The Right
Hand Circular Polarization (RHCP) of RDRAs for L5 and L1l-bands are generated
using Wilkinson Power Dividers (WPDs) with wide-band 90° phase shifters [4]. The
single-band RDRAs for L5 and L1-bands consists of RDR, dielectric substrate, WPD
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with 90° phase shifter, ground plane and two vertical feeding probes.

Port-1 is the input port of RDRAs for L5 and L1-bands. Port-2 and port-3 of
WPD with wide-band 90° phase shifter are connected to two vertical feeding probes
[4]. The design specifications for single-band RDRAs are given in Table 1.1. The
simulated parameters of RDRAs for L5 and L1-bands are return loss, RHCP-LHCP

radiation patterns, RHCP gain and axial ratio.

6.1.2 Design and Analysis

The geometries of RDRAs for L5 and L1l-bands are shown in Figure 6.1 (a) and
6.1 (b), respectively. By assuming aspect ratios %:3.84, %:1.0 and €,=100, L,
W and H for L5-band RDR are 16.9 mm, 16.9 mm and 65.0 mm respectively, as
obtained using equations (1) to (4) from reference [5]. For L1-band RDR, L, W and
H are 12.8 mm, 12.8 mm and 28.0 mm respectively, obtained using equation (1) to
(4) from reference [5] by assuming aspect ratios %:2.18, %:1.0 and €,=100. The

ground plane areas (W, x Lg) of L5 and L1-bands RDRAs are 25 mm x 25 mm [4].

a— Wz oy

Single Section WPD-with
BD-wi wideband 20 degree phaase
sfee phase| “IF shifter ,
i !
« RDRA ort-{1 Port-2 [:> W=L s
) w=L L RI| v ;
B ° J o
X - 3 =2 -
e — L Short b . 4
Port- 3r 8 i
— Ground Plane Single Section Wideband 90 degree py g
Ground Plane WPD phasc shifler
Feed Network I ) Feed Network

(b) (©)

Figure 6.1: Geometries of single-band RDRAs (a) L5-band RDRA (b) L1-band
RDRA and (c) schematic of feed network [4]

The schematic of WPD with wide-band 90° phase shifter is shown in Figure 6.1
(c) [4]. The feed networks for L5 and L1-bands are printed on bottom face of the
dielectric substrates. The ground planes are placed on top faces of the dielectric
substrates which are connected to the RDRs for both L5 and L1-bands. The height
and diameter of vertical feeding probes for L5-band are 5.5 mm and 0.5 mm, respec-

tively. For L1-band, the height and diameter of vertical feeding probes are 6.52 mm
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and 0.5 mm, respectively.

The characteristic impedance Z; and resistance R are obtained using equation
(3.30) and (3.31), respectively [4]. The characteristic impedance Zs is calculated
using equation (3.32) [4]. The characteristic impedances Z3 and Z, are equal to Zj
[4]. Z1, Z3 and Z3 are characteristic impedances of quarter wavelength transmission
lines. Z, is the characteristic impedance of half wavelength transmission line. The

value of resistance R is equal to 100 Q).

The characteristic impedances 71, Zs, Z3 and Z4 for L5 and L1-bands are 70.7 (),
76 ), 50 Q) and 50 Q), respectively. [y, l2, I3 and [4 which are lengths of microstrip
lines for L5-band are 27.68 mm, 25.35 mm, 28.5 mm and 49.8 mm, respectively. [y,
l2, I3 and l4 which are lengths of microstrip lines for L1-band are 21.18 mm, 19.3
mm, 19.4 mm and 36.9 mm, respectively. wy, we, w3 and w4 which are widths of
microstrip lines for L5 and L1-bands are 0.25 mm, 0.2 mm, 0.6 mm and 0.6 mm,

respectively [4].

6.2 Analysis of Dual and Single-Band
Rectangular Dielectric Resonator Antennas

using Method of Moments

In analysis of DRA, the conducting ground plane is assumed to be infinite [1, 2].
For dual (L5 and L1) and single (L5)-bands CP RDRAs, Method of Moments (MoM)
is used to analyze the effect of finite ground plane. The geometry of CP dual and
single-band RDRAs is shown in Figure 6.2. The phase difference between port-1 and
port-2 is 90° which generates RHCP. The effect of different radii of circular ground
plane on dual and single-bands RDRAs are analyzed using MoM and reference [3].
The formulation of dual and single-band CP RDRAs using MoM is given in Ap-
pendix B. For different radii of finite ground plane, return loss, isolation, RHCP

gain, radiation patterns and axial ratio are analyzed using MoM and reference [3].
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Figure 6.2: Geometry of CP dual and single-band RDRAs

6.3 Simulated Results

6.3.1 Finite Ground Plane Circularly Polarized
Single-Band Rectangular Dielectric

Resonator Antennas

Figure 6.3 (a) shows Sj; of L5-band RDRA. Sj; of Ll-band RDRA is given in
Figure 6.3 (b). The return loss of RDRAs are found to be better than 17 dB over
L5 and L1-bands. The broadside radiation patterns for both L5 and L1-bands are
shown in Figures 6.4 (a) and 6.4 (b), respectively. Figures 6.4 (a) and 6.4 (b)
indicates simulated RHCP-LHCP radiation patterns at ¢p=0°, ¢=45° and ¢$=90° for
L5 and Ll-bands RDRAs, respectively [4]. The simulated parameters of single and
dual-band RDRAs for L5 and L1-bands are given in Table 6.1 [4].
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Figure 6.4: Simulated RHCP-LHCP far field radiation patterns of (a) L5-band
RDRA and (b) L1-band RDRA [4]

