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ABSTRACT

The main objective of the thesis is the rigorous method of moments (MoM)
analysis and experiments on the coupling enhancement of waveguide fed dielectric
resonator antenna (DRA). The MoM analysis of waveguide shorted end slot coupled
hemispherical DRA is carried out initially. The problem is formulated using Green's
function approach and the unknown currents are solved using MoM. The
hemispherical DRA is modeled using exact magnetic field Green's function due to
equivalent magnetic currents in the slot. The field inside the waveguide is expressed
in terms of modal vectors and modal functions. The rectangular slot is considered as a
rectangular cavity and cavity Green's function is used for the analysis of the slot. The
waveguide shorted end slot coupled hemispherical DRA gives only poor coupling.
Therefore different coupling enhancement techniques are to be developed, which is
the subject matter of the thesis. The poor coupling of waveguide shorted end slot
coupled DRA is due to the inductive susceptance offered by the DRA loaded slot.
Coupling can be improved by neutralizing the inductive susceptance of the DRA
loaded slot by using its capacitive counterpart. The capacitive susceptance can be
introduced by reducing the narrow wall dimension of the waveguide. Three different
methods for reducing the narrow wall dimension of the waveguide are discussed in
this work. Theoretical analysis of one of the coupling enhancement techniques, the
double step junction coupled waveguide fed hemispherical DRA is carried out using
method of moments. The proposed coupling enhancement techniques ensure very

good coupling and is applicable for DRAs of different shapes.



Introduction

1.1
1.2
1.3
1.4
1.5

MoM Analysis of Waveguide Shorted end Slot Coupled Hemispherical

CONTENTS

Dielectric resonator antenna

Survey of literature

Areas to be Investigated
Methodology

Organization of the thesis

Dielectric Resonator Antenna

2.1
2.2
2.3

24

2.5
2.6
2.7

Introduction
Waveguide Shorted End Slot Coupled HDRA
Scattered Magnetic Field Inside the HDRA

23.1

232

Derivation of potential Green’s function of HDRA

2.3.1.1 Determination of Gﬁ[ (electric potential function

due to r- directed current)

F,

2.3.1.1.1 Determination of GMf
. . F

2.3.1.1.2 Determination of GM”'

2.3.1.2 Determination of Gj\li[rp and G;[rp
¢ ¢

2.3.1.3 Determination of G;[’h and G;[’h
¢ ¢

Extraction of Green’s function in rectangular

coordinate system

2.3.2.1 Extraction of particular solution of
Green’s function

2.3.2.2 Extraction of homogeneous solution of

Green’s function

Field Radiated into Free Space by an Aperture in the

Transverse Plane of a Rectangular Waveguide

Scattered Magnetic Field inside Waveguide

Scattered Magnetic Field Inside the Rectangular cavity
Analysis of Waveguide Shorted end Slot Coupled HDRA

10
11
12

16
17
18
22
24

24
29

33

37

41

44

45

49

51

56

67
78



2.7.1 Evaluation of reflection coefficient &0
2.7.2 Computed results 81
2.8 Inference 83

Theoretical Analysis and Experiments of Double Step Junction

Coupled Waveguide fed Hemispherical DRA 85
3.1 Introduction 86
3.2 Formulation of the Problem 88
33 Evaluation of Matrix Elements 91
3.4 Computation of Reflection Coefficient 94
3.5 Simulated and Measured results 95
3.5.1 Parametric study and discussion 95

3.5.1.1 Effect of slot dimension 97

3.5.1.2 Effect of slot position 99

3.5.1.2.1 Wide band operation 99

3.5.1.2.2 Dual band operation 100

3.5.1.3 Effect of step dimension 102

3.5.1.4 Effect of ground plane dimension 105

3.6  Measurement Results and Discussion 107
3.7  Inference 111

Rectangular Waveguide fed Hemispherical DRA using

Tapered Waveguide Section 113
4.1 Introduction 114
4.2 Configuration of Rectangular Waveguide fed HDRA
Using Tapered Waveguide Section 115
4.3 Simulation Results and Discussion 116
4.3.1 Effect of slot dimension 116
4.3.2 Effect of the dimension of tapered section 118
4.3.3 Effect of radius and dielectric constant of HDRA 118
4.3.4 Simulated radiation pattern 121
4.4  Measured Results 121
4.5 Inference 125
Coupling Enhancement of Stair shaped Waveguide fed HDRA 127

5.1 Introduction 128



5.2 Configuration of Stair Shaped Waveguide fed HDRA 128

53 Simulation Results and Discussion 129
5.4  Dual and Wide Band Operations of Stair Shaped Waveguide

fed HDRA 137
5.5 Measured Results 140
5.6  Inference 143

6. Coupling Enhancement of Waveguide Shorted end Slot Coupled

Cylindrical DRA 145
6.1 Introduction 146
6.2  Cylindrical DRA 146
6.3  Double Step Junction Coupled Waveguide fed CDRA 147
6.4  Waveguide fed Cylindrical DRA with Tapered Section 152
6.5 Inference 156
7. Conclusion and Future Works 158
7.1 Thesis Summary and Conclusion 159

7.1.1 Analysis and experiments on double step junction
coupled waveguide fed HDRA 160

7.1.2  Coupling enhancement of rectangular waveguide fed

HDRA using tapered waveguide section 160

7.1.3 Coupling enhancement of stair shaped waveguide
fed HDRA 161

7.1.4 Coupling enhancement of waveguide fed

cylindrical DRA 161
7.2 Scope for Future Work 161
References 163
Appendix A Vector Analysis 176
Appendix B Bessel Functions 178
Appendix C Legendre Functions 180
Appendix D Mathematical Identities 182

Publications 183



2.1
2.2

2.3

2.4
2.5
2.6
2.7

2.8

3.1

3.2

3.3

3.4

3.5

3.6

List of Figures

Configuration of waveguide shorted end slot coupled HDRA
Longitudinal cross section and top view of waveguide shorted

end slot coupled HDRA
Longitudinal cross section of waveguide shorted end slot coupled
HDRA with enlarged thick ground plane
Hemispherical DRA placed above the slotted ground plane
Waveguide with an aperture at the shorted end

Schematic diagram of a rectangular cavity with its dimension
Normalized input admittance of waveguide shorted end slot coupled
HDRA with slot length 2L = 9.5 mm, slot width 2W = 1.0 mm, slot
thickness 2t = 1.3 mm, xw=Yyw =0 mm, asr=7.5mm and & = 9.8
Reflection characteristics of waveguide shorted end slot coupled HDRA
with slot length 2L = 9.5 mm, slot width 2W = 1.0 mm, slot thickness
2t=1.3mm, Xw=Yyw=0mm, agr=7.5mmand & =9.8
Configuration of the double step junction coupled waveguide

fed HDRA: (a) three dimensional view (b) top view
(c) longitudinal cross section
Normalised input admittance of the double step junction coupled
waveguide fed HDRA with 2t1 = 4.0 mm, 2t2 = 8.0 mm,
2t3=1.3 mm, 2W1 = 6.5 mm, 2W2 = 3.4 mm, 2W3 = 1.0 mm,
2L3 = 9.5 mm, and Xw3= yws= 0 mm
Computed reflection coefficient of the double step junction coupled
waveguide fed HDRA as a function of the number of basis functions M
with 2t1 = 4.0 mm, 2t2 = 8.0 mm, 2t3 = 1.3 mm, 2W1 = 6.5 mm, 2W2
=3.4 mm, 2W3 =1.0 mm, 2L3 = 9.5 mm and Xw3 = ywz =0 mm
Computed reflection coefficient of the double step junction
coupled waveguide fed HDRA as a function of slot thickness 2t3
with 2t1 = 4.0 mm, 2t2 = 8.0 mm, 2W1 = 6.5 mm, 2W2 = 3.4 mm,
2W3 =1.0 mm, 2L3 = 9.5 mm and xw3 = ywz= 0 mm

Computed reflection coefficient of the double step junction coupled
waveguide fed HDRA as a function of slot length 2L.3 with

2t1 = 4.0 mm, 2t2 = 8.0 mm, 2t3 = 1.3 mm, 2W1 = 6.5 mm,

2W2 = 3.4 mm, 2W3 = 1.0 mm, and Xwz = ywz =0 mm

Computed reflection coefficient of the double step junction
coupled waveguide fed HDRA as a function of slot width 2W3
with 2t1 = 4.0 mm, 2t2 = 8.0 mm, 2t3 = 1.3 mm, 2W1 = 6.5 mm,

18

19

19
23
52
67

82

83

88

96

96

98

98



3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

2W2 = 3.4 mm, 2L3 = 9.5 mm and xw3 = yws= 0 mm

Computed reflection coefficient of double step junction coupled
waveguide fed HDRA for wideband operation with 2t1 = 7.0 mm,
2t2 =10.0 mm, 2t3 = 1.3 mm, 2W1 = 6.3 mm, 2W2 = 3.0 mm,

2W3 =1.0 mm, 2L3 = 10.0 mm, xw3 = 0.6 mm, and ywz = 0 mm
Computed reflection coefficient of double step junction coupled
waveguide fed HDRA for dual band operation with 2t1 = 7.0 mm,
2t2 =10.0 mm, 2t3 = 1.3 mm, 2W1 = 6.3 mm, 2W2 = 3.0 mm,

2W3 =1.0 mm, 2L3 = 10.0 mm, xw3 = 1.4 mm, and ywz = 0 mm
Computed reflection coefficient of the double step junction

coupled waveguide fed HDRA as a function of stepl width

2W1 with 2t1 = 4.0 mm, 2t2 = 8.0 mm, 2t3 = 1.3 mm, 2W2 = 3.4 mm,
2W3 = 1.0 mm, 2L3 = 9.5 mm and Xw3 = ywz =0 mm

Computed reflection coefficient of the double step junction coupled
waveguide fed HDRA as a function of stepl thickness 2t1 with

2t2 = 8.0 mm, 2t3 = 1.3 mm, 2W1 = 6.5 mm, 2W2 = 3.4 mm,

2W3 =1.0 mm, 2L3 = 9.5 mm and Xw3 = ywz =0 mm

Computed reflection coefficient of the double step junction

coupled waveguide fed HDRA as a function of step2 width 2W2
with 2t1 = 4.0 mm, 2t2 = 8.0 mm, 2t3 = 1.3 mm, 2W1 = 6.5 mm,
2W2 = 3.4 mm, 2W3 = 1.0 mm, 2L3 = 9.5 mm and Xw3 = ywz =0 mm
Computed reflection coefficient of the double step junction

coupled waveguide fed HDRA as a function of step2 thickness 2t2
with 2t1 = 4.0 mm, 2t3 = 1.3 mm, 2W1 = 6.5 mm, 2W2 = 3.4 mm,
2W3 = 1.0 mm, 2L3 = 9.5 mm and Xw3= yw3=0 mm

Computed reflection coefficient of double step junction coupled
waveguide fed HDRA as a function of ground plane dimension gd
with 2t1 =4.0 mm, 2t2 = 8.0 mm, 2t3 = 1.3 mm, 2W1 = 6.5 mm,
2W2 = 3.4 mm, 2W3 = 1.0 mm 2L3 = 9.5 mm and xw3 = ywz =0 mm
Simulated radiation pattern of double step junction coupled waveguide
fed HDRA as a function of the ground plane dimension gd with

2t1 = 4.0 mm, 2t2 = 8.0 mm, 2t3 = 1.3 mm, 2W1 = 6.5 mm,

2W2 = 3.4 mm, 2W3 = 1.0 mm 2L3 = 9.5 mm and xw3 = ywz= 0 mm
Simulated three dimensional radiation pattern of the double step
junction coupled waveguide fed HDRA with 2t1 = 4.0 mm,

2t2 = 8.0 mm, 2t3 = 1.3 mm, 2W1 = 6.5 mm, 2W2 = 3.4 mm,

2W3 = 1.0 mm 2L3 = 9.5 mm and Xw3 = yw3=0 mm

Photograph of the fabricated double step junction coupled waveguide

99

101

101

102

103

104

104

105

106

106



3.17

3.18

3.19

3.20

3.21

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

fed HDRA with 2t1 = 4.0 mm, 2t2 = 8.0 mm, 2t3 = 1.3 mm,

2W1 =6.5mm, 2W2 = 3.4 mm, 2W3 = 1.0 mm, 2L3 = 9.5 mm,

Xw3 = Ywa =0 mm, agr=7.5mm, and & =9.8

Calculated, simulated and measured reflection coefficient of double step
junction coupled waveguide fed HDRA with 2t1 = 4.0 mm, 2t2 = 8.0 mm,
2t3 = 1.3 mm, 2W1 = 6.5 mm, 2W2 = 3.4 mm, 2W3 = 1.0 mm,

2L3 =9.5mm, Xwz = ywz =0 mm, agr=7.5 mm, and &r = 9.8
Simulated resonant frequency versus air gap of the double step
junction coupled waveguide fed HDRA with optimized parameters
Measured and simulated radiation patterns of double step junction
coupled waveguide fed HDRA: (i) at 9.2 GHz (ii) at 9.5 GHz

a) in xz plane b) in yz plane

Simulated radiation patterns with air gap (0.0113 mm) and without
air gap:(a) in xz plane and (b) in yz plane

Measured gain of the double step junction coupled waveguide
fed HDRA

Configuration of the rectangular waveguide fed HDRA using
tapered waveguide section

Effect of slot length sl on reflection coefficient with sw = 0.7 mm,
tp=21.0 mmand 6 = 13’

Effect of slot width sw on reflection coefficient with sl = 9.0 mm,

tp =21.0 mmand § =13

Effect of the length of tapering tp on reflection coefficient with
sl=9.0mm,sw=0.7mmand =13

Effect of the angle of tapering & on reflection coefficient with

sl =9.0 mm, sw=0.7 mm and tp = 21.0 mm

Effect of dielectric constant ¢r of the HDRA on reflection coefficient
With agr =6.27 mm, sl = 9.0 mm, sw = 0.7 mm, tp = 21.0 mm and
0 =13°

Effect of the radius asr of HDRA on reflection coefficient with & = 9.8,
sl=9.0mm,sw=0.7mm,tp=21.0mmand 0 = 13°

Simulated three dimensional radiation pattern of the rectangular
waveguide fed HDRA with tapered section using optimized
parameters

Photograph of the rectangular waveguide fed HDRA using tapered
waveguide section with sl =9.0 mm, sw =0.7 mm, tp = 21.0 mm,

0 =13° agr =6.27 mmand & = 9.8

Measured and simulated reflection coefficients of the rectangular
waveguide fed HDRA using tapered waveguide section

107

108

108

109

110

110

115

117

117

119

119

120

120

122

122

123



411

4.12

4.13

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

Effect of the air gap g on reflection coefficient with sl = 9.0 mm,
sw=0.7mm, tp =21.0 mm, and 4 = 13°

Measured and simulated radiation patterns of the rectangular
waveguide fed HDRA using tapered waveguide section

at 10.78 GHz: a) in xz plane b) in yz plane

Measured gain of the rectangular waveguide fed HDRA using
tapered waveguide section

Configuration of the stair shaped waveguide fed HDRA

Normalized input admittance of the stair shaped waveguide fed
HDRA with sl =10.1 mm, sw=0.8 mm, st =1.3 mm, Xw =0 mm,
wi=7.0mm, t1=55mm,w2=4.3 mmand t2 = 9.2 mm

Simulated reflection coefficient as a function of slot length sl with
st=13mm,sw=08mm, xw=0mm,wi=7.0mm,t;=55mm,
w2=4.3mmand t; = 9.2 mm

Simulated reflection coefficient as a function of slot width sw with

sl =10.1 mm, st=1.3 mm, xw=0mm, w;=7.0 mm, t1= 5.5 mm,
w2=4.3mmandt; =9.2 mm

Simulated reflection coefficient as a function of slot thickness st with
Xw =0 mm, sl =10.1 mm, sw = 0.8 mm, wi = 7.0 mm, t1=5.5 mm,
w2=4.3mmandt; =9.2 mm

Simulated reflection coefficient as a function of stepl width, wy
with st = 1.3 mm, sl =10.1 mm, sw = 0.8 mm, xw =0 mm, t1 = 5.5 mm,
t>=9.2 mm and w2 =4.3 mm

Effect of variation in stepl thickness t1 on reflection coefficient with
Xw =0 mm, sl =10.1 mm, sw =0.8 mm, st = 1.3 mm, wy=7.0 mm,
w2 =4.3 mm and t2=9.2 mm

Simulated reflection coefficient as a function of step2 width w;

with sl =10.1 mm, sw = 0.8 mm, st = 1.3 mm, Xw = 0 mm, wy= 7.0 mm,
t; =5.5mmand t;= 9.2 mm

Simulated reflection coefficient as a function of step2 thickness t>
with sl =10.1 mm, sw=0.8 mm, st =1.3 mm, xow = 0 mm, w1 =7.0 mm,
tt =55 mmand w2=4.3 mm

Effect of ground plane dimension, gd on backward radiation with

sl =10.1 mm, sw=0.8 mm, st = 1.3 mm, Xxw =0 mm, wi = 7.0 mm,
w2 =4.3mm, t1 =5.5mm and t2 = 9.2 mm

Simulated three dimensional radiation pattern of the stair shaped
waveguide fed HDRA at 8.74 GHz with sl =10.1 mm, sw = 0.8 mm,
st=1.3mm, Xw =0 mm,w1=7.0 mm, t1t =5.5 mm, wo=4.3 mm

and t; =9.2 mm

124

124

125

129

130

131

131

132

134

134

135

135

136

136



5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19
6.1
6.2

6.3

6.4

6.5

6.6

Simulated reflection coefficient of stair shaped waveguide fed HDRA
for dual band operation with sl = 10.0 mm, sw = 0.7 mm, st =1.3 mm,
t1 =6.5mm, t2 = 9.5 mm, w1 = 6.5 mm, wz = 2.8 mm and xw = 1.5 mm
Simulated radiation pattern of stair shaped waveguide fed HDRA for
dual band operation with parameters same as in Fig. 5.12:

(a) at 8.32 GHz (b) at 9.28 GHz

Simulated results of wide band operation with sl = 10.0 mm,
sw=0.7mm, st=1.3 mm, t; = 6.5 mm, t = 9.5 mm, w1 = 6.5 mm,

w2 = 2.8 mm, and xw = 0.7 mm: (a) reflection coefficient

(b) radiation pattern at 8.5 GHz

Photograph of the fabricated stair shaped waveguide fed DRA

with sl = 10.1 mm, sw = 0.8 mm, st =1.3 mm, Xw = 0.0 mm,
wi=7.0mm, t; =55 mm, w2=4.3 mmand t =9.2 mm

Effect of air gap, g between the ground plane and DRA on reflection
coefficient with sl = 10.1 mm, sw = 0.8 mm, st =1.3 mm, Xw = 0.0 mm,
wi=7.0mm, t; =5.5mm, w2=4.3 mmand t =9.2 mm

Measured and simulated reflection coefficients of stair shaped
waveguide fed HDRA

Measured and simulated radiation patterns of the stair shaped
waveguide fed HDRA at 9.38 GHz: (a) in xz plane and

(b) in yz plane

Measured gain of the stair shaped waveguide fed HDRA
Configuration of the double step junction coupled waveguide fed CDRA
Comparison between the normalized conductance/susceptance of direct
coupled and double step junction coupled waveguide fed CDRA
Reflection coefficient of double step junction coupled waveguide

fed CDRA as a function of radius r of CDRA with h = 5.0 mm,

2t1 = 4.0 mm, 2wl = 6.5 mm, 2t2 = 8.0 mm, 2w2 = 3.4 mm,
2t3=1.3mm, 2w3 =1.0 mmand 2L3 = 9.5 mm

Reflection coefficient of double step junction coupled waveguide

fed CDRA as a function of height h of CDRA with the optimized
parameters of the feeding structure

Reflection coefficient of double step junction coupled waveguide fed
CDRA withr=7.0 mm, h=5.0 mm, 2t1 = 4.0 mm, 2wl = 6.5 mm,
2t2 =8.0 mm, 2w2 = 3.4 mm, 2t3 = 1.3 mm, 2w3 = 1.0 mm and
2L3=9.5mm

Measured gain of the double step junction coupled waveguide fed
CDRA withr=7.0 mm, h=5.0 mm, 2t1 = 4.0 mm, 2wl = 6.5 mm,
2t2 =8.0 mm, 2w2 = 3.4 mm, 2t3 = 1.3 mm, 2w3 = 1.0 mm and

138

138

139

141

141

142

142
143
147

148

149

149

150



6.7

6.8

6.9
6.10

6.11

6.12

6.13

6.14

2L3 =9.5mm

E plane radiation pattern of double step junction coupled waveguide
fed CDRA at 9.44 GHz withr = 7.0 mm, h =5.0 mm, 2t1 = 4.0 mm,
2wl = 6.5 mm, 2t2 = 8.0 mm, 2w2 = 3.4 mm, 2t3 = 1.3 mm,

2w3 = 1.0 mmand 2L3 = 9.5 mm

H Plane radiation pattern of double step junction coupled waveguide
fed CDRA at 9.44 GHz withr = 7.0 mm, h =5.0 mm, 2t1 = 4.0 mm,
2wl = 6.5 mm, 2t2 = 8.0 mm, 2w2 = 3.4 mm, 2t3 = 1.3 mm,

2w3 = 1.0 mmand 2L3 = 9.5 mm

Configuration of waveguide fed CDRA with tapered waveguide section
Normalized input admittance of the tapered section coupled rectangular
waveguide fed CDRA with tp = 22.2 mm, 8 = 12°, sl = 10.5 mm,
sw=0.7mm,r=7.0mmandh=5.0mm

Reflection coefficient of the tapered section coupled rectangular
waveguide fed CDRA with tp = 22.2 mm, 6 = 12°, sl = 10.5 mm,
sw=0.7mm,r=7.0mmandh=5.0mm

Measured gain of the tapered section coupled rectangular waveguide
fed CDRA with tp =22.2 mm, 8 = 12° sl = 10.5 mm, sw = 0.7 mm,
r=7.0mmandh=5.0mm

Radiation pattern of the waveguide fed CDRA at 9.48 GHz in the

E Plane with tp = 22.2 mm, # = 12°, sl = 10.5 mm, sw = 0.7 mm,
r=7.0mmandh=>5.0 mm

Radiation pattern of the waveguide fed CDRA at 9.48 GHz in the

H Plane with tp = 22.2 mm, 6 = 12°, sl = 10.5 mm, sw = 0.7 mm,
r=7.0mmandh=>5.0 mm

151

151

152
152

153

154

155

155

156



Chapter 1

Introduction

The main objective of the thesis is the analysis and experiments on coupling
enhancement of rectangular waveguide fed dielectric resonator antenna. A broad
literature review regarding the development of dielectric resonator antenna and the
different methods for exciting the DRA are discussed in this chapter. Since the thesis
concentrates on coupling enhancement of rectangular waveguide fed DRAs, a thorough
literature review on the coupling enhancement techniques of rectangular waveguide
fed DRA especially at the shorted end of the waveguide is described in chapter 1. The
motivation behind the present work, regarding the coupling enhancement technique of
waveguide shorted end slot coupled DRA persistent towards the current technological

developments is explained in detail in this chapter.



Chapter 1

1.1 Dielectric Resonator Antenna

In the early days of microwaves, guided electromagnetic wave propagation in
dielectric media received wide spread attention. The term ‘dielectric resonator’ was
coined by Robert D. Richtmyer of Stanford University in 1939 [1]. He showed that
nonmetallic dielectric objects (toroid) can function as microwave resonators. Richtmyer
also demonstrated that, the dielectric resonator when exposed to free space must radiate
because of the boundary conditions at the dielectric-to-air interface. His theoretical
work failed to generate any significant interest, and practically nothing happened in this
field for more than 25 years. However, these results were later used in the development
of dielectric resonator antenna (DRA). Dielectric resonators gained significance in
1960s, as high-frequency electronics and modern communications industry started to
take off. They offered a size-reducing design alternative to bulky waveguide filters and
lower-cost alternatives for electronic oscillator, frequency selective limiter and slow-
wave circuits [2, 3]. In addition to the cost and size, other advantages of dielectric
resonators over conventional metallic cavity resonators are lower weight, material
availability, and ease of manufacturing. In 1967, Gastine et al. studied the radiation Q
factors of isolated spherical dielectric resonators [4].

The possibility of constructing very small antennas using dielectric resonators
was described in [5]. In 1975, Van Bladel reported a rigorous asymptotic theory for
evaluating the modes of dielectric resonators of arbitrary shape [6], [7]. A small
experimental array of rectangular dielectric resonators excited by a dielectric guide was
reported in [8]. However, in spite of the high Q and small size, dielectric resonators
were not considered for use in microwave devices, due to their poor temperature
stability. The development of the first temperature stable, low loss, barium tetratitanate
ceramics in the early 1970’s was a real breakthrough in ceramic technology. The first
theoretical and experimental study on a specific dielectric resonator antenna (DRA)
configuration was reported by Long et al. in 1983 [9]. Theoretical and experimental
investigations have been reported by many investigators on DRAs of various shapes
such as spherical, cylindrical, cylindrical ring, and rectangular. The open dielectric

resonators are potentially useful antenna elements [10]. They offer several attractive
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features such as small size, high radiation efficiency, compatibility with monolithic
integrated circuits, intrinsic mechanical simplicity and the ability to obtain different
radiation patterns using different modes. When the frequency range of interest for many
systems has progressed upwards to millimeter and near millimeter range the conductor
loss of metallic antennas becomes severe and the efficiency of microstrip patch
antennas reduces significantly. As the only loss of a DRA is due to the imperfect
dielectric material, which is very small in practice, it can be used as a suitable
alternative at millimeter range of frequencies. In addition, DRAs exhibit a relatively
large bandwidth, approximately 10% for a dielectric constant of €. = 10, whereas patch
antennas have a typical bandwidth of only 1% — 3% in their basic form.

Antenna miniaturization is very important, especially in wireless and low
frequency applications. Wireless devices like cell phones, laptops, tablets, game pad
controllers, GPS receivers, security sensors etc. require very small antennas with good
performance in terms of connectivity, stability and data rate. As the frequency of
operation is lowered, miniaturization techniques must be developed to make the
antenna size practical. Two primary techniques are used for antenna miniaturization.
One of them uses a novel topology to reduce the overall area consumed by the antenna
and the second one uses material with permittivity, permeability, or both greater than
one [11]. Since wavelength inside such materials reduces, size of the antenna decreases.

As the demand for bandwidth is growing, we have to opt for higher frequencies.
Millimeter waves that occupy the frequency spectrum from 30 GHz to 300 GHz open
up new spectrum and permit high data rates. Telecommunication systems are
increasingly being used in the millimeter wave range due to the large bandwidth
available [12]. Radaris another important use of millimeter waves, which takes
advantage of another important property of millimeter wave propagation called
beamwidth. In radar, it is desirable to have a beam that stays narrow, rather than
fanning out. For a given antenna size, the beamwidth can be made smaller by
increasing the frequency, and so the antenna can be made smaller as well. The 60 GHz
signal can be used for short range communication and satellite communications. Two-

three decades back, the commonly used antenna for high frequency applications was
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the printed or patch antenna. However, conductor loss of the patch antenna becomes
significant at high frequencies that degrade the performance of the system. On the other
hand, DRAs that are made up of only dielectric material show great potential for high
frequency applications. Conductor loss is absent for DRAs, and the only loss is due to
the dielectric, which is very small in practice. For high gain applications DRA arrays
are a good choice [13, 14, 15].

One of the main parameters that affect the performance of the antenna is the
coupling technique used. Different planar techniques like direct microstrip line,
aperture coupled microstrip, coplanar waveguide, conformal strip, coaxial probe etc.
can be used for feeding the DRA. But all these coupling mechanisms suffer from feed
line losses at high frequencies, especially at millimeter wave frequencies. The
waveguide will not suffer from radiation loss and interference effects due to the
metallic walls [16]. Therefore waveguide fed DRA is an excellent candidate for low

loss millimeter wave communication systems.

1.2 Survey of Literature

Dielectric resonators have been used as high Q elements in microwave circuit
applications since the development of low loss ceramics in late 1960s [17]. Dielectric
resonators are more compact compared to waveguide cavity resonators. Dielectric
resonators are often enclosed in metallic cavities to prevent radiation and to maintain
high Q factor. Cylindrical resonators with relatively high dielectric constant are used
for these applications. By removing the shielding and with proper excitation, some of
the resonators could become efficient radiators. The radiation could be maintained over
a relatively wide range of frequencies by reducing the dielectric constant [18]. A
systematic study of the dielectric resonator as a radiating element was first carried out
by Long et al. [9]. Their research demonstrated that DRAs could be considered as an
attractive alternative to traditional low gain antennas like microstrip patches,
monopoles and dipoles.

At high frequencies, mechanical tolerances and electrical losses are the two

factors that dominate antenna designs. The dimensions of the dielectric resonator
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antenna are of the order of 1,e, ", where /, is the free space wavelength and &, is the

dielectric constant of the resonator material [18]. Since radiation efficiency is not
significantly affected by dielectric constant, a wide range of values can be used.
However, bandwidth of the DRA is inversely related to dielectric constant; low values
of dielectric constants are preferred for increased bandwidth [19]. Dielectric resonator
antenna does not suffer from conductor loss and surface wave loss. DRAs have better
radiation efficiency and high bandwidth than the corresponding microstrip antenna
[20]. Apart from these advantages, DRAs have additional advantages like small size,
low cost, light weight, ease of excitation and integration with active circuitry [21]. The
use of micro-machining techniques can endure fine fabrication accuracy that allows the
upper frequency limit of DRA to extend beyond 100 GHz. The aspect ratio of most
shapes of DRAs can be altered, while maintaining the same resonant frequency for a
given dielectric constant [22]. This allows a certain degree of flexibility in shaping the
DRA to suit specific requirements.

A substantial amount of research work has been carried out since 1980s for the
study of DRAs. Different shapes of DRAs like cylindrical [23], hemispherical [24],
rectangular [25], triangular [26], conical [27], spherical cap [28], elliptical [29],
hexagonal [30], cross [31], cylindrical ring [32] and split hemispherical [33] can be
designed to radiate efficiently. Cylindrical DRAs are easy to fabricate, but they have
edge shaped boundaries that make analytical solution difficult to obtain. The perfect
magnetic wall approximation results in unsatisfactory discrepancies of about 20%
between the measured and simulated results [34]. Theoretical models like body-of-
revolution (BOR) based on the integral equation formulation for the equivalent electric
and magnetic surface current densities, finite difference time domain method (FDTD)
and surface integral equation technique are extensively applied [35-38]. However,
extensive memory and computational time are required for these methods. A
rectangular DRA gives better flexibility to design in terms of frequency and bandwidth
[39], [40]. Also rectangular DRAs are easy to fabricate, but they have more edge

shaped boundaries that make analysis even more difficult. The conical DRA is difficult
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to fabricate and difficult to analyze. For triangular and cross DRAs, only experimental
studies are carried out so far.

Hemispherical dielectric resonator antenna (HDRA) is mainly used in this thesis
due to its simple interface with free space, which makes the analysis easier. The simple
structure requires no magnetic wall assumption in the problem formulation and hence
accurate solution can be obtained. Moreover, its closed form Green’s function is
available. In earlier days, analysis of DRAs was concentrated only on the far field
radiation patterns. The magnetic wall model cannot be used to calculate the input
impedance of the DRA [9]. The first theoretical analysis of the input impedance of
hemispherical DRA was computed by Leung et al. [41]. The input impedance and
radiation pattern of HDRA are investigated in [24]. HDRA residing above the ground
plane can be viewed as a spherical DR by using image theory. In spherical coordinate
system, variables of the wave functions are separable, which greatly simplifies the
analysis. For spherical geometry, exact closed form expressions for the Green’s
function of point currents in the dielectric body can be derived using modal expansion
technique. The unknown feed current and hence the input impedance and reflection
coefficient can be found out by using method of moments (MoM) [42].

Feeding techniques play an important role in the performance of the antenna.
Various methods like coaxial probe [24, 43], direct microstrip [44-47], aperture coupled
microstrip [48-52], conformal strip [53-55], coplanar waveguide [56-59] and metallic
waveguide [60], [61] are used for feeding the DRA. In coaxial probe coupling, a hole is
to be drilled into the DRA to accommodate the probe. Normally the probe does not
perfectly fit into the hole; an air gap exists between the probe and DRA [62]. The air
gap causes the measured results to deviate from the predicted value. To avoid these
problems, the probe can also be placed outside the DRA [63]. However, this is
applicable to DRAs with a vertical side wall, such as rectangular and cylindrical DRAs.
For DRAs with a curved side wall, coupling between the probe and DRA is rather
inefficient. Moreover it generates ohmic loss and large probe self reactance at
millimeter wave frequencies. A common method of coupling to dielectric resonators

makes use of microstrip lines. DRA is placed either above the strip or near the strip.
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Microstrip coupling will excite magnetic fields in the DRA to produce short horizontal
magnetic dipole mode. Though the design topology of microstrip feeding is simple,
analysis of the structure is very complicated since the conductive strip and dielectric
substrate are close together.

The aperture coupled antenna was first suggested by D. M. Pozar [64]. In
aperture coupling, DRA is placed above the slot on the ground plane and fed by a
microstrip line beneath the ground plane. The aperture behaves like a magnetic current
running parallel to the length of the slot and excites magnetic fields in the DRA. Since
feed network is located below the ground plane, spurious radiation is not present and
analysis is easy. Conformal strip is another type of feeding mechanism, in which a
conducting strip is mounted on the DRA surface without creating air gaps. Since
electric current can flow on the DRA surface, energy coupling is more efficient than
coaxial probe placed on the walls of the DRA. This method can be easily implemented
by cutting a strip from an adhesive conducting tape. Furthermore, it admits very
convenient post manufacturing trimmings, since the length of the conformal strip can
be adjusted very easily [65]. However, in this method also, a hole is to be drilled into
the substrate for probe penetration.

Co-planar waveguide feed is preferred when the antennas are required to be
integrated with active devices. CPW offers several advantages over conventional
microstrip line like simplified fabrication, easy shunt as well as series surface mounting
of active and passive devices, avoidance of wrap-around and via holes [57]. It also
reduces radiation loss. But all these excitation techniques suffer from feed line losses at
high frequencies. On the other hand, rectangular waveguide is an attractive feed to the
DRA at high frequencies. Since rectangular waveguide is surrounded by metallic walls,
excellent shielding between the interior and exterior region is achieved, avoiding
radiation loss even in the millimeter wave band. Waveguide and waveguide based
components are used as antenna elements since World War II. Waveguide based
elements have got wide applications in ground based, air borne and ship borne radars as
well as in onboard satellite applications in various frequency bands ranging from

1 GHz to 1000 GHz. These are due to the high power handling capability, ability to
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sustain high environmental variations, ruggedness and the possibility of achieving high
accuracy in fabrication.

Studies on waveguide and waveguide cavities date back well before World War
II. During post world war II, extensive studies have been performed on waveguide [67-
69]. Waveguide is the basic component of many microwave/millimeter wave
components such as magic Tees, directional couplers, filters and phase shifters. Due to
the very low losses of waveguide and DRA, they form an excellent combination for
millimeter wave applications.

In the literature, very little data or studies have been reported on rectangular
waveguide fed DRA, either at the waveguide shorted end or at the broad wall. Though
a high permittivity DRA can be efficiently excited by an empty waveguide [70],
coupling is very poor with DRAs of low dielectric constants. A low loss excitation of
rectangular waveguide fed cylindrical DRA was reported in [35]. However the coupling
achieved was only 28% and DRA is analyzed using body of revolution, which is
applicable only for rotationally symmetric structures. Insufficient coupling was also
noticed for a hemispherical DRA of dielectric constant, & = 10 coupled to the shorted
end of a rectangular waveguide [71]. Poor coupling of waveguide shorted end slot
coupled DRA is due to the inductive susceptance offered by the DRA loaded slot.
Therefore different coupling enhancement techniques are to be developed for
waveguide fed DRAs. Coupling can be improved by a coax probe fed DRA/stacked
DRA coupled to the waveguide through an aperture in the waveguide wall, which
involves drilling a hole into the DRA to accommodate the probe [72]. Drilling a hole
into the DRA for inserting the probe creates undesirable air gaps. Embedded DRA
placed inside the standard X-band waveguide, which is excited by an off-centred
coaxial probe provides good coupling [61]. However, embedded DRA configuration
increases the complexity and cost of the system.