Table 6.1: Simulated parameters of single-band CP RDRA for L1 and L5-bands [4]

Parameters L5-Band L1-Band
Return loss Better than 17 dB | Better than 17 dB

Radiation pattern Broadside Broadside
Polarization RHCP RHCP
RHCP Gain at § = (° 3.5 dB 2.0 dB
RHCP Gain at § = £60° -1.55 dB -2.1dB
RHCP Gain at § = £70° -3.0 dB -3.32 dB
RHCP Gain at § = +80° -4.75 dB -4.83dB
Axial Ratio at 6 = 07 to £50Y <3dB <3dB
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6.3.2 Dual and Single-Band Rectangular Dielectric

Resonator Antennas using Method of Moments

Figure 6.5 (a) shows comparison Si; of dual-band RDRAs in L5 and Ll-bands
using reference [3] and MoM. Si2 of dual-band RDRA is obtained using reference [3]
and MoM as shown in Figure 6.5 (b). S22 and So; of dual-band RDRA are given
in Figures 6.6 (a) and 6.6 (b), respectively. Figures 6.7 (a) and 6.7 (b) present gain
and axial ratio of dual-band RDRA, respectively. The normalized radiation patterns
at 1.176 GHz using reference [3] and MoM are shown in Figures 6.8 (a) and 6.8 (b),
respectively. The normalized radiation patterns at 1.575 GHz using reference [3] and
MoM are given in Figures 6.9 (a) and 6.9 (b), respectively. The broadside radiation
patterns are achieved in dual-band RDRA.

S11, S12, S22 and So; of single-band RDRA for L5-band are viewed in Figures
6.10 (a), 6.10 (b), 6.11 (a) and 6.11 (b), respectively. For single-band RDRA using
reference [3] and MoM, gain, axial ratio, normalized radiation patterns at 1.176 GHz
are demonstrated in Figures 6.12 (a), 6.12 (b), 6.13 (a) and 6.13 (b), respectively.
The broadside radiation patterns are obtained at 1.176 GHz in single-band RDRA.
Table 6.2 shows return loss and gain of dual and single-band RDRAs at L5-band
for different radii of circular ground planes. The return loss and gain of dual-band

RDRA at Ll-band are given in Table 6.3 for different radii of ground planes.
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Figure 6.5: (a) Si1 and (b) S12 of dual-band RDRA using reference [3] and MoM
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Figure 6.7: (a) Gain and (b) axial ratio of dual-band RDRA using reference [3] and

MoM

The return loss at port-1 and port-2 of dual- and single-band RDRAs using refer-

ence [3] are found to be better than 10 dB over L5 and L1-bands. Using MoM, the

return loss at port-1 and port-2 of dual- and single-band RDRAs are obtained to be
better than 20.72 dB over L5 and L1-bands. |S21| and |S)2| of dual- and single-band

RDRA using reference [3] are found to be better than 30 dB over L5 and L1-bands.

Using MoM, |S2;| and |Si2| of dual- and single-band RDRAs are found to be better
than 40 dB over L5 and L1-bands.
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Figure 6.8: (a) Normalized electric field radiation patterns at 1.176 GHz of dual-
band RDRA using reference [3] (b) Normalized electric field radiation patterns at
1.176 GHz of dual-band RDRA using MoM
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Figure 6.9: (a) Normalized electric field radiation patterns at 1.575 GHz of dual-
band RDRA using refernce [3] (b) Normalized electric field radiation patterns at
1.575 GHz of dual-band RDRA using MoM
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Figure 6.11: (a) S22 and (b) S21 of single-band RDRA using reference [3] and MoM

: 2
1.8
0
/ 1.6 \\
5 2 14
P~ =
2 / \ 5 12 \
< o / ~—— £
£ £ 1 I\
CHE Z 03 '
-15 / 4 06 ] \ _
-20 HFSS 8 I ‘\/ —HFSS
—MoM 0.2 Y — —MoDM
225 0 \
1 1.1 1.2 1.3 1.4 1 1.1 1.2 1.3 1.4
Frequency (GHz) Frequency (GHz)
() (b)

Figure 6.12: (a) Gain and (b) axial ratio of single-band RDRA using reference [3]
and MoM
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Table 6.2: Effect of different radii of finite ground plane in dual- and single-band
RDRASs for L5-band

R, (mm) | RL (HFSS) | RL (MoM) | Gain (HFSS) | Gain (MoM)
40 > 21.26 dB > 20.72 dB 4.27 dB 2.86 dB
35 > 26.28 dB > 30.77 dB 4.00 dB 1.02 dB
30 > 16.71 dB > 27.20 dB 3.49 dB -1.14 dB

Table 6.3: Effect of different radii of finite ground plane in dual-band RDRA for

L1-band
R, (mm) | RL (HFSS) | RL (MoM) | Gain (HFSS) | Gain (MoM)
40 > 13.31 dB > 25.01 dB 4.76 dB 6.84 dB
35 > 17.16 dB > 42.22 dB 4.58 dB 5.12 dB
30 > 21.14 dB > 21.92 dB 4.21 dB 3.06 dB

6.4 Conclusions and Discussion of Results

In section 6.1, single-band RDRAs are analyzed using reference [3]. The ground

plane and radiated areas of single-band RDR As are miniaturized using high dielectric

constant (e,= 100) of dielectric resonator material and high dielectric constant (e, =
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10.2) of dielectric substrate (Rogers RO3210). In section 6.1.1, the simulated results

of single-band RDRAs are matched with design specifications.