Coupling enhancement using another dielectric resonator inside the waveguide
was reported in [73]. This technique requires a second dielectric resonator, which is to
be placed inside the waveguide close to the slot to increase coupling. The additional

DRA increases the overall cost of the system, and keeping the dielectric resonator
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inside the waveguide seems to be very difficult. Moreover, bandwidth of the antenna is
very low. The bandwidth is improved by using an ‘I’ slot; still the bandwidth is only
5.38%. Coupling enhancement can also be achieved by inserting a capacitive
waveguide junction between the rectangular waveguide and the ground plane [74]. But
the narrow wall dimension of the capacitive waveguide junction is very small that
makes fabrication difficult at millimeter wave frequencies. Another technique for
coupling enhancement using multilayer DRA was proposed in [75]. Though this
technique does not require extra matching elements, fabrication of multilayer DRA is
very difficult and costly. This thesis explores the analysis and experiments of different
coupling enhancement techniques of waveguide shorted end slot coupled DRA.

The waveguide shorted end slot coupled HDRA consists of waveguide,
rectangular cavity and HDRA. Waveguide and waveguide based cavities are well
studied even before World War II. Green’s function of the waveguide was presented in
[76]. Green’s function of the rectangular cavity using vector wave functions was
discussed in [77]. Rahmat Samii presented the Green’s function of the electric field for
rectangular waveguide and cavities using eigen function expansion [78]. A hybrid-ray
representation of the Green’s function in a rectangular cavity was developed using the
finite Poisson summation formula [79]. In order to obtain a numerically efficient
scheme for computing the field generated by a point source in a large rectangular
cavity, the conventional modal representation of Green’s function was modified in such
a way that all the modes near resonance are retained, while the truncated reminder of
the mode series is expressed in terms of the weighted contribution of rays. For an
electrically large cavity, contribution of rays from distant images becomes small;
therefore the ray sum was approximated by one or two dominant terms without losing
numerical accuracy. Balanis [80] and Collin [67] studied the generalized Green’s
function, which is utilized for deriving the Green’s function of rectangular cavity in the
present work.

Many wireless and radar applications operate over wide frequency bands and
thus broadband antennas are required. Since bandwidth of the DRA is inversely related

to its dielectric constant, wideband performance is achieved with DRAs of low
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dielectric constant. The compact size and wideband performance achieved by DRAs
give them an advantage over many other resonant antennas, which typically exhibits
narrower bands. Broader impedance bandwidths can be achieved by adopting various
enhancement techniques. Stacked DRAs or embedded DRA configuration can be used
to obtain impedance bandwidths ranging from 25% to nearly 80% [81-86]. The
technique of using stacked DRASs increases the cost of the system due to the additional
DRA required. Increased bandwidths can also be achieved by modifying the shape of
the DRA, using multiple layers, or by adopting new feeding structures [87-94].
However, these methods increase the complexity of the system. Hybrid designs, where
dielectric resonator antennas are combined with other antenna elements such as
microstrip patches, or monopoles have led to wideband designs [95], [96]. This method
will also increase the complexity of the system. The technique of merging the
resonance of feed mechanism with the radiating structure is used in this thesis to
improve the bandwidth.

Apart from wideband, dual or multiple frequency band operation is highly
desirable in modern wireless communication systems. Dual frequency operation can be
achieved by using multiple DRAs [97]. Requirement of additional DRA increases the
cost of the system. If a single DRA can support multiple frequency bands, need for
multiple single frequency antennas can be avoided. Dual frequency operation can also
be obtained by using strip fed method and DRAs of special shapes [98, 99]. Resonant
frequency of the feeding structure and DRA can be adjusted to obtain dual frequency
operation. [100], [101].

1.3 Areas to be investigated

From the survey of the literature, it is strongly felt that the coupling problems of
waveguide fed DRA need to be addressed. Dielectric resonator antenna offers a number
of advantages like small size, light weight, high power handling capability, increased
bandwidth, low losses and ease of integration with active circuitry. The low losses of
DRA, especially the absence of conductor loss makes DRA a suitable candidate for

millimetre wave communication systems. Various techniques like coaxial probe, direct
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microstrip, aperture coupled microstrip, coplanar waveguide, conformal strip, and
metallic waveguide can be used for feeding the DRA. But all the coupling mechanisms
except metallic waveguide suffer from feed line losses at millimetre wave frequencies.
Due to metallic walls, waveguide has excellent shielding between the interior and
exterior regions avoiding radiation loss even in the millimetre wave band. DRAs can be
placed either at the shorted end of the waveguide or at the broad wall and narrow wall
of the waveguide. A rectangular waveguide broad wall slot fed DRA was reported in
[35], in which the cylindrical DRA is analysed using body of revolution. However, the
power coupling achieved was only 28%. In [70] a high permittivity DRA excited by a
slot at the shorted end of the waveguide was reported. However, the case with DRAs of
low dielectric constant is different. The reason for poor coupling of waveguide shorted
end slot coupled DRA with low dielectric constant is the inductive susceptance offered
by the DRA loaded slot. Therefore coupling enhancement techniques are to be
developed, for waveguide fed DRAs, with low dielectric constant values, which is the
major objective of the thesis.

Due to various reasons, experimentation in gigahertz frequencies to generate the
measured data on aperture and slot antennas with metallic waveguide is extremely time
consuming and expensive. It is worthwhile to substitute this costly experimentation
with theoretical modeling which would very closely repeat the practical results. A small
number of experimental validations are sufficient to test the utility of those algorithms,
which would be useful for the electromagnetic community at a much lower cost. In this
thesis method of moments (MoM) is used for the theoretical analysis and the theoretical
study is implemented using MATLAB [102]. The code developed using theoretical
study is computationally more efficient than the codes available with commercial
softwares. This is due to the fact that commercially available codes are generic problem

solvers due to their versatility, while codes developed using MoM are problem specific.

1.4 Methodology

The main objective of this thesis is the development of different coupling

enhancement techniques for waveguide shorted end slot coupled DRA. The poor
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coupling of waveguide shorted end slot coupled DRA is due to the inductive
susceptance of the DRA loaded slot [74]. Coupling enhancement can be achieved by
introducing the capacitive susceptance required to neutralize the inductive susceptance
of waveguide shorted end slot coupled DRA. The capacitive susceptance can be
introduced by reducing the narrow wall dimension of the waveguide. Different methods
used for reducing the narrow wall dimension are discussed in this thesis. Due to various
reasons experimentation in giga hertz frequencies to generate measured data is costly
and time consuming. This costly experimentation can be substituted with theoretical
analysis, which will closely repeat the experimental results. A small number of
experimental validations are sufficient to test the utility of these programs. The
techniques, which cannot be solved theoretically, are optimized using the simulation
softwares: Ansoft HFSS [103] and CST Design Studio [104].

In order to perform theoretical analysis, method of moments (MoM) is used.
The problem can be formulated by writing integral equations. The unknown quantities
in the equations are represented using known basis functions with unknown constants.
The integral equations are expressed using matrix format. After evaluating the known
elements of the matrix, the unknown constants can be computed using matrix inversion
technique. Reflection coefficient can be computed using the unknown constants of the
currents evaluated using MoM. After optimizing the different parameters of the
proposed structure using simulations, prototype of the structure can be fabricated. Due
to fabrication difficulties in the millimetre wave band, feasibility of the proposed
structures is implemented in X band. The reflection and radiation characteristics of the

antenna can be measured using network analyser.

1.5 Organization of the thesis

The thesis describes different coupling enhancement techniques of waveguide
shorted end slot coupled DRA. Though the application of the proposed technique is in
millimeter wave frequencies, due to the limited fabrication facility available in our
laboratory, experimental study has been performed in the X-band. WR90 waveguide

with cross section 22.86 mm x 10.16 mm is used for exciting the DRA in X band.
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Theoretical analysis of one of the coupling enhancement techniques is studied using
MoM. Hemispherical DRA is mainly used in this thesis due to its simple interface with
free space. HDRA residing above the ground plane can be viewed as a spherical DRA
by using image theory. For the spherical geometry, exact closed form expression for the
Green’s function is available. The input impedance, reflection coefficient, radiation
pattern and gain of the proposed techniques are investigated. The proposed coupling
enhancement techniques are applicable for DRAs of any shape. Experimental
verification of the coupling enhancement techniques for cylindrical DRA is also

performed.

Chapter 2

The main objective of the thesis is the analysis and experiments of various
coupling enhancement techniques of rectangular waveguide fed DRA. Initially the
drawbacks of the waveguide shorted end slot coupled DRA is found out. Chapter 2
deals with the analysis of waveguide shorted end slot coupled HDRA. The different
components of waveguide shorted end slot coupled HDRA are: waveguide, slot and
hemispherical DRA. In order to carry out MoM analysis of waveguide shorted end slot
coupled hemispherical DRA, the problem is represented using a set of integral
equations. The equations are developed by applying magnetic field boundary
conditions at various apertures. The scattered magnetic fields inside the waveguide, slot
and HDRA are required to solve the integral equations. Expressions for the scattered
fields inside the waveguide, rectangular cavity, and HDRA are derived in this chapter
using Green’s function. Though these derivations are not original, they are presented
using uniform notation as they are referred repeatedly in the rest of the thesis. A general

MATLAB code has been written to perform the theoretical analysis.

Chapter 3

In this chapter, a novel technique for the coupling enhancement of waveguide
shorted end slot coupled hemispherical DRA is presented. Double step junction with

reduced narrow wall dimension is inserted between the rectangular waveguide and the
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ground plane to provide increased coupling. The double step junction provides the
capacitive susceptance required to neutralize the inductive susceptance of waveguide
shorted end slot coupled HDRA. The broad wall dimension of the steps is same as that
of the rectangular waveguide, which makes fabrication easier. The proposed technique
for coupling enhancement is analyzed rigorously using MoM. The scattered fields
derived in chapter 2 are used for solving the equations corresponding to double step
junction coupled waveguide fed HDRA. An in house MATLAB code is developed to
implement the theory of the proposed work. Parametric study has been carried out
using the developed code. In addition to single resonance operation, dual and wide
band operations are implemented using the developed MATLAB code. Measurements

were carried out to verify the theory.
Chapter 4

The poor performance of direct coupled waveguide fed DRA is due to the
abrupt transition from the large width of the rectangular waveguide to the very small
width of the slot. If the abrupt termination is replaced by gradual termination, coupling
could be enhanced. This is achieved by inserting a tapered section of the waveguide
between the rectangular waveguide and the ground plane. The tapered section reduces
only the narrow wall dimension of the waveguide, which also acts as a capacitive
susceptance. Parametric study has been conducted using Ansoft HFSS to find out the
optimum value of various parameters. Prototype of the tapered section coupled
waveguide fed HDRA has been fabricated and measured the reflection and radiation

characteristics.
Chapter 5

Coupling enhancement technique described in chapter 3 uses two steps
symmetrical to the centre of the narrow wall. Symmetrical steps produce the capacitive
susceptance required to obtain impedance matching. The capacitive susceptance can
also be realized by using non-symmetric steps. The non-symmetric steps give the
waveguide a stair shaped appearance. The total number of steps in the stair shaped

waveguide fed HDRA is only two; while the total number of steps in double step
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junction coupled waveguide fed HDRA is four. The reduced number of steps in the
stair shaped waveguide fed HDRA makes fabrication easier Simulation and
measurement results of stair shaped waveguide fed hemispherical DRA are discussed in

chapter 5. The proposed stair shaped waveguide fed HDRA gives very good coupling.

Chapter 6

The coupling enhancement techniques developed for hemispherical DRA,
which are discussed in the previous chapters can be extended to DRAs of other shapes.
Chapter 6 discusses the measured and simulated results of double step junction and
tapered section coupled waveguide fed cylindrical DRA. Very good matching is
obtained for the coupling enhancement techniques applied to cylindrical DRA.
Symmetrical broadside radiation patterns with low cross-polarization levels are

obtained for both the structures.
Chapter 7

The major achievements of the thesis based on the analysis and results
presented in the previous chapters are summed up in this chapter. It also examines the
areas that are not studied in the present work, and outlines the areas where efforts need

to put in to further the state of knowledge in this area.
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Chapter 2

MoM Analysis of Waveguide Shorted End Slot
Coupled Hemispherical Dielectric Resonator

Antenna

Theoretical analysis of waveguide shorted end slot coupled hemispherical
dielectric resonator antenna (HDRA) using method of moments (MoM) is carried out in
this chapter. The problem is formulated using Green’s function, the unknown magnetic
currents at the slot are solved using MoM. Dyadic Green’s function and the fields due
to unit magnetic current excitation of HDRA are derived in this chapter. HDRA is
modeled using exact magnetic field Green’s function due to equivalent magnetic
currents in the slot. The modal series is represented as the sum of particular and
homogeneous solutions to enhance the efficiency of computation. Initially the fields are
computed in spherical coordinates due to spherical components of unit current. The
spherical components of the fields are transformed into rectangular coordinates due to
magnetic currents in rectangular coordinates. Field inside the waveguide is expressed
in terms of modal vectors and modal functions. The thick slot can be considered as a
rectangular cavity, which can be analyzed using cavity Green’s function. Magnetic
field inside the waveguide, slot, and HDRA is used for the analysis of waveguide
shorted end slot coupled hemispherical DRA.



Chapter 2

2.1 Introduction

Dielectric Resonator Antenna (DRA) is very much suitable for high frequency
applications due to the absence of conductor loss. Though DRAs can be excited with
direct microstrip, aperture coupled microstrip, coaxial probe, coplanar waveguide and
conformal strip; they suffer from feed line losses that become significant at high
frequencies. Instead, metallic waveguide used for exciting the DRA, avoids feed line
losses. The metallic walls of the waveguide offer excellent shielding between the
interior and exterior regions, avoiding radiation loss even in the millimeter wave band.
DRAs can be excited by slots kept at the broad wall, narrow wall or at the shorted end
of the waveguide. This work concentrates only on waveguide shorted end slot coupled
DRAs.

Experimentation in gigahertz frequencies to generate measured data for
waveguide fed DRA is very costly and time consuming. If the costly experimentation
can be substituted with theory, only a few experiments are needed to validate the
theory. In the field of electromagetics, solutions of many problems are obtained using
second order uncoupled partial differential equations, derived from Maxwell’s equation
and appropriate boundary conditions. The form of most of these types of solutions is an
infinite series, provided the partial differential equations and the boundary conditions
representing the problems are separable in the coordinate system chosen. However,
these solutions are usually slowly convergent, especially at regions where rapid
changes occur. Closed form solutions would be desirable for some problems and even
solutions in the form of integrals would be acceptable. The technique known as Green’s
function accomplishes this goal [80]. With Green’s function, solutions to the partial
differential equations are obtained using a unit source (impulse, Dirac delta) as the
driving function. Solutions to the actual driving function are computed by the
superposition of Green’s function with Dirac delta source at different locations, which
in the limit reduces to an integral. In engineering terminology, Green’s function is the
impulse response of a system and in system theory it is called transfer function. Just as

h(t) gives the response in time to a temporally impulsive source, G(7), gives the

response in space to a spatially impulsive (electric or magnetic current) source.
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For a given problem, Green's function can take various forms. In one form, the
solution can be expressed in terms of finite explicit functions. This method can be used
only if the solution to the homogeneous differential equation is known. Another form
of the Green's function is to construct its solution by an infinite series of suitably
chosen orthonormal functions. The boundary conditions determine the eigen values of
the eigen functions and the strength of the sources influences the coefficients of eigen
functions. Integral forms can also be used to represent the Green's function, especially
when the eigen value spectrum is continuous. All solutions, though different in form,
give the same results. The form of Green's function that is most appropriate will depend

on the problem to be solved.

2.2 Waveguide Shorted End Slot Coupled HDRA

Configuration of the waveguide shorted end slot coupled HDRA is shown in
Fig 2.1. The longitudinal cross section and top view are shown in Fig. 2.2. We assume
that the ground plane of thickness 2¢ on which the HDRA placed is extended to infinity

in the % and y directions for theoretical analysis. The HDRA is excited by a slot kept at

the thick ground plane; width of the slot is narrow to eliminate any possible cross-

polarization. Therefore variation of the slot magnetic current only along the x direction

is to be considered for the magnetic field, i.e., the electric field £, in the aperture

varies only in the x-direction and is non-varying in the y- direction.

rectangular waveguide ."T.'I,

Fig. 2.1 Configuration of waveguide shorted end slot coupled HDRA.
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- o —

thick ground

Fig. 2.2 Longitudinal cross section and top view of waveguide shorted end slot coupled HDRA.

thick ground e——gpf 2

-M!

T

rectangular waveguide

Fig. 2.3 Longitudinal cross section of waveguide shorted end slot coupled HDRA with enlarged thick

ground plane.

Invoking equivalence principle [66], the aperture can be closed off and can be
replaced by magnetic surface currents just above and below the ground plane.
Continuity of the tangential components of the magnetic field through the aperture is

ensured by making the magnetic current above the ground plane, which is equal to the
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negative of that below the ground plane. This separates the problem into two equivalent
problems: the slotted waveguide part and the DRA placed above the infinite ground
plane. The longitudinal cross section of the structure with enlarged ground plane along

with aperture currents is shown in Fig, 2.3. In the following formulations, the fields are

assumed to vary as €’“ which is suppressed throughout. Applying magnetic field

boundary conditions at the apertures equations (2.1) and (2.2) are obtained.

At aperture 1 (between the waveguide and the ground plane)

2H = HYO (M)~ H (M) +H (M) =0 2.1
At aperture 2 (between the ground plane and the DRA)
HfL(Mi)_HfL(Mj)_HfRA(Mj):0 (2.2)

where H! (Mi)(i =1, 2 anda = WG, SL, DRA) is the x component of the

magnetic field due to x component of the magnetic current at aperture i. The unknown
magnetic current can be expressed in terms of the electric field, which is also unknown.