In section 6.2, dual- and single-band RDRAs are analyzed using reference [3]
and MoM. The radiated areas of dual- and single-band RDRAs are reduced using
high dielectric constant (e,= 51.92) of dielectric resonator material. In Tables 6.2
and 6.3, the effect of different radii circular ground planes of dual- and single-band
RDRAs are observed for L5 and L1-bands. The gain of dual- and single-band RDR As
using reference [3] and MoM are found to be better than 2.86 dB over L5 and L1-
bands. Using reference [3] and MoM, axial ratio of dual- and single-band RDRAs
are obtained to be lower than 0.5 dB over L5 and L1-bands. The gain of dual- and

single-band RDRAs are increased due to increasing radius of finite ground plane.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

Compact Circularly Polarized (CP) tri-, dual- and single-band Rectangular Di-
electric Resonator Antennas (RDRAs) are designed, analyzed, fabricated and tested
at L5, L1 and S-bands for navigation satellite applications. The Right Hand Cir-
cularly Polarized (RHCP) electromagnetic waves are generated using feed networks
of tri-, dual- and single-sections Wilkinson Power Dividers (WPDs) with wide-band
90° phase shifters for tri-, dual- and single-band RDRAs, respectively. The feed
networks of tri-, dual- and single-sections WPDs with wide-band 90° phase shifters

are analyzed using reference [1].

The TEY,;, TEY{,5 and TEY{,5, modes of tri-, dual- and single-band RDRAs are
generated at center frequencies of 1.176 GHz, 1.575 GHz and 2.49 GHz, respectively.
The broadside radiation patterns with multi-modes are produced by in simple geome-
tries of staired RDRs for tri-band and RDR for dual-band. The simple structure of
RDRs generates single modes with broadside radiation patterns at center frequencies

of 1.176 GHz, 1.575 GHz and 2.49 GHz for L5, L1 and S-bands RDRAs, respectively.

The ground plane footprint areas of tri-, dual- and single (L5)-band RDRAs are
miniaturized to 40 mm x 40 mm by using high dielectric constant (¢, = 38.67 and
51.92) of Dielectric Resonator (DR) materials and high dielectric constant (¢, =
10.2) of the dielectric substrates. Single-band RDRA for Ll-band, ground plane

footprint area is reduced to 28 mm x 28 mm by using high dielectric constant (e,
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= 51.92) of DR material and high dielectric constant (¢, = 10.2) of the dielectric
substrate. The ground plane foot print area of 25 mm x 25 mm is achieved by using
high dielectric constant (¢, = 20.4) of DR material and high dielectric constant (e,
= 10.2) of dielectric substrate for single-band RDRA for S-band.

The volumes of staired RDR (two port), staired RDR (single port) and RDR
(dual-band) are miniaturized to 27 mm X 27 mm X 35.3 mm, 23.2 mm X 23.2 mm
X 28.25 mm and 24.2 mm X 24.2 mm X 26.2 mm by using high dielectric constant
(e, = 38.67 and 51.92) of DR materials, respectively. The volumes of RDRs for L5,
L1 and S-bands are reduced to 23.1 mm x 23.1 mm x 28.0 mm, 18.0 mm x 18.0 mm
x 25.0 mm and 18.2 mm X 18.2 mm X 13.0 mm by using high dielectric constant

(e, = 51.92 and 20.4) of DR materials, respectively.

The measured return loss, RHCP-LHCP radiation patterns, RHCP gains and axial
ratios of tri-, dual- and single-band RDRAs were found to be in close agreement
with simulated results except shift in resonance frequencies due to inaccuracy in the
measured and specified values of the dielectric constant of RDRs material and errors

due to mounting fixture in the anechoic chamber.

The finite ground plane areas of 25 mm X 25 mm were obtained by using DR
material of ¢, = 100 and high dielectric constant (e, = 10.2) of dielectric substrates
for L5 and L1-bands CP RDRAs. The return loss, radiation patterns, RHCP gains
and axial ratios are reported for L5 and L1-bands RDRAs. The effect of different
radii of circular ground plane on CP single (L5) and dual (L5 and L1)-bands RDRAs
are analyzed by Method of Moments (MoM) and reference [1] using high dielectric
constant (e, = 51.92) of DR materials. The return loss, isolations, radiation patterns,
gains and axial ratios of single- and dual-band RDRAs are compared using MoM
and reference [1]. The effect of different radii of circular ground plane on single- and
dual-band RDRAs are analyzed for return loss and gains. The gains of dual- and

single-bands RDRAs increase with increasing radii of finite circular ground plane.
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7.2 Proposed Future Work

This work can be further extended by designing and analyzing a compact wide-
band linearly polarized DRA at UHF band with unidirectional radiation pattern and
gain requirements better than 0 dB over entire band. The design can be improved
further to ensure smooth gain variation with the frequency. This antenna can be
analyzed using numerical methods such as MoM and Finite Difference Time Domain

(FDTD).