The relationship between the magnetic current and electric field is given by

M =Exh (2.3)

If E ;, is the unknown coefficient of the electric field E that exists at aperture i,
the electric field is assumed to be of the form:

E, ()=, E,€,(x) (2.4)
p

=]
where e:,(x')(p =1,2,3,....., M) is defined by
- L<xX'<x,+L

. |:p 4 :| xw
coo |sin| =—(x"-x,+L) |, ,
p(x): 2L ywi-msy Syw[-i_VV[ (25)

0 , elsewhere
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where L;, W;, denote the length, width of the slot respectively and xi, ywi
represent the offset given to the slot along x and y direction respectively. As each of the

field is described by M number of basis functions, 2M unknowns are to be determined
for finding out the unknowns, M ! and M 2 from the boundary conditions given by

equations (2.1) and (2.2). Galerkin's specialization of MoM is used to obtain 2M
different equations from the boundary conditions to enable the determination of 2M
unknowns. For Galerkin's procedure of MoM [42], the weighting function is same as

the testing function and is given by:

. qﬂ- xw[- Li <x< xw[ + Ll'
i S| —— (‘x - xw[ + Ll' ) s
e, (x)= 2L VirWi sy <y, +W, (2.6)
0 , elsewhere

where the primed coordinates represent the source location and non primed coordinates
represent the observation location. Multiplying (2.1) and (2.2) with testing function

same as the basis function,
([ (M) 13 (M) oy () ([ 13 (M2) ] ) (x)) = =2(H% e () 2.7)
([ (M) ] ()= ([ 1152 (M2 )+ 12 (M2 ] () =0 (2.8)

where the inner product is defined as:

<H(x),eq (x)>= 'U H e, dxdy (2.9)

Aperture

Rearranging (2.7) and (2.8) in matrix form as

1 inc
_ (Yn Ynj E, =(—2HXJ (2.10)
nonle ) o

Elements of the moment matrix are:
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Y, ==([HIOGL)+ H (3], €} (x)) @.11)
Y, =([H*(})].€)(x)) (2.12)
v, =((H*ar)].€ (x)) (2.13)
v, =~([HS (T + HPM(1?) ] €} (x)) (2.14)

In order to solve the boundary condition equations, scattered magnetic fields
inside the waveguide, slot and HDRA are to be determined. Also the expression for the

incident magnetic field is to be found out. The x component of incident magnetic field

at aperture 1 for transmitting mode, the dominant 7E,,;mode is given by [66].

H™ =Y, cos (ﬂ) e (2.15)
2a

The thick slot can be considered as a rectangular cavity and the scattered
magnetic field inside the rectangular cavity can be determined by deriving the cavity
Green's function of the electric vector potential. The cavity Green's function can be
derived by solving the Helmholtz equation for the electric vector potential. Scattered
magnetic field inside the waveguide can be determined using modal analysis. The field

coupled to the DRA is determined using Green's function.

2.3 Scattered Magnetic Field inside the HDRA

Consider a rectangular slot with length 2L and width 2l located on the ground

plane with an offset, x,, along x direction and y,, along y direction and DRA is placed at

the center of the ground plane as shown in Fig. 2.4. The Green’s function, GAZI (x
directed magnetic field due to x directed magnetic current), Gﬁy (y directed magnetic

field due to x directed magnetic current), Gi* (x directed magnetic field due to y

y
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directed magnetic current), Gﬁ; (y directed magnetic field due to y directed magnetic

current) are to be found out.

—— ] —

> /'

ground plane

Fig. 2.4 Hemispherical DRA placed above the slotted ground plane.

Since the DRA is hemispherical in shape, it is easy to find out the Green’s
function in spherical coordinates due to spherical components of magnetic currents.
Also in spherical coordinate system, variables of the wave function are separable that
simplifies the analysis. Even though the slot is assumed to be narrow in this problem,

we are deriving the magnetic field inside the HDRA for a wide slot. The magnetic
currents M, and M in the ground plane (z'=0or & = 7/2) can be expressed in

terms of spherical components as:

MX

M, sin 9’cos¢'—1\7[¢, sin ¢’ (2.16a)

M, =M,sin@ sing’+ M, cos ¢’ (2.16b)

Since M , can excite only transverse electric (TE to r) modes, electric potential

function, Gﬁr alone is sufficient to represent the solution. On the other hand, M , can

¢

excite both transverse electric and transverse magnetic (TE and TM to r) modes, both
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the electric potential function G’ and magnetic potential function, G;” are required,
9 9

to find all possible fields.

2.3.1 Derivation of Potential Green’s Function of HDRA

To enhance the efficiency of computation, each of the potential Green’s
function is expressed as the sum of particular and homogeneous solutions. The
particular solution represents the source radiating in the unbounded dielectric medium
(field radiated into space), whereas the homogeneous solution accounts for the

dielectric discontinuity. Therefore each potential Green’s function can be expressed as:

Gl =G\l + G (2.17)
Fy F,
Gy =Gyl + G, (2.18)
Gir =G + G (2.19)
My Mg My '

where the superscripts & and p represents the homogeneous and particular solution

respectively.

2.3.1.1 Determination of GAI;;’ (Electric potential Green's function due to r-directed

current)
The electric potential Green’s function, GAI;;’ consists of two parts: GAF;f , the

particular solution and GAF;rh, the homogeneous solution. To represent an arbitrary

electromagnetic field in spherical coordinates, consider the field as a superposition of

two parts: TE to r and TM to r. The electric and magnetic potential functions are

represented by,
F=Fa, (2.20)
and A= 4.a, (2.21)
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The electric and magnetic fields are represented by

E:—Vxﬁ+éVxVxZ (2.22)
Y

F[:VXZHLAVXVXF (2.23)
4

where y= jwe, and Z= jayu . F, and A, are not the solutions of the Helmholtz equation,
since V?A4, # (VZA) . To determine the equations which A4 and F. must satisfy,

consider the general equations for vector potentials as:

VxVxA—k*A=J—-jVd* (2.24)
VXVXF—k*F =M —-:V®' (2.25)

where @, @ are arbitrary scalars and J, M are the electric and magnetic currents

respectively. There is a great deal of arbitrariness in the choice of vector potentials. For

instance, choosing the arbitrary '®' according to:
V.A=-)d° (2.26)

VF==:d/ (2.27)

Substituting (2.20) into (2.25)
VxVx(F.a)-k*(F,a)=M,a,—:Vd' (2.28)
where k = w\/;; ,and V@ in spherical coordinates is represented by,

aq>f& R oD’ | 1 00/,

Vo' = I Ay +— a,
or r 90 rsin@ d¢

(2.29)

Substituting (2.29) into (2.28) and expanding,
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i, [0 19rsng) o | 9] f0 ()], G0/ Lo
rsin@| 00\ r 96 0¢\ rsinf do r|or\ 06 r | or\ rsin@ d¢
a¢fd +1a¢fd L] a¢fd
o " r o6 ° rsing 9p ¢| (2.30)

~k*Fa.-M,a, - 2{

Comparing 4, and a,components on both sides of (2.30)

19°F, _ 209/

_Zz 2.31
r drdf r 06 ( )
g 5 f
| 0F,__ 2 0 (2.32)
rsiné ordg rsin€ o¢
From (2.31) and (2.32)
2 7
OF,_ ;90 (2.33)
0roé 20
2 v
aFr:_éad) (2.34)
orog o9
Equations (2.33) and (2.34) can be satisfied only if
s/ =% (2.35)
or
For a, component, (2.28) can be written as
" !
F—iF, =M, -392 (2.36)
v
" 1 0 oF, 1 0°F,
h F =- —| sin@—= |+ —r 2.37
where PR sinﬁ{aﬁ[sm aa} sind 95 } (2.37)

Substituting (2.37) into (2.36)

School of Engineering, Cochin University of Science and Technology 26



Chapter 2

_ 2 A
! a[ neaFJ+ L 9F | =, 292 (2.38)
r’siné| 06 00 ) sinf d¢ or
Substituting (2.35) into (2.38)
2
- i[sm oF, j——l CALVREY R Vi i (2.39)
r sinf 00 00 ) r’sin’ @ 0¢ or
Rearranging (2.39)
2
oL, | i[smeaa};a b kr =—u, (2.40)
or risinf 06 00 ) r’sin’@ 0¢
Dividing both sides of (2.40) by r gives
2 2 2
Lof, | a[mea j A I - (2.41)
r or r’sin@ 00 00 ) r’sin’@ 0¢> r
For the general Laplacian operator
vyo L d (gh ot + jhat [fg atj (2.42)
fgh u f du) v g dv aw h ow
Therefore
F, 1 .9 ,9(F./r) 1 o . ,OF 1 9°F
V2 L= 0— 2 r - r - r
(rj rzsinﬁ{sm ar[r or HJV sinﬁaﬁ{sm ae}rﬁ in’0 0p0 (243
2
where, L ing 2|25 /)]| 10, (2.44)
r*sin @ or or r or’
Substituting (2.44) into (2.43)
F.\_10°F 1 9. OF 1 9°F
VL=t 60—~L —r 2.45
(rj r or’ +r3sin080[sm aﬁ}_ﬁsinzﬁ 09 243)
Substituting (2.45) into (2.41)
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Vz[ijﬂkz(ij:—M’ (2.46)
r r r
r r

Equation (2.47) represents the Helmholtz equation. Corresponding Green’s function

equation for the delta source will be:

<V2+k2)G1‘[;};p __ 55(1’—1")5(0—6")5@—%) (2.48)

r?sin@'

where (r',0',¢") represents the source coordinates and (r,0,¢4) represents

observation coordinates. The general solutions to the Helmholtz equation can be
constructed by forming linear combinations of elementary wave functions [66]. The

most general form of the solutions is

(2.49)

:i Z A, B (cosB)e Jmd
n=0m=— H 2)

h, . n(kr) r<a
= Z > P" (cosB)e jm¢ ar

2.
n=0m=—n h H(z)(kl"), r Zadr ( 50)

nm?2

where, 4,,,, h,,, and &, ,are the unknown constants. P (cos@) represents the

associated Legendre function of first kind, ej mg represents harmonic function, J, (kr)
represents Bessel function and H  (kr) represents outward travelling waves. Equation
(2.49), (2.50) represent the particular and homogeneous solution respectively. First we
determine the unknown constant A4, of the particular solution and homogenous part

will be discussed later in this section.
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2.3.1.1.1 Determination of GJ\ZFP

The general solution of Helmholtz equation consists of homogeneous and
particular parts. In order to determine the particular solution corresponding to the
problem, the unknown constant is to be determined. Substituting the general solution of

the particular solution in the first term of (2.45) yields

RGP | = LR RHD (), >
1 - 1;4, :lz > A B (cosB)e™ (2 )' . ' (2.51)
roor ¥ 120 m—n H' )(kr )kZJ;'(kr), r<r

The second term of (2.45) can be written as:

F F g
0620|0050, ingl 0 (2.52)
9 r|= L +5i - ‘
00|™" 90 |7 ae T ae?
where
A "\ 5(2) '
PG e PP (cos@) |k | H (k) r>r
Sy CE(80) g (+) (2.53)
a6 i de A0 (k)3 (k). r<r
where
d?P" (cos@) dP™(cos@ db," (cos@
/ (czos ): " (cos )+m-cosﬁ o (cos®) ”Z P (cos8) (2.54)
do de sin@ de sin” &

Combining the second and third terms of (2.45) and substituting for the particular

solution and simplifying

1 a{. BF,} 1 J°F
sin @ +

7 sin6 96 30 | rsin’@ 9¢
o n Jjmeg
= Ay ¢ S {2(m+1)cf)—sel’n’"“(cos@)—m(m+1)Pn’"(cos@)+Pn'"+2(cosé?)}
=0 r sin@
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The first term of the RHS of (2.45) after simplification gives

18 G J :_i Z A, P (cos8)-e™
roor e e
-{én_z(kr)—z’;{;lén_l(kr)+%én(kr)[n+éﬂ (2.56)
where
[Le)Ae ), e

B, (kr)=1 (2.57)

Multiplying (2.48) by P (cos6)-e” "rsin@and performing the volume integral

[jiw 2] G P (cos®)- ¢~ sin 0drd 6d
~16=0 =0
o Slr—r\slo—-6' i
:!JOJO_g (V r)r(iin:) (¢ ¢)P"’"(cos0)~e’-”""’sin0drd¢9d¢ (2.58)
=] T(V”’fz)Gﬂ’f’ Py (cos®)-¢ /" sinOdrdgdg =~ (cos6')-e " (2.59)
~16=0 =0 ’

L.H.S. of (2.59) can be written as

a

[ j V2 +k*)G,7 P (cos @) e/ sin@drd0dp =1, + I, (2.60)
,16=09=0
where
r+' T 2r ZGF"P F )
I = k| —5+G,” |PI" (cos@)-e " sin Odkrd 0d ¢ (2.61)
oy 0=09=0 a(kf')

and

r T 2r aGFrp a GFrp
L= .[ .[ L sing T | .1 P (cos@)-e™drdédy  (2.62)
el sin@ d¢’

School of Engineering, Cochin University of Science and Technology 30



Chapter 2

(2.61) and (2.62) can be simplified using the orthogonal relationships for the associated
Legendre function [66]

i !
J.ﬂm(cosé')Prm (cos@)-sinf do= 2 [(n+m) » (2.63)
0 2n+1) (n—m)!
1 (nt+m)!
% P"(cos@) P/ (cosb) _(n m) o
[ : d6=1m (n—m)! (2.64)
0 sin@ _
oo if m=r=0
where, J,, is the Kronekar delta function and it is defined by,
1 n=r
0, = :
" {O Otherwise (2.65)
Using (2.63) and (2.64)
4rk (n+m)! <t d’B (x) 4
= . B d 2.66
1 nml (2n+1) (n_m)!x:[_'|: dx2 + n(x) X ( )
drk (n+m)| 7 dB(x)
I, = ——+ | B dx
1 Anml (2I’l+1) (n—m)' _[' dxz J' n ()C) (267)

X=X x=x

Second integral in (2.67) vanishes over the given limits, since it is a continuous

function of x. Hence (2.67) reduces to

4tk Iy
=4, (2n”+1)22i:3![ )] (2.68)
L ]

Using the Wronskian of spherical Bessel’s function
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J, () BE () = T () ) (hr') == (2.70)
Equation (2.69) becomes
: drk (n+m)!
I, =—j-4 (2.71)

"l (on+1) (n—m)!

Employing the orthogonal relationship for the trigonometric function and simplifying,

equation (2.62) reduces to

Z:Bn (kr) g

! 6=0

~
[SS]
Il
[\
™
=N
2
~
I
=
[SS]
—3

dP" o 2
4 sin@—=" (cos0) 1 _ 7 P" (cos@)|d6 (2.72)
de dée sin @

l§n (kr)
r2

Since is a discontinuous function at r=,', its integral will be

continuous at »=r" and the integral when evaluated over the limits »  to T will be
zero and I, will become zero.

1,=0 (2.73)

Substituting (2.71) and (2.73) into (2.60)

_ Ak (n+m)! e N\ —jmg'
—jA ——2 P (cos8'): 2.74

2n+1)(n—m)! N —imd'
:>Anm1:—j—( n+1)(n=m) ipnm(cosé')-e Jmg (2.75)
Arck(n+m)! 2

Substituting (2.75) into (2.49) and simplifying,

3

F

1 =
G"?=—r
U P2Y

r

J (kr )I%”(kr), r>r

Ognman(cosﬁ)an(cosa')-cosm(¢—¢') (2.76)

I&iz)(kr')j (kr), r<r
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_—je(2n+1)(n—m)!

where =
Em 2k A, (n+m)!
d A = 1 if m=>1
an "2 if m=0

2.3.1.1.2 Determination of GAF/’

(2.77)

(2.78)

Considering the homogeneous solution, the unknowns %, and %, ,of (2.50)

can be determined using the continuity of electric and magnetic fields at the spherical

surface of the DRA. The boundary conditions of the tangential components of the

electric and magnetic fields at the surface of the DRA can be written as:

E

oli T £,

Ols =E

02s

E

gl =4

i+E P2s

Pls

H

o1i 711

Ols =H

H

it H

ols — " @2s

(2.79)

(2.80)

(2.81)

(2.82)

where the subscript '1' represents inside the DRA and '2' represents outside the

DRA. The subscripts i, s represents the incident and scattered fields respectively.

Various field components can be evaluated from potential Green's functions using

equations (2.83) to (2.88) [66].

1(9° >
Er:_;\ —2+k Ar (283)
y\or
-1 oF 190
= — Lp— 4, (2.84)
rsin@ o¢  yr orof
1 OF 1 0°4
E,=——F+— - (2.85)
r 00  Jrsin@ drog
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aZ
H, = [a kszr (2.86)
r

1 04, 182E
" rsing o9 zraraﬁ

(2.87)

104 1 0*F
H,=——— z 2.
¢ r89+2rsin98r8¢) (2-88)

When A4,.= 0, and only F, exists, the field is transverse electric, TE to r. When £.= 0

and only A, exists, the field is transverse magnetic, TM to r. Using (2.84) in (2.79)

\ ] @ (GA?Z‘ )

| ala7)
(r>r)-— -
a,sin@ d¢

a,sin@ d¢

F
1 (GMrrh) 2
.89
a,sin@ d¢ |(r>ad,) (2.59)

(r<a,)=

Substituting for G;’f and G;’r” from (2.76) and (2.50), the boundary condition

becomes

LH.S.= ,ZZZgnm " (cos6) P, (cosB) %cosm((ﬁ ¢)J (kr )H2 (ka,,)

' n=0m=0
N 0 e
+ Z‘ Z (cos@)— 8¢ h,, J, (ka,) (2.90)
R.H.S.:ZO Z P (cos6) aa¢efm¢ h,, HY (ka,) (2.91)

Using (2.90) and (2.91) in (2.89)

oo
A

n=0 r

oo

+P" (cos8) jm h,,, J, (ka,) ] Z[P’” cos6) jm h,,, Hiz)(koadr)} (2.92)

n=0

In the boundary condition (2.80), substituting for the electric field using (2.85)
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2{2;2 gnm%Pm(cose)Pm(cose) e g (kr )I-Alf)(kadr)

oo

+%P’”(cos€) hnmlJn(kadr)Jz Z:[aaer(cose)hMH(2 (kya, )} (2.93)

n=0

Substituting for the & component of the magnetic field using (2.87) in the boundary

condition equation, (2.81)

1 &)1 o . s N
E HZZO{F nm%P (cosH)P (cosH) e~ /mé Jn(kr )H,Sz)(kad,)
+2pr (cos8) kh,, J, (ka, )| = i[ O pm (cosn kA% (ka )] 2.99)
ae n nm n r 20 - 0 ae nm 0 d .