Compact wide-band CP DRA can be designed for Global Navigation Satellite
System (GNSS) and Radio-Frequency Identification (RFID) applications [2, 3].

Dual linear polarization DRA array can be designed for 5G and other millimeter

wave (mm wave) frequency application [4, 5].
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Appendix A
Measurement of Rectangular Dielectric

Resonator Antennas

A.1 Measurement System

The measurement system, as shown in Figure A.1, is used for the measurement of
the radiation patterns, gain and axial ratio of Circularly Polarized (CP) Rectangular
Dielectric Resonator Antennas (RDRAs). This system operates over a wide range
of frequencies and it is divided into five categories as given below [1, 2].

1. Source antenna and transmitting system

2. Test antenna and receiving system

3. Positioning system

4. Recording system
5

. Data processing system

The source antenna is a large CP horn antenna. The transmitting system must
be chosen so that it has frequency control, frequency stability, spectral purity, power
level and modulation. The antennas to be tested are CP tri-, dual- and single-band
RDRAs. The receiver system can be as simple as bolometer detector, followed by
an amplifier and a recorder. The positioning system has the capability to rotate in
various planes to achieve the desired plane cuts. There are primarily two types of
recorders- linear (rectangular) plot and polar plot [1]. Recording data is then passed

through the data processing system.
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Figure A.1: Measurement system for CP RDRAs in the anechoic chamber [1]

A.2 Measurement of Radiation Patterns

In radiation patterns (amplitude and phase) measurement, two coordinates (0, ¢)
are required for position identification. The radiation pattern of an antenna is defined
as a representation of the radiation characteristics of the radiator as a function of
0 and ¢ for a constant radial distance and frequency [1, 2]. Pattern cut refers as a
two-dimensional radiation patterns. It is achieved by fixing one of angles (6 or ¢)
while varying the other. Pattern cuts are obtained by fixing =0, 45° and 90° and
varying 6 from —90" to —900.

A.3 Gain Transfer Method

The gain transfer method is used to measure the gain of the antenna. This method
utilizes a gain standard (known gain) to determine absolute gains. Initially, the

relative gain measurements are performed which are compared with the known gain
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of the CP standard antenna. Two sets of measurements are required in this procedure

1].

In first set, test CP antenna is used as the receiving antenna. The received power
(Pr) into matched load is recorded. In second set, the test CP antenna is replaced
by CP standard gain antenna. The received power Pg in to a matched load is
recorded. The geometrical arrangement is maintained intact (only replacing the
receiving antennas) in first and second sets. The input power is maintained the
same. For free-space or reflection ranges, gain of the antenna under test can be

expressed as [1]:

(Gr)as = (Gs)ap + 10108, (;’YS‘) (A1)

where Gg is gain of standard gain antennas.

A.4 Rotating Source Method

The axial ratio (and not the sense of polarization or the tilt angle) can be found
as function of direction by using the rotating-source method. The method consists
of continuously rotating source antenna as the direction of observation of the test

antenna is changed [2].

This method has suitable for testing nearly circularly polarized antennas. The
rotating source antenna causes the tilt angle 7y of the incident field to rotate at the
same rate. The rate of rotation 7y shall be very much greater than that of 6 or ¢

cuts are made and recorded [2].
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Appendix B
Formulation of Antennas using Method of

Moments and Energy Conservation

B.1 Formulation of Two Port Single- and
Dual-Band Circularly Polarized Rectangular

Dielectric Resonator Antennas

Two port single- and dual-band RDRAs consist of RDR with dielectric constant
e = 51.92, ground plane with radius R,, probe-1 of length Ly, and radius Rg1,
core-1, clad-1, internal dielectric-1 with dielectric constant €;ptcoaz1 = 2.1, probe-2 of
length Lgpno and radius Rgo, core-2, clad-2 and internal dielectric-2 with dielectric
constant €;nicoar2 = 2.1. Figure B.1 represents the geometry of two port single- and
dual-band RDRAs. The dimension parameters of RDR are length L, width W and
height H. Parameters of RDRAs are given in Table B.1. Probe-1 is connected to the
SMA feed-1 with inner radius R,1, outer radius Rp; and length of Lgq1. Probe-2
is attached to the SMA feed-2 with inner radius R,2, outer radius Ry and length
Lsma2. Phase difference between port-1 of feed-1 and port-2 of feed-2 is 90° for
generation of RHCP.

The radiation field of an antenna is determined as follows [1]:

1. Select the cartesian coordinate system.

2. Find magnetic vector potential from unknown currents [I] which are obtained
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using MoM.
3. Calculate magnetic field intensity H and electric field intensity E.
4. Determine the far fields.

W
/ L ' Dielectric Resonator

Probe 1

Air Gap
Ground Plane
Feed 1
Internal Clad 1 Clad 2
Dielectric 1 Internal Dielectric 2
Core 1

Core 2

Il | Il
Ral Ra?2
Rbl Rb2

Figure B.1: Geometry of two port single- and dual-band CP RDRAs

The MoM is used to convert integral equations to linear system of equations by
using boundary conditions [2, 3, 4, 5]. The formulation steps for RDRAs using MoM

are given below.

o Step-1: Apply boundary conditions on single- and dual-band CP RDRAs. Ba-
sic Perfect Electric Conductor (PEC) boundary conditions will be considered
for each metal parts of single- and dual-band CP RDRAs. The dielectric bound-
ary conditions will be considered for each dielectric material parts of single-
and dual-band CP RDRAs. PEC boundary condition applies on surface of
probe-1 (p x ETotal:O), core-1 (Z o ETOtal:O), clad-1 (Z e ETOwl:o), probe-2

(p x ETotalzo)a core-2 (2 e ETomlzo), clad-2 (2 e ETotal:O> and ground plane

164



Table B.1: Optimized dimensions of single- and dual-band RDRAs at L5 and L1-
bands

Parameter Dimensions
Lenght L of RDR 23.4 mm
Width W of RDR 23.4 mm
Height H of RDR 28.1 mm
Radius of ground plane R, 40 mm
Lont1 and Lo 8.5 mm
Lgmar and Lgyq0 15.5 mm
R,1 and Rgo 0.65 mm
Ry and Ryo 2 mm
Dielectric constant €, of RDR 51.92
Dielectric constant ¢, of Teflon 2.1

(2 x ETotalzo)- where,

ETotal = [E_»impressed(jfeed) + E)s(j];robe—l) + E_’S(Jcorefl) + Es( _;lad—1)+

—

E_;s(j;ntcoax—l) + Es(tiyrobefQ) + Es(j:ore—Q

Es(jRDR) + Es (<fground)]

-

s Jim‘coax—Z) +

_|_
et
—~
~
Ry
QL
©
+
1

(B.1)

o Step-2: The geometries of two port single- and dual-band CP RDRAs are
discretized in to N subsegments, each of length Ax in x-direction, each of
width Ay in y-direction and each of height Az in Z-direction. In boundary
conditions, impressed and scattered electric fields of all parts of single- and
dual-band CP RDRAs are function of unknown current densities. Complex
antenna geometries, pulse signals chooses as basis functions to expand the
unknown current densities. Unknown current densities are expanded using

known N basis functions with N unknown weighting coefficients.

o Step-3: After expanded unknown current densities functions in boundary con-
ditions are converting to system of inner products using Galarkin’s test pro-
cedure. In Galarkin method, basis functions are same as testing function. We

have tested both side of equations with basis functions using inner product.

o Step-4: The system of inner products gives linear system of equations.
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e Step-5: The linear system of equations is converted in to the matrix form

[Z]NXN[[]lez[V]le-
PEC boundary condition on the surface of core-1, clad-1, core-2 and clad-2:

Ze [E_:impressed(j}eed) + E (Jprobe 1) + E (Jcore 1) + E_:s(jclad—l)‘f‘
Es(ﬁntcoam—l) + E_Ts(j;;jrobef2) + Es(Jcore—Q) + E_:s(J_’clade) + E (Jmtcoax 2)+

E (jRDR) + E (Jground)] =0
(B.2)

PEC boundary condition on the surface of ground plane:

Z X [E_I»impressed(jfeed) + Es(tzorobe—l) + E_‘s(j’corefl) + Es(ufclad—l)+
Es(tj;ntcoax—l) + E (Jprobe 2) + Es(ﬁ:ore—?) + E:s(j’clad72) + E (Jmtcoax 2)+

E (jRDR) + E (Jground)] =0
(B.3)

The polarization currents are presented in volume of internal dielectric-1 of feed-1,

internal dielectric-2 of feed-2 and RDR. The dielectric boundary condition is ap-

plied in volume of internal dielectric-1 of feed-1 (E’Total:jw(:“ztw“il_m)), internal

dielectric-2 of feed-2 (ETOW: __Jintcoar—2 )) and RDR (ETotal:.J%) where,

Jw(€intcoar—2—€0 jw(er—eo) /"

€p is free space permittivity and w represents as angular velocity. The dielectric

boundary condition is applied in volume of internal dielectric-1 of feed-1:

—

zmpressed(ered) + ( _;;)robe 1) + E_:s(j(\:ore—l) + E_:s(j;ladfl) + Es(ﬁntcoax—l)"‘

S(JpTObe— ) ( core—2 ) + Es(j::lad—Z) + Es(j;ntcoax—Q) + Es(jRDR)+

-

),

et

7 Jz’ntcoaxfl
J q) = -
( groun ) ]W(Gintcoaxfl - 60)
(B.4)
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The dielectric boundary condition is applied in volume of internal dielectric-2 of

feed-2:

—

Ezmpressed(ered) +E ( _];Tobe 1) + E (’]007"6 1) + E;S(tfclad—l) + E (Jmtcoaa: 1)"’
Es(Jprobef2) ( core— 2) + Es(jcladf2) + Es(j;ntcoax—Q) + Es(jRDR)+