Substituting (2.88) in (2.82)

| =001 ” .
g ,;)[Zrz g Py (cosO) P, (cosﬁ)]m e/ ¢kJ (kr )H(z (ka,)
| i e - ,

Z[BQP (cos@)jmh,,, kyH? (kya, )J (2.95)

Z,8iné =

+B)" (c0s0) jmkh,,, J; (ka, ) |=

To determine the unknowns, #4,,, and#,,,, (2.92) to (2.95) are to be simplified.

Simplification can be done by employing the properties of associated Legendre

function and trigonometric functions, given by (2.96) and (2.97).

S N

| d(P"(cosO)) d(P"(cos6)
%.g (cos@)+%.(8’"(cos9))}9=0 (2.96)

d(P"(cos8))d (B (cosB)) Lo
do dé sin’ 0

S =

P"(cos@)P" (cos 9)] sin@d 6

2 (n-m
= 2n+1) (n+m)
0 , forn#1

~—

n(n+l) , forn=I
(2.97)
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2n+1 1% m?
(22+1) (n- J‘{ P" (cos 0) xequation(2.92) + equation(2.93) x sin @ d
2n(n + 1) ( o sin” @
= 2i/2 gnman (COS 0')e_jm¢’jn (kr')[:Ir(IZ) (kadr ) +hnm1J (ka) hanH (kOadr) (298)
Similarly

2

(21+1) ("_m)!][ 9_pr (cos 8) xequation(2.94) + equation(2.95)x—"— |sin & &b
COS equation equation sin
2n(n+1) (n+m)!y[ 06 7 7 sin® @

11 P"’(cose')e—f"w”jn(kr')kﬁf)’(kad,)m K’ (ka,)

1) gnm n nml
z2r !

=

Lo kA (k) (2.99)

nm?2
0

h,,,can be extracted from (2.98) and (2.99). Since we are interested in the

computation of reflection coefficient only, homogeneous part of the Green’s function

for r<a dr is only needed. Homogeneous part of the Green’s function for »<a dr is:

22 (cos@) P (cos@)cosm(gp—@')J, (k') J, (kr) (2.100)
where
By = FIi”(lcad,)Fl,i”’(kOad,)—kioﬂ,i”’(kad,)ﬂf)(koad,) (2.101)
and
A =] (ka, YA (k,a,) —kfj,; (ka, ) H'" (k,a,) (2.102)

0

A* = 0 represents the characteristic equation of the transverse electric mode. Resonant

frequency of the DRA can be obtained by solving the characteristic equation.
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2.3.1.2 Determination of G;I’P and Gﬁ;”
¢ ¢

The particular solutions due to ¢ directed current (first parts of (2.18) and (2.19)) are

solved in this section. The homogenous parts will be solved in the next section. As in

the previous case, particular solutions are assumed as:

- o ' jn (kr')l:liz)(kr), r>r
Gy =33 4,,B" (cosB)e’™ s N , (2.103)
n=0m=-n H}E )(kl" )Jn (kl"), r<r
o jn(kr')l:liz)'(kr), r>r
" —Z Z D,,.P" (cos@)e Jmp ) . (2.104)
n=0m=-n Hiz)(kr')Jn (kr), r<r

The coefficients 4, and D

nm

can be solved by matching the boundary
conditions at the source point. H,, H, and E, are continuous at r=r¢ , while, E g 18

discontinuous by the surface magnetic currentM, . The boundary conditions at the

source point can be written as:

H, =H,, (2.105)
H, =H, (2.106)
E,=E, (2.107)
Egy —Eqgy =M, (2.108)

Using (2.103) and (2.104) in (2.85) and substituting in (2.107) at r=r gives:
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sy Anm%P'”(cosé?) " (), (k)

=T
i 5 2, PR (520) 8 1)o7 4
o TR
yrsliné? ,,Zo,n;D"mRtm(cose)Jme’m‘”J (k) kA (1 (2.109)

To eliminate® and one of the summations in (2.109), orthogonal property of the

trigonometric function e is used.

l,iAm;’—eam<cose>ﬁ,£2)’(kr')in<kr'>

A

ZD P" (cos @) jmH| )(kr')ld'(kr')

yrs1nt9 ’
— a ’ "(2) '
_r_nzoAnm£p (cos8).J; (k')A (k')
m 4 T (2) ! 2110
yrsme ZD P" (cos@) jmJ, (k') kH (kr) (2.110)

Using (2.103) and (2.104) in (2.84) and substituting in (2.108)

ZAanLm cos@) jmH" (kr) Al, ZDnm—P’" (cos@) H! (kr')kj; (k")

r'sin@ = Yr =0

— m N (!
_rsmﬁ,;)A"m]mP (cos8)J. (k') H' (kr)

=

1 d m m ' 1 i —jm
+— D, —— P (cos8) jme’?J, (ko) kH™ (kr) +§_([M¢se ‘dp (2.111)

e nm ae

Equations (2.110) and (2.111) can be simplified to obtain D,,, using the properties of
associated Legendre functions and trigonometric functions given by (2.96) and (2.97).
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dr , m_ o,
ﬂ%[e (COS@)JX].(2,111)+@PV (cosB)x(2.110)}

[ P cosﬁ)m+3m(cos9 MJ (kr) J (k')

Z Anm

rsin @ =

Z Anm

rsin @ =

de de

n

[ P eon) S [lei:)sm+P/"(cose)—dwizose)]}ﬁi”(kr')i;w')

2

Esp [d[P”m(COSQ)Jd[sz(COSQ)]Jr ” Pm(cosﬁ)P;m(cosﬁ)Jﬁ£2)<kr')j;(kr')

i )A/I’,nz:;‘ " de de sin®@ "
k& d[Pn'" (cosH)J d[P,'" (cosﬁ)] m . S (1N 3 s
——>D P P H
)7/2:;' nm[ o o +sin249 " (cos@) B (cos8) |H, (kr)Jn(kr)
P 7d [P'”(cosﬁ)} _
_J ! - jm
= [ZL TRy iy _
2z -([ do we A9 (2.112)

= D S ) [ o) 7 )= 2 (1) ()]

2”M M (2.113)

sin@e " d0d$

Using (2.70) in (2.113) gives

k 2 (n+m)! n+1=L]£2J?M P’"(cos&)}
00

D — =sinfe’™dld¢ (2.114
wer’ " (2n+1) (n— ) 2 ? )

where M, is the point sheet of magnetic current located at (#/,6’,¢") and is given by

M,=5(¢_¢)5(9_0) (2.115)

* ¥?sin@’
Substituting (2.115) in (2.114) and simplifying

k_Qn+l) (n-m)td[Pr(eost)] .,

" Vagwn(n+1) (nrm)l 46 (2.116)
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Similarly 4,,, can be obtained by performing the following operation

j[ [P (cos8)] ><j.(2.110)—.iP,’”(cose)x(z.lll)}
0 sin@

_ J - |:Pn’ (COSQ):Id[le (COSQ):I mZ m m r(2) "\ 7 ’
_722(;,4”)” 0 0 +sin29P" (cos8) B" (cos @) |H (kr )J(kr)

> d|:R1m (COS 9)] d[Bm (c0s 0)] m? .
_i mn m (2) ' ’ ’
r/;Anm[ 10 10 +sin20R’ (cos@)P" (cosO) |H, (kr) )
n d[P/”(cose)] m d[P](cos&)] A (1N 3 (1o
Y s1n0nz(;D"m[P (COSQ)T+B (COSQ)T H, (kr) " (k')

o d [Pl'" (cos 6’)] . d [Pn'" (cos 6’)] ol N A g
p smHZ::Dnm[ n COS@)d—e-f—PZ (COSQ)d—e H:S ) (k?' )J” (k?' )
1 r m m — jm
:EJ;OM%PI (cose)@e " d (2.117)
J 2 (n+m)!

n

o e () n(n1)| B (6°)J, (k)= AP (k') T, (k)

n2r
= % [ [ M,,B" (cos )" dodg (2.118)
00

Using (2.70) in (2.118) gives

2z

' v
! 2 (n+m)'n(n+1)=2ﬂjIMWE’"(cosQ)ej’"¢d¢9d¢> (2.119)
7 00

= A
r (2n+1) (n—m)!

Substituting (2.115) in (2.119) and simplifying,

& 2n+1 (n—m)!
r'sin@’4x n(n+1) (n+m)!

mP" (cos &' )e ™ (2.120)

Substituting for 4,, and D,,, in (2.103) and (2.104)
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1

e L), oo
Gy =———= 2.2 4, F (cos8) " (cos#')sinm(p—¢) (2.121)
o rsind i A7 (k)] (k). rer
P d J (o)A (), >
Gl =150 4,2 (cos0) LB (cos@)cosm(o-)] ) 2.122)
¢ reE= de Hiz)(kr') n(kr), r<r
where
—q — |
o =ZJ 2n+1 (n m)m (2.123)
2z n(n+1) (n+m)!
_oue 2+l (n—m)! (2.124)

" A, 27k n(n+1) (n+m)!

2.3.1.3 Determination of ijlrh and G;llrh
@ @

In this section homogenous solutions due to @ directed current (second parts of
(2.18) and (2.19)) are to be determined. Homogenous solutions are assumed to be linear
combinations of the elementary wave functions as described in the previous section.

The most general form of the solutions commonly used over possible values of m and n

are:
F o , Bnmjn(kr), r<a,
G, = P" (cos@)e’™ ! 2.125
M(P nZ:Om;n ( ) {CﬂmHiz) (kl"), rz a,. ( )
Grh zi Zn: P (cosB)e’™ Emd, (k). " (2.126)
M¢ n=0m=-n ! F;lmI:IElZ) (kr) , r2 a,. '

To determine the unknowns B, Cum, Eum and F,, field matching equations (2.79) to
(2.82) are used. Using (2.125) and (2.126) in (2.84) and substituting in (2.79) gives
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A

L L S P (cosB) P (cos@) jme ™ B (k)T (k)
smé’ r smé’n 0

oo

1 drom d ropm Ne ™ 5 (1’ NET
+§] - nzod"m de[P (cosé’)]w[l’n (cosé’)]e 0y (k' Wl (kay,)

a = ” .
smé’nZOB””’P (cos8) jm J, (ka,,) ;Z:: . [P cos&)]k]n(kadr)
d ~ 2y
C,. B (cos8) jm H (k P (cos6) |k, HY (k
smeZ mEn (cos (ka, )+ g, e de[ " (cos )] oM (kay)  (2.127)

Using (2.125) and (2.126) in (2.85) and substituting in (2.80) gives

- sin&nzoa"'"%[)m (cos8) P (cos&)e ™ (1 (ka,, ) J, (k')

de " (cos @) d
de’

+ 5 : [Pn'" (cosH')]jme‘-’m‘p,JAn (k) k> (kay,)
yr'sin

nZoBm %P'" (cos8)J, (ka,, )+

Ssin gnZOEW jm- B" (cos@)k-J. (kay,)

A nm

Yosiné

i C,,~—P"(cos@) H (ka F - jm-P" (cos@)k,H (ka,)  (2.128)

Using (2.125) and (2.126) in (2.87) and substituting in (2.81) gives

,.1 Zdnm d, > (cosH')Pn’"(cosa).jm.e*jmrﬁ’p['(f)(kadr)jn(kr,)
rsin@i= " do

1_ m d mn —jmg’ 37
+zrsm6? ZanmP Cosa)dH[P” (COSH)]e g (k) ki (ka,)

Ry ZEW jm-P" (cos8)J, (ka, )+ ’;Bnm%Pm cos@)k-J. (ka,,)

ZF jm- P (cos8) A (kay ) +2 3 C %P’"(cosﬁ)kH (ka,)  (2.129)

sin@ & g™

Using (2.125) and (2.126) in (2.88) and substituting in (2.82) gives

=

Lsa, L pr(cos 9’)%13,;" (cos8)- ™ A (ka, ) J, (kr')

f'/n=0 d49'
LN < D 0, (cos6) By (cos6) -, (1) k- AL (ka, )
2r’sin@’sin@ f

—ZEW " (cos0)J, (ka, )+ : ZBm jm-P"(cos8)k-J. (ka,, )

nﬁno

A

zsin @

_z nm_Pm cosH)Hz (ka,,)+ ZC"'" jm-P" (cosH)kH (kadr) (2.130)
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Since Green’s function outside the DRA is not needed for computing the input
impedance and reflection coefficient, the unknowns to be determined are B, and E,,.
The unknowns C,, and F,, are required for determining the radiation pattern. The

unknowns B,,, and E,,, can be determined by solving (2.127) to (2.130) simultaneously.

1 -a A
B ——mm_ e ”"¢’P’" cos@)J’ (kr’
" ATE r’sin@ ( RACY

{ 7, (kadr)l:l (k a, )=

A (kya, ) A (ka, )} (2.131)

0

L =,y ot %%m(cose’)in(kr')

nm = ATM ]",

'{1:152’ (koa, VA (ka, ) —kiffy) (ka, ) A (koa, )} (2.132)

0
where A" is given in (2.102) and,

A =T, (kay)H,” (koad»—kifn (ka, )1, (kya,,) (2.133)
0

On substituting (2.131) and (2.132) in (2.125) and (2.126) respectively, the

homogeneous solutions can be written as

A

ZZb P" (cos&) P" (cos@)sinm(¢p—¢)J. (kr')J, (kr) (2.134)

nm

F
h
G,/
9 rs1n6?n1m =1

[ANAN d 1 om . .
Gﬁ’;’ :7;,”:0 "’"dg[P (cos@’) | B (cos8)cosm(p—¢')J, (k') J, (kr)  (2.135)

where

nm

_a A A ,
b,,= A;Em ng)(kad )H(Z) (ko dr)__H,(,Z)(ko dr)H(Z) (kad,) (2.136)
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€= S| A () A (b, ) = (b, ) A () @.137)

nm ATM .
n

All the potential Green’s functions of HDRA placed above the slotted ground

plane are derived. The constants ky, &, and ¢ denote the wave number in vacuum, wave
number in dielectric and dielectric constant of DRA respectively. P" (cos8)is the
associated Legendre function of the first kind with order m and degree » that has finite

solutions over the entire range 0 <0 <. J, (kr) is the spherical Bessel function of the
first kind and Iflﬁz)(kr)is the spherical Hankel function of the second kind, both of
order n and of Schelkunoff type. For real values of k, J, (kr) represents standing waves
inside the DRA and A" (kr) represents outward travelling wave.

A"=0, and A’ =0 are respectively, the characteristic equations for TE and TM

modes, which can be solved to obtain the resonant frequency and Q of different modes.

2.3.2 Extraction of Green’s Functions in Rectangular coordinate System

The potential Green’s functions derived are for unit delta currents in spherical
coordinate system. Since the original problem involves X and p directed currents, the
derived potential Green’s functions are to be modified in rectangular coordinate system.
Modifications can be done by multiplying the potential Green’s functions due to 7
directed current by cos¢’ and ¢ directed current by—sin ¢’ . The transformed potential
Green’s functions represent various components of the fields at the observation location
in spherical coordinates. The potential Green’s functions in rectangular coordinate
system at the observation location can be computed by performing spherical to

rectangular coordinate transformation using observation coordinates.

For conversion, the Potential Green’s functions can be written in compact form as:
9

GF =33 g, (c0s6) B (cos)-cosm(9-4 |, (), (k) (2.138)

' n=0m=0
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o — ZZanmR{” (cos@) P (cos&)sinm(p—¢" D, (kr')¥, (kr)

M
9 rs1n6?n1m1

Gﬁ;’ :—ZZdnmP;” cos@)dcé, " (cos&)cosm(p- ¢ )@, (k)Y (kr)

n=1m=0

rr” = ,ZZZhnmP’” (cos@') P (cosB)cosm(p— @)W, (k') J, (kr)

n=0m=0

ZanmP’” cos&) P" (cos@)sinm(g—¢')J. (kr')J, (kr)

rs1n6?n —1 m=1

E;’ :—ZZenm [P’” cosH’)]P’”(cosH)cosm(gD o, (k') J, (kr)

7 n=1 m=0

® (b (k') r>r
(k)= iz)(kr') r<r’

19 (k) r>r
J, (kr) r<r’

2.3.2.1 Extraction of Particular Solution of Green’s Function

(2.139)

(2.140)

(2.141)

(2.142)

(2.143)

(2.144)

(2.145)

Green’s functions of the fields in spherical coordinates due to spherical

components of the currents are derived in section 2.3.1. However, the original problem

involves currents in rectangular coordinates and the Green’s function in rectangular

coordinates is to be found out. In order to perform the source transformation, (2.146)

and (2.147) are used.

M. =M, cos¢'—1\7[(p sing’ (2.146)
M, =M, sing’+M,cos¢ (2.147)
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After performing source transformation, the resulting potential functions are
substituted in (2.83) to (2.88) to obtain the spherical components of the fields.
Simplification can be done by using the identities, (2.148) to (2.150).

(%Hqu)n (k') (kr) =@@n (k') (kr) (2.148)
r

P, (cos&)= y g, ((Z;Z))"P (cos®)P, (cos&)cosm(¢ ¢) (2.149)
cos& =cos@cosd +sin &sin & cos(¢p—¢’) =cos(¢p—¢) (2.150)

Expressions for Green's function of the spherical components of the fields using

rectangular components of the currents are:

o S Yoz foto- e .