-

7 J intcoar—2
J d) = =
° ( groun ) Jw (eintcoax—2 - 60)

=

(B.5)
The dielectric boundary condition is applied in volume of RDR:

E;impressed(tffeed) + Es(tz)robe—l) + E_)s(jcorefl) + Es(cfclad—l) + Es(jntcoax,1)+
E_;S(‘]_I’)Tob672) + E:s(tfcore—Q) + E’s(jcladf2) + Es(j;ntcoaw—Q) + Es(jRDR)+

7 j}:u’,DR
J - —_—
s( ground) jw(Gr — 6())

o511

(B.6)
The electric field (in integral form) of equations (B.1) to (B.6) can be expressed as

in form of magnetic vector potential A 2, 3, 4, 5]:

B(J) = —jwki(J) — ——9(v- A(J)) (B.7)

In the volume of dielectrics, the magnetic vector potential is given by following

equation:

Ai=o(J) = 1o // JGodv (B.8)

On the surface of PECs, the magnetic vector potential is given by following equa-

tion:

Ay (J) = / TGodv (B.9)

J— y J— / . .
where, Gy==2 (—gko| R ,R ) . The unknown current density functions are expanded
’ 4dmeg| R—R/|

into a set of basis functions. The current densities of probe-1, core-1 and clad-1 are

given by following equations:

3N,
Jprobe—1 = Z anJpin (B.10)

n=1
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3Ne1

jéore—l = Z bnJein (B'll)
n=1

R 3N

Jelad—1 = Z cndelin (B'12)
n=1

Probe-2, core-2 and clad-2 current densities are given by equations (B.13), (B.14)

and (B.15), respectively.
3Np2

jz))robe—Q = Z danQn (Blg)

n=1

. 3Nc2
Jeore—2 = Z endean (B14)

n=1

R 3N012
Jelad—2 = Z Jndeion (B15)
n=1
Internal dielectric-1 of feed-1, internal dielectric-2 of feed-2, RDR and ground plane

current densities are given by following equations:

3N11
mtcoaa: 1= Z gn iln (B16)

. 3N;2
Jintcoaz—2 = Z hinJion (B17)

n=1
5 3N'rd
JepR = Y indrdn (B.18)

n=1

3Ny
ground Z k Jgn (Blg)

PEC boundary conditions on the surface of core-1, clad-1, probe-1, core-2, clad-2,

probe-2 and ground plane are expressed in terms of basis function and weighting
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coefficient:

3Np1 3N 3Nei
Z an pln + Z bn E cln + Z Cn cll

n=1
3NP2 3Nc2 3]Vcl2 _"

(B.20)

3N11 . . 3N12 5 3Nrd
Z gnEs(Jiln) + Z hnE 22 + Z 2n rdn +
n=1 n=1
3Ny

3 knEs(
n=1

Jgn) =

- Eimpressed ( j}eed)

The dielectric boundary condition on internal dielectric-1 of feed-1 is expressed in

terms of basis function and weighting coefficient:

3Np1 3N 3Nep1
Z an pln) + Z bn E cln + Z Cn cll
n=1
BNPQ 3N¢2 3]\/vcl2
Z dn E p2n + Z en 62 + Z fn cl2)
(B.21)
3Nzl 3N12 3Nrd _"
Z gn zln Z hy E 12 + Z ink rdn
3Ng 7
— — g ‘]1 — —
Z knEs(Jgn) - men = _Eimpressed(ered)

jw (eintcoax— 1

_60) o

n=1

Similarly, dielectric boundary conditions on internal dielectric-2 of feed-2 and RDR

can be expressed similar to equation (B.21).

PEC and dielectric boundary conditions equations are tested both side with ba-

sis functions using inner products. Tested both side of PEC boundary condition
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equation of core-1 with basis functions using inner products as given below:

3Np1 . 3Nc1 3N¢p1 .

Z an<Jclma pln + Z b clm7E (Jcln + Z Cn clmaE (Jclln)>+

n=1 n=1

3Np2 3N02 . 3N¢i2 . RN

Z d clm7 Jp2n + Z en clm;E Jc2n)> + Z fn(JclmaEs(JCZQn)>+
n=1 n=

3N7,1 3N, 3Npq o

Z gn clm7E (len + Z h clma (JZQn + Z Zn clmaE (ern)>+

n=1

3Ng ~ L ~ . ~

Z kn<Jclm7Es(Jgn)> - _<Jclm7Eimpressed(ered)>

n=1

(B.22)
Similarly, PEC boundary condition equations are tested both side of clad-1, probe-1,

core-2, clad-2, probe-2 and ground plane with basis functions using inner products.

Tested both side of dielectric boundary condition equation of internal dielectric-1

of feed-1 with basis functions using inner products as given below:

3Np1 . 3Nc1 3N .
Z an<<]i1m7 pln + Z b zlm7 cln + Z Cn Jclln)>+
n=1
3Np2 3N02 . 3ch2 . L
Z d zlma Jp?n + Z en zlmaE Jc?n)> + Z fn<Ji1m7Es(Jcl2n)>+
n=1 n=1
3N11 _) jl 3N;2 .
s(Jitn) — = B s(J;
Z gn zlma zln) jw(eintcoax—l ) + Z zlm, 22n)>+
3Nrd - 3Ng _’ — — — -
Z Z'n<Ji1m7 rdn + Z k ’le7 J )> <Ji1m7Eimpressed(ered)>
n=1

(B.23)
Similarly, dielectric boundary condition equations are tested both side of internal

dielectric-2 of feed-2 and RDR with basis functions using inner products.

In single and dual-band CP RDRAs, ten different parts contains ten boundary
condition equations with basis functions using inner products and ten unknowns.
Boundary condition equations of ten different parts with basis functions using inner
products and ten unknowns are converted in to matrix form. where, impedance,
current and voltage elements of internal dielectric-1 with probe-1 are expressed as

following equations:
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— —

Zilpl - <J_z"1ma Es(Jpln)> (B'24)

3Np1
Lipt = ) ap (B.25)
n=1
‘/il - _<J_zflm7E_:impressed(j}eed)> (B26)

Similarly, other boundary conditions are represented with basis functions using inner
product, unknowns coefficients and feeding in form of impedance, current and voltage
elements. The impedance matrix [Z] of single- and dual-band RDRAs can be written

as:

[Zop]  [Za] [Zpan] [Zoa] [Zpape] [Ze]  [Zpan]  [Zpiia]  [Zaa]  [Z0]
[Zap] [Zaa] [Zad1] [Zaa] [Zag] [Eaz] [Eawe) [Zae] [Zae]  [Zag]
[Zeng] [Za1a] [Zaran] [Zanal [Zange] [Za1e] [Zara2] [Zaa] [Zanae]  [Zend]
[Ziyp1)  [Zaa] [Zaen] [Zaa]  [Zap2]  [Zne] [Zaas) [Zos]  [Z0s) [
[Zoom]  [Zoea] [Zizen]  [Zeon]  [Zapa]  [Zrnes]  [Zp2oia]  [Zpmic]  [Zmar]  [Zpad]
[Zezp]  [Z2a]  [Zezan] [Zean] [Zempe]  [Zaa]  [Zaaz] [Zaie] [Zad]  [Zez)
[Zaap1] [Zaga] [Zaga1] [Zas] [Zazm] [Zazea] [Zara2] [Zame] [Zaa] [Ze2g)
[Ziap1]  [Zizea] [Zizen]  [Ziz]  [Zize2])  [Zize2]  [Bizan]  [Zize])  [Ziod]  [Zil
[Zap1]  [Zara]l [Zaan] [Zara]l [Zape]l [Zarcdl [Zaran] [Zama]  [Zarar]  [Zarg]
i [Zam]  [Zea]  [Zgen] [Zen]  [Zape]  [Zaa]  [Zgen]  [Zo2]  [Zgar]  [Zad] |

The unknown current matrix [I] is given as:
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[[plpl]
[[ clpl]
[Terip1)
[Linp1]
[Lp2p1]
[I c2p1]
[Te12p1]
[Liop1]
[] drpl]

i [[gpl] |

The incident voltage matrix [V] is indicated as:

(B.27)

[Vu]
[Vei]
[Ver]
Vil
[Vp2]
[Ves]
[Verz]
[Vio]
[Var]
[Vl

(B.28)

The total number of basis functions N is expressed as:

N = 3Np1 + 3Ne1 + 3Ng1 + 3N;1 + 3Np2 + 3Neo + 3N + 3Njo + 3Ny, + 3N,
(B.29)
The number of basis functions on probe-1, core-1, clad-1, probe-2, core-2, clad-2 and
ground plane are Np1, Nei, Neii, Np2, Ne2, Neg2 and Ny, respectively. The number of
basis functions in internal dielectric-1, internal dielectric-2 and rectangular dielectric

resonator are N;1,N;2 and Ny, respectively.
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Here, unknown currents matrix or unknown weighting coefficients [I] is determined
using admittance matrix [Y] and incident voltage matrix [V]. Here, the admittance

matrix [Y] is obtained from the impedance matrix [Z].

N1 = [Y]nxn[V]nx1 (B.30)

The input impedance, return loss, isolation, radiation pattern, gain and axial ratio
of single- and dual-band RDRAs are then obtained using the currents as compared

above.
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B.2 Energy Conservation

In DRA, the input power P; expresses in terms of the accepted power P4 and the
reflected power Pg:
Pr = Ps+ Pg (B.31)

where, P4 = Pp + P;. Pp and Pj are the output power and the loss power,

respectively. Thus, the input power P; can be expressed as [6]:
Pr=PFPo+ Pp+ Pp (B.32)

In DRA, the output power Py is equal to the radiated power Pg,. The input power
Pr of DRA can be given as:

Pr = Pr,+ Pr, + Pg (B.33)
The loss power of dielectric material can be calculated using below equation [7]:

Prp = §/€d|E|2dU (B.34)
1

The loss power (ohmic) of metal can be determined as [7]:

1

d B.35
7 (5.35)

1
Pronhmic = /§|J(T)‘2
T
where, surface resistance Ry = U%SS and skin depth d5=, /ﬁ. The loss power Pr=
Pr.p+Pronmic. For single- and dual-band CP RDRAs, dielectric loss power Prp can

be expressed as:

Prp = Prpr + Prin + Prio (B.36)

For single and dual band CP RDRAs, metal loss power Propmic can be represented
as:

Prowmic = Prpt + Pret + Prai + Prp2 + Prea + Preg + Prg (B.37)
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The loss power of each dielectric material part in equation (B.36) is calculated using
equation (B.34). The loss power of each metal part in equation (B.37) is determined
using equation (B.35). The energy conservation of different radius of single- and

dual-band RDRA are shown in Table B.2 and B.3.