VW, (kr) (2.151)

Gly = -—L_snd i 2n+1)n(n+1)P,[cos(p—¢) |®, (k') ¥, (kr)

¥, (kr) (2.152)

P[cos o—¢')|®, (k') (kr)

- (2n+l Pn[cos(¢—¢')]<l)n(kr')‘l’;(kr)

k sing’ & Z 2n+l 82

dmou, rr Sn(n+l) a¢a¢'3[°"s(¢‘¢)]‘bn (k)¥, (k) (2.153)
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H we cos¢’ & (2n+1) , ,
G,} = P ) |® (¥ (k
My 47[]( r l’ ;n n+1 n|:COS(¢ ¢):| n( f') n( f')

47[(0#0 2 ; (2n+1) P[cos o—¢ :Id) (k") (kr)

= (2n+1) 9?
2.154
472'(0,u0 rer Z:; (n+1) a¢a¢’ "[COS o—¢ :ICD (k") ¥, () ( )

Once all the field components in spherical coordinates are obtained, the fields
can be transformed into rectangular coordinates at observation location. The particular
part of the Green’s function for x directed magnetic field due to x directed magnetic

current is computed using:
G, of G- =G,y cos¢—G,’ sin ¢ (2.155)

Substituting for GZ; and GZ"; using (2.151) and (2.153), in (2.155) and simplifying

G, of Gy = _47[al)ﬂ0k C°S¢C°S¢ Z (2n+1)n n+1)P”[cos(gp—gp’)]cpn(kr’)qln (kr)
1
. VW (k
4o, rr A= 1 ) "( r)
1 sin¢cos¢'z(2n+1 —P [cos(¢—¢')]d) (kr’ )Y, (kr)
droy, "t o 09 " ! !
2 1
42 singsing’ Z " P[cos (p-¢)]®, (k') ¥, (kr)
drk r- l" = ll’l n+ ) (2156)
k s1n¢s1n¢ (2n+1) 9’
+ D (k’ k
dray, rer ;n n+1) oo’ "[COS (0=9) ] T, (k)
G, of G, =Gy sing+G,’ cos¢ (2.157)

Substituting for GAZ; and G;i using (2.152) and (2.154), in (2.157) and simplifying
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1 singsing’ &
G, ofG,Zi aiarr— r’fr,z e Z(2n+1 (n+1)P,[cos(¢—¢") @, (k')¥, (kr)
0
! )P, (kr)

2
dray, r'r 1

e et S P;[cosw—wﬂ@n(kr')wn(kr)

4k o n n+1
1 cos¢sm¢ , Ny’
+4ﬂa)ﬂ0 " Z (2n+1) Q[cos(¢—¢)}®n(kr)Tn(kr)

k COS¢COS¢Z 2n+1) 92 P[cos o—o J(I)

v Zn(el) 3607 ), (k) (2.158)

G, of Gg} =G,/ sing+ sz cos @ (2.159)

Substituting for Gﬁ; and GZf using (2.151) and (2.153), in (2.159) and simplifying

G ofGHi——4”al)ﬂksmﬁjgs¢ i(2n+1 n+l1)P, [cos (p—9) ]q) k'), (kr)
0

1 singsing’ z 2 +1
n=1

drau, v’

a ,P[cos o—¢') |, (k') ¥, (kr)

e costsnd 5 L cos(o-o)]o, (1), (i)

4k o n n+ 1
1 cos¢cos¢ , Ny’
p——— Z (2n+1) I’n[cos(¢—¢)]q)n(kr)‘l‘n(kr)

__k cos¢sm¢ (2n+1)  9?
drep, v nz;n n+1) 8¢8¢' "[COS i ]q) (kr')¥, (kr)  (2.160)

G, of G, =Gﬁ: cos¢—GZf sin¢g (2.161)

Substituting for GZ: and GZf using (2.152) and (2.154), in (2.161) and simplifying
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L 1 cosgsing’ &
G, 0fGﬁy__4ﬂ'a),uok e Z(2n+1 n+1)P,[cos(¢p—¢) |, (k') ¥, (kr)

1 cosgcosg Z 2n+1)

Aoy, v o 8 ’

P[cos (0-¢) @, (k') ¥, (kr)

I singsing’ Z(2n+1)a—¢ﬂ[cos(¢—¢’)](bn(kr’)‘l’;(kr)

dray, 1"

we sm¢cos¢ (2n+1) o /
+471'k ,,Z;n ) Pn[cos((b ¢):|<I>n(kr)‘l’n(kr)

k 51n¢cos¢ Z (2n+1)
dray, r-r Sin n+1) 8¢8¢’ !

P[cos(p—¢)]®, (k’)¥, (k) (2.162)

2.3.2.2 Extraction of Homogeneous Solution of Green’s Function

The procedure explained in section 2.3.2.1 for extracting the particular solution
in rectangular co-ordinates can also be used for the extraction of the homogeneous

solution. The homogeneous solutions of the Green’s function in rectangular coordinates

are:
G, of G =G cosp— G sin @ (2.163)
h M, M, M,
L 1 cospcosd &
G, of Gy = Tk Z(2n+1 n(n+1)P,[cos(¢—¢') |J, (k') J, (kr)
1 cosgsing’ & 0 NT 5 (1 G
- 2n+1)—P - J (k') J (K
e IS (an )3 [eos(0-4) . (), (4
. Sin¢cos¢’i(2n+l)iP [cos(¢—¢'):|j (k') J (kr)
Ay, 1" " " "
we sm¢s1n¢ (2n+1)
- P )|, (k') J, (K
Ak  r-v ,,Z;n n+l [cos ad :I r ( r)
k sm¢s1n¢ 2n+1) 9>
- P ) |JL (k") I (K
amay,  rer’ Z;n (n+1) 0gg’ [eos(9=0)] 1 (") 1 (k) (2 164)
G, of ng = Gﬁ) sing+ ng cos ¢ (2.165)
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G, 0fGﬁj= _47ra1),u p s1n:b2]s;gl¢ i(2n+1 n+1)P, [cos p—¢ ]J J, (kr)
0 =
1
- ki
dray, v J, (kr)

n=1

1 °°S¢Si“¢'i<zn+1>—a[cos<¢—¢'>]fn<kr'> j (kr)

dray, 1"

_ wE cospcosg = (2n+1)
Ak rr = 1n(n+

P[cos o—¢')|J, (k') J, (kr)

k cos¢c0s¢z (2n+1)  9?

Cdmou, rr Sn n+1) Py ] P,[cos(¢p—¢) | J, (k') J; (kr) (2.166)

G, of G,y =Gy sing+ G, cos¢ (2.167)
G, of Gl= - L__sindcosd’s Z (2n+1)n(n+1)P,[cos(p-¢')]J, (k) J, (kr)
YU dmeuk P " " "

N 1 singsing’ Z(zn‘*'l)a—dpn[COS(¢_¢,)]j;(kr,)j"(kr)

dray, v’

n=1

. C°S¢C°S¢'i(zn+1)ai¢g[cos(¢-¢')]jn(kr') 7 (kr)

drapy, 1

_ we c0s¢s1n¢ (2n+1) SE N
= Zn e ) P Lecos(o-¢)), (), (k)

2

___k_ cosgsing’ 2n+1)
dray, rer ,,Z:‘n (n+1) 8¢8¢' "[COS a4 ]J (k) (k) (2.168)

G, of Gﬁ) = Gﬁ) cos¢—Gﬁj sin ¢ (2.169)
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G, of G- =— 1 COS¢Sm¢,i(2n+l)n(n+l)Pn[cos(¢—¢')]jn (kr')jn (kr)

Y Amouk  rr”

1
dray, v

J, (kr)

1 singsing’ J NG N 5
+47m)ﬂ0 g Z(2n+l)a¢Pn[cos(¢ &) ]J, (k') J, (kr)

_ we s1n¢cos¢ Z (2n+1)
drk = n(n+1)

K s1n¢cos¢ Z 2n+1) 0’
Az, r-r  “Sn n+1) 0go ¢

a’[cos(¢—¢’)]3n (k')J, (k) (2.170)

7P, [ cos(¢~9)]J; (k') J (kr)

where
Ll po 7Y ko 7Y |
b= | " (ka,. ) H, (koad,)—k—Hn (koay, YA (ka,, ) (2.171)
n 0 i
_ Ll po 70 k e yey |
€ ATV H,” (kya, ) H, (kadr)_k_Hn (ka, ) H,” (kya,, ) (2.172)
n 0 i

Once the particular and homogeneous solutions are determined, the Green’s
function can be found out by adding the particular and homogeneous solutions.
However, the particular part of the Green’s function is a slowly convergent series and
takes a lot of computation time. The values of the Hankel function become very large,
when its argument reduces. Therefore the particular solution is found out by using

spectral domain approach, which is discussed in the following section.

2.4 Field Radiated into Free Space by an Aperture in the Transverse Plane of a

Rectangular Waveguide

The particular solution of the DRA is a slowly convergent series and it takes a
lot of computation time. Therefore, the particular solution, which represents the source
radiating in the unbounded dielectric medium is derived using spectral domain
approach. This representation is more general and hence can be used with narrow as

well as wide slots. From the field existing at the aperture of the waveguide shorted end,
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the radiated field can be evaluated using the plane wave spectrum approach [105]. The
radiated field can be obtained by expanding the spherical waves in terms of plane wave
spectrum in the vector potential formulation. Figure 2.5 shows schematic of the
waveguide with an aperture at the shorted end. The length and width of the aperture are

denoted by 2L and 2W respectively.

$y
/EH |/'X
|
I A

Fig. 2.5 Waveguide with an aperture at the shorted end

If a tangential electric field E'S is excited at the aperture, the equivalent

magnetic current at the aperture, M can be expressed as:
M, =E xi, (2.173)

where 1, is the unit vector perpendicular to the plane containing the aperture.

Since the aperture is surrounded by an infinite ground plane, which is assumed
to be perfectly conducting, the magnetic current exists only at the aperture. The

boundary conditions at a perfect electric conductor are vanishing tangential components
of E. An element of source, plus its image element, radiating into free space, produces
zero tangential components of £ over the plane bisecting the line joining the two
elements. Therefore, while evaluating the magnetic field H , the magnetic field due to

both the magnetic currents M at the slot, and its image M, are to be considered. The

total magnetic field H is due to the total magnetic current M which is the sum of M .

and]\7[l..
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N = B+ 3, =20,
The electric vector potential F at any point in the space is given by
—/k‘r r‘

e

Aperture

The electric and magnetic fields at any point in space are given by

E=-VxF

I?z—fl—VxE:—i—VxVxﬁ
jou Jkn

Substituting ( 2.175) in (2.177)

VxVx H

Aperture

Using the following identity from [66]

k x+k, y+k, z)

T T dk dk,

and substituting for |r —r'| results in

e—jk\r—r'\ 1 == ej{kx(x—x')+ky(y—y')+kz(z—z')}

‘r—r" :j27r_w_w k

z

dk dk,

(2.174)

(2.175)

(2.176)

(2.177)

(2.178)

(2.179)

(2.180)

Where x', y', z' refers to any point of the source, and x, y, z refers to any point

of observation in space, where the radiated field is to be determined. In the present

problem, the source magnetic current is on the z" =0 plane. The radiated magnetic
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field at the z =0 plane is to be determined. Substituting equation (2.180) in (2.178) and

simplifying

ﬁz ej(kxx+kyy)

A= lovxox [ L [ Bt

dkdk, (2.181
kT dk, (2.181)

Aperlure z

Since E, is zero everywhere on the ground plane, except at the aperture, the inner
integral can be written as

-
2wl IE

k X'+k y)

ax'dy’ = & (k,.k,.k,) (2.182)

;g'-—.x

Where the inner integral is the Fourier Transform of the aperture electric field,

which is represented by € . Carrying out the necessary substitution in (2.181)

H=——VxVx j j (ko e,

2mkn (2.183)

which is in the form of inverse Fourier Transform. The del operator is replaced by — le ,

when taken inside the transform integral:

(kxx+k},y)

H =

TT xkx& (k. k, .k, )x dk dk, (2.184)

2rkn < -

The free space wave number k and the separation parameters k, , k, and &,

must satisfy the separation equation (2.186). Since the aperture field has been assumed

to be tangential to the plane (assuming xy plane) containing it, it can be represented as:
E =uFE +uE, (2.185)

ki +k, +k: =k’ (2.186)
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The transform of the field, € is then given by:
E. =06 +u.E (2.187)

On carrying out the integration in (2.184) and simplifying, the components of the

magnetic field at the aperture plane are:

2 < kke +(k -k e
H=o 27:1«77H k

z

¥ (k x+k, )

dk dk, (2.188)

== kke, + (K -k e,
= 27rk77-[-[ k

z

(k x+k y)

dk dk,, (2.189)

<tk k. £, —k k€, -
j j ) ke (2.190)

For any aperture electric field distribution, the magnetic field at any point in space

can be found out using the approach outlined so far. Since electric field at the aperture

is assumed to have only y component, there is no &, term in (2.188).

err T B k y (kxx+kyy)
Gspec = x = 271'1( J; J; dk‘cdky (2. l 9 1)

The Fourier transform of the electric field at the aperture is given by

k.x'+k,y
jj (x,5,0) k) oy (2.192)

aperture

Writing out this transform integral for € at the z = 0 plane,
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M —ilk.x" V7
£, = ! ZE H sm[ -x,+L, )} e e ehyy )dx'dy'
Aperture (2' 193)

Carrying out the necessary integration and simplifying

jsin(k L) forp even
cos(k, L) for p odd

pr ), (21K Y
2L pr

G e =H" =~ . k77p 1 J;J; ks ) zoll’lC(k W)

(2.194)

:%iEpsinc(kyW) {
T o4

{]sm(ka) forp even}
kL) forpodd "
COS( x ) orpo Hkxtk, }dkdk

P”{l_[wﬁ Jz} (2.195)
2 pr

After obtaining the homogeneous and particular solution, the magnetic field

coupled to the DRA can be computed using:

HP™M(I1?)=G,,, + j j Gs€? (x)ds’ (2.196)

slot

where, G, is given in (2.195) and G, is given in (2.164). Field due to Gis

spec

computed spatially and field due to G, is computed using spectral domain approach.

2.5 Scattered Magnetic Field inside the Waveguide

To analyze waveguide shorted end slot coupled HDRA, x component of the
scattered magnetic field inside the waveguide due to x component of the magnetic
current is to be determined. Scattered magnetic field inside the waveguide due to a

wide aperture in the transverse plane of the waveguide is derived in this section. In
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order to completely characterize waveguide circuits and radiators, field scattered by the
discontinuities represented by slot/aperture into either a bounded (such as inside the
waveguide or cavity) or an unbounded medium (such as free space) is to be evaluated.
The aperture can be a transverse or longitudinal slot, an aperture in the transverse plane
of the waveguide radiating into free space, or a diaphragm. Transverse electric fields
exist in the slots and apertures due to which fields are scattered both inside and outside
the waveguide. The electromagnetic field for the case of a magnetic current source is

given by Maxwell’s equation [66]:
VXE =—jouH - M (2.197)
VxH = jockE (2.198)
For a static charge free region
V-E=0 (2.199)

The vector field E has only circulation. Therefore it is often called a solenoidal

field, and can be represented by the curl of some other vector function as follows:
E=-VxF (2.200)
where F is the electric vector potential. Substituting (2.200) into (2.198) gives
VxH =—jweVxF
or qufi+ngﬁ)=o (2.201)
Using the vector identity:

VxVw=0 (2.202)

where @ 1s a scalar function. The argument of equation (2.201) can be written as
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H+ joeF =-V¢ (2.203)

Where ¢ is the scalar potential function. Substituting (2.200) in (2.197) results in:

VXE=-VXVXF =-jouH -M (2.204)
VXVXF = jou(-Vé- joeF)+M (2.205)
VXVxF=w*ueF — jouvV ¢+ M (2.206)

Using the vector notation,

VXVXF =V(V.F)-V’F (2.207)
equation (2.206) can be written as

V(V.F)-V*F-k°F = jouV ¢+ M (2.208)
Since ¢ is arbitrary, using the Laurentz gauge,

V.F =—joug (2.209)
Substituting (2.209) in (2.208)

V2F +k*F =—M (2.210)
Corresponding Green’s function equation is

VG+kG=-1-8(r—r) (2.211)

The above equation is known as inhomogeneous vector Helmholtz equation.
Solution of the Helmholtz equation can be obtained by deriving the Green’s function,
satisfying the boundary conditions. In the case of rectangular waveguides/cavities, the

boundary conditions are zero tangential electric fields at the walls. Many
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methodologies are possible to solve the Helmholtz equation. One method is deriving

the Green’s function by using the boundary conditions. So, the Green’s function

G(r|r’) for a given boundary condition, where r refers to observation coordinates and

’

r" refers to the source coordinates, should satisfy,

VG (r|7)+k*G(r|r)=-1 6(7-7F) (2.212)

where 1=%+ )+ 22 (2.213)

This equality should be satisfied at the boundary points as well as in the

neighborhood of the source and field region in general. The boundary conditions to be
satisfied by the Green’s function G(r|r’) are same as that of the vector potential. This
method has an analogy in circuit theory, where the response of a linear time invariant
network to an arbitrary input function can be determined by convolution based on the

impulse response. Similarly the Green’s function for a spatial domain electromagnetic

problem plays the same role as the impulse function in time domain. Hence the electric

vector potential F in terms of Green’s function is given by,
F=[G(r|r)M ()i’ (2.214)

The integral may be a single integral if M (r’) corresponds to a line source, a

double integral if M (r’) corresponds to a surface and triple integral if M (r”)

corresponds to a volume. The two bars over G indicate that Green’s function G is
dyadic. Since the source can be conceptualized as the integration of delta functions over
the entire region, the vector potential is obtained from integration of the Helmholtz
equation corresponding to the Green’s function. Hence this method of solution is
referred to as integral equation method. Inside the waveguide, the homogeneous scalar

Helmholtz equation is given by,

Viy+ky=0 (2.215)
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where, y is the scalar potential and Helmholtz equation can be solved as a

discrete set of modes. Thus, any arbitrary transverse field inside a section of the
waveguide can be expressed as the sum of all possible waveguide modes, as given

below [66]:

E"e _ZZ( Ve +v" m’"n) (2.216)
H' = ZZ(I;nh,zn + 1500 (2.217)

where E,Wg and H % are respectively the scattered transverse electric and

he  are the electric and magnetic modal

mn mn

magnetic fields inside the waveguide. é°

mn

vectors for the TE, modes and é” , h”" are the modal vectors corresponding to the

y " are the modal voltages, and 7°¢

mn mn mn

TMmn modes. Similarly ) 1" are the modal

currents for the TE,,, and TMp,, modes respectively.

The modal vectors are normalized to obey the following condition:

[[(e) ds=[[ (i) s =1 (2.218a)
H(E’” )2.ds=”(};’” )2.ds=1 (2.218b)

where the integration extends over the cross section of the waveguide. The modal

vectors are defined by [66]:

e =uxVy' =ht xi. (2.219)
e" =V y" =h" xii, (2.220)
he, ==V, =1.xé;, (2.221)
A" =i xVy" =i xe" (2.222)
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where V, is the two dimensional del operator, which is defined by

d d
V. =u—+u,— 2.22
t ux ax uy ay ( 3)

For a rectangular waveguide of cross section 2a x 2b, the scalar potential function y

can be written for the TE,,, and TM;,, modes as follows:

1 abe & mmx nrw
Yo o=— mn__ cos x+a)pcoss— (y+b } 2.224
V4 (mb)2 +(na)2 { 2a ( )} {25 ( ) ( )

m _ 2 ab . |\ mx .| nm '
o= 7\ (b) + (na) s1n{ » (x+a)}s1n{ o (y+b)} (2.225)

where €,, € are the Neumann’s numbers

1 form,n=0
LE, = (2.226)

2 otherwise

The electric modal vectors for the TE,,, and TMy,, mode, €, and €' can be

derived using equations (2.219) and (2.220).
e 1 abe €, [ nrw { mir }
éy, =— | —2"—| ——cosy—(x+a)
7\ (mb) +(na) L2b 2a
nrw . mrx . |mw niw .
xsins— (y+b -— —(x+ —(y+b)u,
s1n{2b (v )}ux » s1n{ > (x a)}COS{Zb (v )}u}} (2.227)

o 2 ab [mﬂ' {mﬂ' }
en =—=— ; ; cos (x+a)
7\ (mb)" +(na) L 2a 2a

. ni n niw . mw nrz f
><s1n{i(y+b)}ux +2—bsm{§(x+a)}cos{z—b()""b)}”y} (2.228)
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The same derivations can be carried out for the magnetic mode functions. The
scattered magnetic field can be written in terms of the scattered electric field and wave

admittance as follows:
e =y 3w v, (a.xes, )+ Yo (i, xepn )} (2.229)

where, the wave admittances Y ¢ and Y” for the TEy, and TM,, modes are given by,

. k k
Y =—f=—% (2.230)
ou  kn
and
yn =% LS (2.231)
k. kn

In these expressions k, is the z-directed wave number in the waveguide, & is the free

z

space wave number, and 77 is the intrinsic impedance of free space:

=M/ & (2.232)

Where, 4, is the permeability of free space, and & is the permittivity of free space.

Further k,, k, and k. should satisfy the separation equation,
k}+k, +k; =k (2.233)

In rectangular waveguides with dimension 2a x 2b, the eigen values or

characteristic values for the separation parameter k and k , obtained by imposing the

boundary conditions are given by,

_mx

k, ="~ 2.234

Ty (2.234)
nw

PR 2.235

ey (2.235)
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When the waveguide is filled with some dielectric material with relative
permittivity €, the intrinsic impedance 77, and the wave number k, in the dielectric

medium, are given by,

n,=n/\e, (2.236)
k, =k+Je, (2.237)

If E represents the electric field at the slot/aperture, the expression for modal

slot

voltages, using the orthogonal properties of ¢ and ¢” are obtained as:

Vie= [ Evroporune €sndls (2.238)
Aperture
V= [ Eutrapernoe Gondls (2.239)

Aperture

To determine the scattered magnetic field inside the waveguide, the modal

voltages for the transverse electric and transverse magnetic modes are to be determined.

Ve = [[ G500 &, d'dy (2.240)

slot

Vo= [[ 5,00 endx'dy (2.241)
slot

In general the electric field Efor a wide slot at the aperture, i is described in

terms of known basis function with unknown coefficients and is given by

M M
E'(xX,y,0)=10, ZE)’Cpe; (x')+a, ZE;pe; (») (2.242)
p=1 p=l

where
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L <x'<x_ +L
; Sln p T ( x' = x + L ) Xovi 1 x, Xy i
e, (x)= 2L, VW <y <y, +W, (2.243)
0, elsewhere
x,-L <xX'<x,+L
; , Sln (y ym + W) wi 1 , wi
ep (V)=9 |27, VWi SV Sy, +W, (2.244)

0, elsewhere

where Eip and E;p are the unknown coefficients for the magnetic current

expansion at aperture, i in x and y direction respectively. L, W; represent respectively
the length and width of the aperture i and x,; y.; represent the offset along x and y
direction respectively. On substituting (2.243), and (2.244) in (2.242), simplified
expression for the electric field at aperture i is obtained, which is substituted in (2.240)

and (2.241) to obtain the modal voltages.

e —_—

1
" r (mb)2 +(na

Xt L
X ZE’ sm{zW (y V.. + .)}dydy' —’721—;[%_&' sin{m—ﬂ-

abe €, [ nr it
)

- cos{m—ﬂ-(x+a) dxywjtwsin ﬂ( +b)
26 1 " 2a T
Xy —Ly Ywi=Wi
(x+a)}

. Pz < ,'yw'JrW
XSln{z—Li(x —xwi+Ll.)}dxdx E j cos{zb(y+b)}dy} (2.245)

L

Vi =2 o S s G, waljsine{ 574 ()

7\ (mb) +(na a

M . mrx ni . niw
_Z‘E’W 2—acos {2—b(ywi +b)} Sine {2_b Wz} -F, (p)} (2.246)
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- 2 ab

X, tL; Vi tW;
mir mi niw
- -~  |== coss—(x+a)rdx siny— (y+b

%=l Vi Wi
M ) p T nr X, +L; i
St snl Byt o2 snlZEreo)

p=l i

a
(pr, . VAR niw
XSln{z—Li(x —xwi+Ll.)}dxdx ;Eyp waWCOS{E(y+b)}dy (2.247)

ALW, ab G o mT {mn’ } . {mn’ }
Vi =——— E. ——cos{—(x,, +a)psincs—L +F (p
2t S, e {25, ) (»

a 2a 7

&L .onw nmw . |nm (2.248)
+;Eyp 5 O {2—b(ywi +b)}5m0 {2—bW}Fx (P)}

1

where

T
=
Il
1
(@]
o
w2
—
[N
|
Q
=
+
<
|
3
N—
—
=.
=
@]
—
‘N
/—_N—\\
S
|
E
—

2
—cosd Z ™t 4 ot |Lsine U L. |
2\ a P 2 \L a (2.249)
and
—_ T nywi . ”VV; p n

Fy (p) = l:COS{E(—T+p—nj}SIHC{T(Wi—ZJ}

—cos z(%+p+nj sinc L £,z

20 b 2 \wW b

The transverse components of the internally scattered magnetic fields are obtained
using

(2.250)

e _ye e (A~ —e
Hx _YngZan (uzxemn)
m n
m __ ym m (A —=m
Hx _YngZan (uzxemn)
m  n

(2.251)

(2.252)
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where the wave admittances Y and Y are defined by (2.230) and (2.231)

respectively. The x and y components of the internally scattered magnetic fields are

obtained by substituting for modal voltage and modal vector in (2.251) and (2.252).

2 (8= (o)) =20 3B, TR () - (en) 5

m n

xsm{’;’—j(x+a>}cos{2b () foos{ 22 (s ) fsine | 22 1L, (p) 2253)

H" (E))=H" (M ):—2LWZ ZZ{ ( Co a)z mn(cﬂan}

m n

Xsin {’Z—Z(x+a)}cos{%(yﬂo)}cos{zb (Y +b)}sinc{%W}Fx (p) (2.254)

H,CVG(E_’) HWG( )——2L,W,ZE ZZ{ ( ) (Cﬁn)z}m—”ﬂ

2a 2b

Xcos{n;—:(x+ a)}sin {Z—b(y+b)}cos{ o (Vi +b)}sinc {gW}F (P) (2.255)

m n

M 2 2
e (80) =1 () =203, S5 v (0 2 | e 2%
ol 2b 2a
xcos{n;—;[(yﬁa)}sin{%(y+b)}cos{’;—:(xm+a)}sinc{2aL} (p) (2.256)

where
e _1 “lig"g (2.257)
7\ (mb)" +(na)
2 ab
and ot I — 2258
7 (mb) +(na) (229
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Equations (2.253) to (2.256) represent the internally scattered magnetic fields inside the

waveguide due to the magnetic currents, M and M, at the transverse aperture i.

2.6 Scattered Magnetic Field inside the Rectangular Cavity

In the analysis of waveguide shorted end slot coupled HDRA, the slot can be
considered as a rectangular cavity. The dimensions of the cavity are 2/, 2w and 2¢ in
the x, y and z direction respectively as shown in Fig. 2.6. The origin is located at the

center and the limits are —/ to +/, -w to +w and - to +¢. In this case the propagation is

along z direction, hence only 7E. components are present. With this, the Green’s

function for the rectangular cavity G” is
V2G4 kG =—1.8(x—x) 5 (y— )5 (z—2) (2.259)

. . . ’ ’ ’ . . =~
where the source coordinate is given by (x’,)’,z"). Being a dyadic, G, can be

expressed as:

G =3%G,, + PG, + G (2.260)

]
l

\2| 21/
\/

Fig. 2.6 Schematic diagram of a rectangular cavity with its dimension.

Applying the boundary condition that the tangential component of the electric

field Etan vanishes at the walls of the cavity,
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AXE=0 = ax(VxF)=0 (2.261)
ix(VxG)=0 (2.262)

where F is the electric vector potential for magnetic current M and G is electric

dyadic potential for ¢ current.

= (.0 .0 0 . .
VxG=| x—+y—+z— [X[xxG.. + G +zzG 2.263

S oG
VxG=|zp—2—-yz oG, +| xz oG, _ zx 96, +| X 9G, _ Xy Gy (2.264)
ox ox ay ay 0z 0z

At the wall of the cavity, x =-landn = x ,

. = .= oG oG G oG
N — < — O Y o _ 55 2z A0 XX 23 XX
nX(VXG) —xX(VXG) =—yy = zz ™ + )X % + 22X o (2.265)
Since fzx(Vx(z;) =0

X=-
oG G oG oG

=> Yy =0, zz =0, XX =0, XX — 0 2266

ox |x=-I ox |x=-1 ay |x=-/ 0z |x=-1 ( )
Using (2.265) and (2.266) G, _ ; =0 (2.267)

Similarly, at the walls of the cavity y=4w G, =0 and at z=17, G_ =0 and

VXG® =0

= Vx(3% G, +99 G+ G_)
= (VXXG,,)+(VxJG,, ) p+(Vx2G. )2
. 0G_ .G G G oG, ..0G

= X oy — 24y Py == =) 2.268
P » O o 7 o » (2.268)
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For evaluating Gy, consider the boundary conditions

at x=2I, G.=0 (2.269)
et ol aG
at xz plane VxG¥ =0 = zx—==0 (2.270)
dy
oG
aty ==xw, —==0 (2.271)
dy

Similarly in the xy plane,

VxG? =0 = Sfﬁa(} =0 or 86()?; =0 (2.272)

Expressing Gy as the product of the function of three separate variables,
Gxx :g)oc (x)gxy (y)gxz (Z) (2273)

There are two ways for expressing the solution of the individual function. One
is the closed from solution and other is the series expansion in terms of its eigen-
functions. Expressing g.(x) and g,(y) in terms of series expansion, Gy, can be written

6.-3 3¢ (z){Asin{mz—;z(x+l)}+Bcos{n;—;[(x+l)H

o x{csin{%(ﬂw)}m COS{%UW)H

(2.274)

XX

X

Employing the boundary conditions G_=0at x=%/ &

=0aty=xw in

equation (2.274)
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G.=3>g.(z sm{ 5 (x+l)}cos{%(y+w)} (2.275)

m=1 n=0

Using the Helmholtz equation for the Green’s function results in

VG +KG, =-8(x—-x)(y-1)d(z—-2")

9> 9* 9’ N 2
=>| —5+—5+ G.=—0(x—x)d(y—-))0(z-2)-k’G,,
x> oy’ oz’ *

:zz{—[’"z—fj —(%) +a72+k2}gxz( )sin{n;—;[(x+l)}cos{%(y+w)}

—0(x-x")0(y-y)d(z—-2)

. z{;’—r }gﬂ( Jsin {2 s+ 1) cos 2 (1 4)|

= -0(x-x)o(y-y")o(z-2) (2.276)

Where

T, \/kz [m”) —[ﬂ) (2.277)
21/ 2w

Zw(z) can be evaluated using the orthogonal property of sine and cosine functions.

Multiplying both sides of (2.276) with sm{ 21”(x+l )} and cos{’;—”
w

(y+w)} and

integrating over the entire transverse aperture gives:

ii{a—z+r2 }gxz(z)jsin{”;—f(ﬁz)}sm{ (x+1 }decos{ ' y+w)}

Z(y +w)} (2.278)

xoos{nz'—ﬂ-(y+w)}dy =-0(z-z )sm{n/;'lﬁ(x%l)}cos{nz

w w

'
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Equation (2.278) can be simplified using the orthogonal properties of sine and cosine

terms given by (2.279) and (2.280).

» , 0 form #m’
Isin{mz—f(x+l)}sin{n;lﬂ- (x+l)}dx= 0 form=m"=0

[ form=m"#0

" ' 0 forn#n’
Icos{g—ﬂ(y+w)}cos{’;—ﬁ(y+w)}dy ={2w forn=n"=0

W w ,
w forn=n"#0

Applying (2.279) and (2.280) in (2.278) gives

w

2
{%+Fin}gm (z)=- 2’}3 sin {’Z—f(x’+l)}cos{§—”(y’+ w)}5(z—z’)

(2.279)

(2.280)

(2.281)

The above equation is solved using closed form method. For solving, (2.281) is

broken into two parts around the source point, at z=z". Since the right hand side

contains a delta function, the equation becomes zero at all points, except atz =z".

Hence,

[ N2
I

—+I2 |gl (z)=0 at z <7

2.282
e (2.282)

- -
a—2+1“in gi(z)=0 at z>z2 (2.283)

Z
Solving (2.282) and (2.283) gives

gl (Z) =4 sin{Fmn (z + t)} + B cos {an (z + t)} (2.284)
gi(z)=C sin{an (z— t)} + D cos {an (z- t)} (2.285)
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dg_(z g, (z
By (2.273), gﬂ( ) =0 at z= — ¢, hence 4 = 0. Similarly ch ( ) =0atz=t¢t,
oz oz
hence C = 0. Therefore (2.284) and (2.285) become:
gr(2)=Bcos{T,, (z+1)} (2.286)
gn(z)=Dcos{l,, (z-1)} (2.287)
Applying the continuity condition of g, at z =2z gives:
cosil (Z/+t
= { m . )} (2.288)
cos{T",, (z'~1)}
Substituting (2.288) in (2.287)
cos{F (z'+t)}
"(z)=B - cosi[ (z—t 2.289
g)oc( ) COS{FW (Z,—t)} { mn ( )} ( )
. . o .. g ,
Applying the discontinuity condition of == at z=72,
Z
a 11 a 1
gx(2)  %ea(2)l __ %sin{m—”(x’ﬂ)}cos{ﬂ(y’w)} (2.290)
0z - 0z o 41w 21 2w
Taking the derivative of (2.289) and comparing with (2.290)
cosil’ (z'—t
B=-525ugin {m—”(x’+ 1)}cos{ﬂ(y’+ w)} { (2 ) (2.291)
4lw 21 2w r,,sin{2T, 1}
Substituting the value of B in (2.286)
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gl (z)=- %sin{’ﬁ—f(x#l)}cos {%(y’+ w)}

cos{F",n (-t }COS{an t"'Z)} 2.292
r,, sin{2l, ¢} R

X

Substituting for B in (2.289)

gﬁ(z):——'j“;:‘ sin{ (x"+1) } { }

cos{l“mn (z— t}cos{l“mn } (2.293)
r,, sin{2l, }

X

Substituting (2.292) and (2.293) along with the expression of g.(x) and g.()), Gu

(2.273) can be written as:

G, =33 S { y x+z)}sm{"g(x'+z)}cos{;fv(y+w)}cos{;fv(qu)}

m=1 n=0

-1 cos{T,, (z—1)}cos{T,, (Z'+1)} z>7 (2.294)
X——————
r,, sin{2l, } cos{l“m (z'—t }cos{l“mn )} z<7
Similarly, for evaluating G,,, the following boundary conditions are used. At
JG,,
x==I =0 (2.295a)
ox
y=xw, G, =0 (2.295b)
G,
z = *tt, =0 (2.295¢)
0z

Proceeding in the similar fashion for evaluating G.y, the term G,, can be written as
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mz;); :lv: cos{ 2;[ x+l)}cos{n;7(x'+l)}sin{;:}(y+w)}sin{gfv(y’urw)}
-1 COS{FW z— t}cos{l"mn z +z)} z>7
r,,sin{2l, ¢} |cos{T,, (z=t)}cos{T,, (z+1)} z<Z (2.296)

For the evaluation of G,, the following boundary conditions are used. At

x ==l agzz =0 (2.297a)
X
oG

y=tw, —==0 (2.297b)

N
I

+, G_=0 (2.297¢)

Using these boundary conditions, G.. can be obtained as:

G =33 %% i cos{ 7(x+l)}cos{n;—;[(x'+l)}cos{%(y+w)}

m=0 n=1

XCOS{Z_”(J/-l_W)} ~1 {Sln{rmn z—t }sm{l"mn z +t)} z>7
w

,$in{20,, ¢} |sin{T,, (z/—¢)}sin{l,, (z+1)} z<z' (2.298)

mn mn

The Dyadic Green’s function of the electric vector potential of a rectangular
cavity can be expressed using (2.294), (2.296) and (2.298). With the cavity Green’s
function of electric vector potential being determined, the next step is to derive the
expressions for the scattered magnetic fields inside the rectangular cavity due to
magnetic currents. The scattered magnetic field can be determined in terms of the

electric vector potential using (2.197) and is given as follows:

ﬁz:i[wmz\z]:i[_wwﬁm] (2.299)

Using (2.206) and (2.210) in (2.299) and simplifying,
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H= —ng[ﬂg}ﬁ (2.300)

Expanding H into its components:
[ 1 afor oF or)].
Fx+—2£ax+ y+az u,
kox| dx dy oz

i oF,
H=-jwe|+|F ! a{an+ y+aFZHﬁy

+__
Y kPoylox dy oz

+ F+Li aF)“+8Fy+(’ﬂ:z J
T kKoz|ox dy oz " (2.301)

With no F, component present, the like terms on both sides gives:

_ Lo LoE

H" =—jowe| {1 +—5— F.+—S—==|=H" (M,)+H" (M, 2.302
X J _{ kz axz} X kZ axay_ X ( i ) X ( ’ ) ( a)
cav . i I azFx I az ] cav cav

' =—joe| 3 ayaf{”PW}Fy =H" (M, )+ H}" (M) (2.302b)
cav ‘].aE aZF asz cav cav

H" =- L+ =H" (M, )+H" M, 2.302
: K’ {EZ&C 0zdy : ( ‘ ) : ( ' ) ( g

Being established the relationship between the scattered magnetic fields and the
electric vector potentials; the next step is to determine the electric vector potentials

from cavity Green’s functions and the unknown magnetic currents.