Table B.2: Energy conservation at different radius of finite ground plane in single-
and dual-band CP RDRA

Ry Pr Pr PRq Py, Pr+PRrq+Pp,
40 mm | 31.3 mW | 0.313 mW | 20.4 mW | 10.5 mW 31.3 mW
3bmm | 31.3mW | 0.0 mW | 16.0 mW | 15.3 mW 31.3 mW
30mm | 31.3mW | 0.0 mW | 11.9 mW | 19.4 mW 31.3 mW

Table B.3: Energy conservation at different radius of finite ground plane in single-
and dual-band CP RDRA (in percentage form)

Rg (mm) Pr (%) Pr (%) Pr, (%) P, (%) PR+PRa+PL(%)
40 100 1.0 65.17 33.54 100
35 100 0.0 51.11 48.88 100
30 100 0.0 38.01 61.98 100
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Appendix C
MATLAB Sample Code

C.1 Tri-Band Staired RDRA

The dimensions of staired Rectangular Dielectric Resonator (RDR) are obtained
by using this code. The input parameters of staired RDR are X:I%l, y:%, p:VLV—ll,
q:VLV—l’, f3 and €,. The output parameters of staired RDR are L;, W;, H;, L,, H,

and W,,.

clc;

close all;

clear all;

% For lower rectangular dielectric resonator
c= 3%x1078;

x=1.0;

£1=1.176%x10"9;

£2=1.575%1079;

er=38.67;

y=£f2/f1;

w = 180.1639%exp (-14.4967*xx) + 1.0077;

t = —2.7871*exp(—2.8633*x)+1.5811 ;
s = -5.1943%exp(-3.8633*x)+0.7584 ;
h = 6.5618*%exp(-3.5343%x)+3.3658 ;

k=2*xpi*sqrt(er)*xfl/c ;
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wxexp ((-t*y)+s)+h;
=j/k;

= .
= Il

s=1;

=}
Il

-0.4167*exp (-0.6258%s) + 1.5137 ;
10.4051%exp (-1.7887xy) + 0.1221 ;

[=]
I

Z = m*n;

H 1=zxL 1;

W_1= L _1x*x;

%» For upper rectangular dielectric resonator
p=0.22;

q=0.77;

£3=2.49%x1079;

wl = 180.1639%exp(-14.4967*p) + 1.0077 ;

tl = -2.7871%exp(-2.8633*%p)+1.5811 ;

sl = -5.1943%exp(-3.8633%p)+0.7584 ;

hi

6.5618*exp (-3.5343%p) +3.3658 ;
k_0=2*pix*sqrt(er)*£f3/c ;

j1 wl*exp ((-tlxq)+sl)+hl;
L_u=j1/k_0;
H u= p*xL_u;

W_u=q*L_u;
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C.2 Dual-Band RDRA

The dimensions of RDR are determined by using this code. The input parameters

of RDR are X:%, y:% and €. The output parameters of RDR are L, W and H.

clc;

close all;
clear all;

c= 3%x1078;
x=1.0;
£f1=1.176%10"9;
£f2=1.575%1079;

er=51.92;

y=f2/f1;

w = 180.1639%exp (-14.4967*xx) + 1.0077;
t = -2.7871xexp(-2.8633*x)+1.5811 ;

s = -5.1943%exp(-3.8633*%x)+0.7584 ;

h = 6.5618*exp(-3.5343%x)+3.3658 ;

k=2*xpi*sqrt(er)*xfl/c ;

j = wxexp((-t*y)+s)+h;

L=j/k;

m = -0.4167*exp(-0.6258*x) + 1.5137 ;
n = 10.4051%xexp(-1.7887*xy) + 0.1221 ;
Z = m*n;

H=zx*L;

W= Lx*x;
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C.3 Single-Band RDRA

The dimensions of RDR are found by using this code. The input parameters of

RDR are p:%, q:%, f1 and €,. The output parameters of RDR are L, W and H.

clc;

close all;

clear all;

p=0.74;

g=1.0;

£f1=2.49%x10"9;

c=3*%x10"9;

er=20.4;

w = 180.1639*exp (-14.4967*xp) + 1.0077 ;

t = -2.7871%xexp(-2.8633%p)+1.5811 ;
s = -5.1943xexp (-3.8633%*p)+0.7584 ;
h = 6.5618%exp (-3.5343%p)+3.3658 ;

c= 3%x1078;
k=2*xpi*sqrt(er)*xfl/c ;
j = wxexp((-t*xq)+s)+h;
L=j/k;

H= px*L;

W=q*L;
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