F. = H G M ds" where M_= u,E,xi, =uE, (2.303a)
Aperture

F,= || G,M,ds" where M, =i E,xi, =—i,E, (2.303b)
Aperture

School of Engineering, Cochin University of Science and Technology 75



MoM Analysis of Waveguide Shorted End Slot Coupled Hemispherical DRA

Substituting for G and M _in (2.303a)

u L EE, . | mr i
F;—ZEypzzmsm{ 5 (x+l)}cos{ y+w} J: sin { x+l)}

Vi W

xsin{p—”(x’—x +L)}abc0 I cos{ y+w}d

W,

1 {cos{l“mn(z—t)}cos{l"mn(z'+t)} z>7

L, sin{2T,,t} |cos{T,, (z'~¢)}tcos{T,, (z+1)} z<Z’

Xsin ¢

(2.304)

F.= ZE ZZ ks ’sin{n;;[(x+l)}cos{zfv(y+w)}cos{%(ywi+w)}
{ } =y {cos{f‘ (z=t)}cos{T,, (z,+1)} 27,

F ,sin{2T, 1} | cos{T", (z,—1)}cos{l, (z+1)} z<z,

Similarly

g:l ZI g cos{’Z[(x+l)}sin{%(y+w)}x
Vi tW; nir p
"+1) pdx’ —(y'+ — +W,)rd
{mrenfac T con{2E s P2 o)

e
-1 cos{l“mn }cos{l“mn Z'+1) } z>7
r,, sin{2l" ¢} cos{F }COS{F z+t)} z<7

JTCO

mn mn

On simplifying F, becomes

F,= fEZZ g,;va cos{n;—;[(x+l)}sin{%( y+w)}cos{m2—;[(xwi +z)}
{mﬂ' L,}Fy () (-1) {cos{l“mn (z—t)}cos{,, (z,+1)} 2>z,

r,,sin{2l, 7} | cos{T, (z,—t)}cos{T,, (z+1)} z<z,(2.305)
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F.(p)andF,(p) are given in (2.249) and (2.250) respectively. Transverse

components of the scattered magnetic fields inside the cavity can be computed using

(2.302a) and (2.302b).

Hcav i\ __
X x
p=1 man

xoos{ﬂ(y+w)}cos{ﬂ(yw + w)}sinc{

2w 2w 2w
(-1) cos{l,, (z—t)}cos{T,, (z,+1)} 2>z,

r,, sin{2l, t} { cos{I",,, (z,—t)}cos{T,, (z+1)} z<z,

E
=
%/_/
pe
S

gmg”LlW mzg ng . | mw
—sin —(x+l)
2l 2w 21

Hcav ( i )

XP
m=0 n=1

xoos{%(;ﬁ w)}cos{mz—;[(xw +l)}sinc{n;—7Ll}Fy (p)
(-1) cos{I',, (z—t)}cos{T,, (z,+1)} 2>z,
T, sin{2T, 1} | cos{T,, (z, —t)}cos{T,, (z+1)} z<z,

& e E,E, LW,
) S B, S5 S o )

p=1

xm{ (e e rine 220 o
+1)}

27,

(-1) cos{an (z—t }cos{an
X
r, sin{2l, ¢} cos{I‘mn }cos{I‘mn } 7<z,

gmg”LlWl nm\’ mm
— | teosq——(x+I)
m=0 n=1 2ZW 2W 2[

X sin {%(Jﬁ w)} cos{mz—;[(xw +1) }smc{—L }
(-1) cos{T,, (z—t)}cos{T,, (z,+1)} z>z,
T, sin{2T, 1} | cos{T,, (z,—1)}cos{T,, (z+¢)} z<z,

H;av( i)_ Xp

(2.306)

(2.307)

(2.308)

(2.309)
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2.7 Analysis of waveguide shorted end slot coupled HDRA

The waveguide shorted end slot coupled HDRA can be analyzed by solving
(2.1) and (2.2). For solving matrix equations, scattered magnetic field inside the
waveguide, slot and HDRA are required. Expressions for the field components are
derived in the previous sections. To solve the matrix equations, Galerkin's procedure of

MoM is used and the final expressions for elements of the matrix are as follows.

<Hi’“, e, (x )>=—2WiLl.Y {sm{ +qﬂ-}smc{ L+qﬂ-}
2 2 2a 2

a
. {ﬂ'xw qﬂ'}. {EL qﬂ'H (2.310)
—Sin ——  SINC{ ————
2a 2 2a 2
CRC b m’ 4n
1 (M) ], (x)) =W L) E, ‘ {—ememm—mﬂ
XCOSZ{Z—”(yW+b)}sinc2{%WI}FX(?)EW) (2.311)

cav B 0 j LYWY LUW,, M PR 2
()4 <>>k—“’8—szz{k[z—J}

A p=1 m=1 n=0

X cOSs (yw‘+W) sinc ﬂVK cos ﬂ(yw”+W) sinc ﬂW
zm W W, 20,

{ F,(q)} {cos{l“mn (z=1)}cos{T,, (z,+1)} 2>z,

Sln{ZF t} cos{l"mn (z —t)} cos {l"mn (z+ t)} 7<z, (2.312)

([ @12 ],€; (x)) = ([ Gy ]2 () + [ [ Guse? (x') €] (x) dis'ds (2.313)

slot slot

In the present problem of waveguide shorted end slot coupled HDRA, L; = L, = L and
Ws= W, = W. The second part of the integration in (2.313) is directly computed by quad
integral in the program. The first part of (2.313) is simplified as:
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(6 t)=-2E | Nin s’ (k1)

)1/2

sin® (k,L) p.,q both even
cos’ (kL) p,q bothodd

0 otherwise

: —dk dk,
JZ3n 2Lk, ) | g7 - 2Lk,
2 pr ) [ 2 qr (2.314)
To carry out the integral in the spectral domain, certain substitutions are made

to obtain the real and imaginary parts of the integral. The real part is obtained by

evaluating the integral given by (2.314) fork’ +kf, <k’, and the imaginary part by

evaluating the integral for k] +4; >k’ . These two regions correspond to visible region

(radiation field) and invisible region (evanescent field) respectively.

In the visible region, k. + kf, <Kk’

k. =ksin@cosg (2.315a)
k, =ksin@sin¢ (2.315b)
dk dk, = k* sin 6 cos 8dOdp (2.315¢)

In the invisible region, &’ +kf, >k’

k. = kcosh &cos ¢ (2.316a)
k, =k cosh @sin ¢ (2.316b)
dk dk, =k’ sinh 6 cosh 00 (2.3160)
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After making the substitution using the above equations, the modified expression

of equation (2.314) is

272 /2 2w
_16WL j I (1—sin2 6 cos’ ¢)sinc2 (Wk sin@sing)

6=0 =0

([Go] e (x)

visible region 1277

sin’ (Lk sin@cos ¢) for p, q both even
cos’ (Lksin@cos @) forp, q both odd

0 otherwise
5 Sy sin0d6d¢
PTAT |, 2Lk sinB@cos ¢ I 2Lk sin @ cos ¢ (2.317)
2 2 pr qr
<[G :|,€2 (x)> =—j 16W°L’ T T (1—cosh2 6 cos’ (b)sinc2 (Wk coshsin ¢)
spe 4 invisible region 2277 0=0 9=0
sin’ (LkcoshBcos @) forp, q both even
cos’ (Lkcosh@cos ¢) for p, q both odd
0 otherwise
cosh8dOdg

prar], 2Lk cosh@cos ¢ ’ /- 2Lk cosh@cos ¢ ’
2 2 pr qr (2.318)

2.7.1 Evaluation of Reflection Coefficient

To determine the reflection coefficient, we decouple the sources, one at -« in
the feed waveguide and the other at the window. The incident electric field due to TE

excitation at the z = 0 plane is:

; X
E" =cos| — 2319

d (261} ( )
When the window aperture is shorted, the electric field is the field reflected by the

electric short circuit and is given by,

refz_ ﬂ 2 2
E; cos(zaj (2.320)
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When the generator in the feed waveguide is removed and replaced by a perfect
match, the electric field for the dominant TE;; mode scattered by the window into the

waveguide is derived from (2.253) by substituting m = 1 and n = 0, at the z = 0 plane

S o WL r( x . |zl p 1
E'=) E' —|cos —(— ¥ 4 —l} sinc{ —| £ ——
g pz_; . ablz {2 a ¥ 2\ L a
—cos{Z &+p+l sinc 7L £+l cos| ZX (2.321)
2\ a 2\L a 2a
Reflection coefficient I" can be expressed as:
E +EY i
Fzy—.,y=—1+EZE;p cos E(—&+p—lj sinc ”—Lﬁﬁ—lj
E’ ab 20 a 2\L a

(Bl (52
—c0s{—| —=+p+1|psincy—| —+—
2\ a 2 L a (2322)

The slot loaded HDRA can be characterized as a shunt load to the feed

as:

waveguide. The normalized admittance and impedance are given by the following

relations:

y=12L (2.323)
1+T

z=*r (2.324)
I-T

The coupled power can be computed using

Pc/Pin = 1-[T|’ (2.325)
2.7.2 Computed Results

To analyze the waveguide shorted end slot coupled HDRA using the developed
theory, an in-house MATLAB code is written with radius and permittivity of the
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HDRA, dimension of the slot and cross sectional dimension of the waveguide as
variables. WR90 waveguide with cross sectional dimension 22.86 mm x 10.16 mm is
used for exciting the DRA in X band. Hemispherical DRA of radius az = 7.5 mm with
dielectric constant ¢, = 9.8 is used. DRA is excited in TM;o; mode with resonant
frequency 8.735 GHz. Once the resonant frequency of the HDRA is fixed, dimension of
the slot plays an important role in determining the resonant frequency. Optimum value
of slot dimension is 9.5 mm x 1.0 mm X 1.3 mm and the slot is kept at the center of the
ground plane (x,, = y, = 0 mm). The admittance and reflection characteristics of
waveguide shorted end slot coupled HDRA by running the developed MATLAB code
with optimized parameters are shown in Fig.2.7 and 2.8 respectively. The admittance
plot reveals that the susceptance is always inductive, and it never touches the zero value
for the entire frequency band. Due to this inductive susceptance, reflection coefficient
is found to be very high. Therefore coupling enhancement techniques are to be

developed, which is the major objective of this thesis.

0.6 - ——susceptance

——conductance
0.2 A

0.2 -
0.4 -

Normalised admittance

-0.6 -

-0.8 - —~

-1.2 T T T T T T T
8 8.5 9 9.5 10 10.5 11 11.5 12

Frequency (GHz)

Fig. 2.7 Normalized input admittance of waveguide shorted end slot coupled HDRA with slot length
2L = 9.5 mm, slot width 2% = 1.0 mm, slot thickness 2¢ = 1.3 mm, x,,= y,, = 0 mm, a, = 7.5 mm and

e =9.8.
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Fig. 2.8 Reflection characteristics of waveguide shorted end slot coupled HDRA with slot length 2L =
9.5 mm, slot width 2% = 1.0 mm, slot thickness 2¢t = 1.3 mm, x,, = y,, = 0 mm, @, = 7.5 mm and

e =9.8.

2.8 Inference

A waveguide shorted end slot coupled HDRA has been studied theoretically
using method of moments. In order to perform the theoretical analysis using MoM, the
problem is formulated by applying magnetic field boundary conditions at various
apertures. The problem is represented by two equations, which involves scattered
magnetic fields inside the waveguide, slot and HDRA. Expressions for scattered
magnetic fields inside the waveguide, rectangular cavity (slot), and HDRA are derived
in this chapter. These expressions are general and can be used for solving problems,
which involves waveguide, slot and HDRA. The derived expressions are used for
solving the boundary condition equations. An in house MATLAB code is developed to
implement the theoretical analysis. On executing the MATLAB code, reflection and

admittance characteristics are studied. From the reflection characteristics, it is evident
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that the waveguide shorted end slot coupled HDRA gives only poor coupling, a
maximum of 37% only. This poor coupling is due to the inductive susceptance offered
by the DRA loaded slot. If the inductive susceptance can be neutralized by its
capacitive counterpart, coupling could be improved. Chapter 3 gives the detailed theory
and experimental results for the developed coupling enhancement technique. The
expressions for the scattered magnetic fields inside the waveguide, rectangular cavity
and HDRA derived in this chapter are used for the theoretical analysis of the developed

coupling enhancement technique, which is discussed in chapter 3.
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Theoretical Analysis and Experiments of Double
Step Junction Coupled Waveguide fed
Hemispherical DRA

Theoretical analysis of double step junction coupled rectangular waveguide fed
hemispherical dielectric resonator antenna (HDRA) using method of moments (MoM)
and its experiments are presented in this chapter. The steps inserted between the
rectangular waveguide and the slotted thick ground plane provide coupling
enhancement. DRA is placed at the center of the ground plane. The proposed technique
can implement single, dual and wide band operations. The slot kept at the centre of the
ground plane provides single resonance operation. Dual and wide band operations can
be obtained by giving an offset to the slot along its length, while keeping the DRA at the
centre of the ground plane. Theoretical analysis is performed by solving coupled integral
equations obtained by imposing magnetic field boundary conditions at various apertures
using MoM. The DRA, steps and the slot are analyzed using Green's function. For
waveguide, modal analysis is performed. In order to determine the effects of various
design parameters, parametric study has been carried out using the developed MATLAB
code. Measurements were carried out to verify the theory and reasonable agreement is
obtained between them. Excellent agreement is obtained between the computed result
using the developed theory and the simulation result using Ansoft HFSS. Maximum gain
of the antenna is 5.7 dBi at 9.09 GHz. Radiation patterns with low cross-polarization
signals in the direction of maximum radiation are obtained. The proposed coupling

enhancement technique guarantees very good coupling.
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3.1 Introduction

Over the last three decades, significant research has been made in various aspects of
dielectric resonator antenna technology. These investigations have shown dielectric
resonator antenna to be a versatile and efficient radiator, which make it an attractive
alternative to traditional low gain antennas. In addition to the absence of conductor loss,
DRAs offer many attractive features like small size, light weight, high power handling
capability, wide bandwidth, and ease of excitation [106]. Though DRAs can be
fabricated with different shapes, hemispherical dielectric resonator antenna (HDRA) is
used in this work due to its simple interface with free space. Also closed form solution
exists for hemispheres, which makes analytical solution easy to obtain. Different feeding
mechanisms can be used with DRAs such as coaxial probe [24], [43], direct microstrip
line [44-47], aperture coupled microstrip [48-52], conformal strip [53-55], and coplanar
waveguide [56-59]. The main drawback of these excitation techniques is that the feed
line losses become significant at high frequencies. On the other hand, metallic
waveguide does not suffer from feed line losses. This is due to the metallic walls of the
waveguide that provide excellent shielding between the interior and exterior regions,
avoiding radiation loss even in the millimetre wave band.

DRA can be excited by slots cut at the broad wall, narrow wall or at the shorted
end of the waveguide. This thesis concentrates only on waveguide shorted end slot
coupled DRA. In the literature, very few studies have been reported on DRA placed at
the shorted end, narrow wall and broad wall of the waveguide. Though a high
permittivity DRA can be efficiently excited by an empty waveguide [70], coupling is
very poor with DRA of low dielectric constants, which is illustrated in chapter 2. The
reason for poor coupling of waveguide shorted end slot coupled DRA is the inductive
susceptance offered by the DRA loaded slot. A second dielectric resonator placed inside
the waveguide close to the slot in the ground plane provides increased coupling [73].
This technique of coupling enhancement requires a second dielectric resonator to
increase the coupling that increases the cost of the system, and keeping the dielectric
resonator inside the waveguide seems to be very difficult. Coupling enhancement can
also be achieved by using a capacitive waveguide junction, inserted between the

rectangular waveguide and ground plane [74]. But the narrow wall dimension of the
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capacitive waveguide junction is very small that makes fabrication difficult at high
frequencies, especially at millimetre wave frequencies. Also analytical solution is
difficult, since the DRA used is rectangular in shape. Full wave analysis is not possible
due to the edge shaped boundaries of the rectangular DRA that act as secondary sources.
Another technique for coupling enhancement using multilayer DRA is proposed in [75].
Though this technique does not require extra matching elements, fabrication of
multilayer DRA is very difficult.

To solve the coupling problem of waveguide shorted end slot coupled DRA (direct
coupled DRA); two steps are inserted between the rectangular waveguide and the slotted
ground plane. The steps are symmetrical with respect to the x and y axes. Steps provide
the capacitive susceptance, required to neutralize the inductive susceptance of DRA
loaded slot of direct coupled waveguide fed HDRA. The proposed coupling
enhancement technique is easy to realize and provides flexibility in frequency tuning by
varying various design parameters. Complexity and cost of the proposed technique are
very less when compared with other coupling enhancement techniques reported in the
literature. Theoretical analysis of the proposed double step junction coupled waveguide
fed HDRA is carried out using Method of Moments (MoM). In order to perform MoM
analysis, the problem is formulated by writing integral equations corresponding to the
problem. By applying the continuity condition of the tangential components of the
magnetic field at the interfacing apertures, expanding the unknown magnetic current
densities in terms of entire domain sinusoidal basis functions and applying Galerkin’s
specialization of MoM, the problem can be represented using simultaneous linear
equations. The linear equations are converted into matrix form and solved to get the
unknown magnetic currents at various apertures. The problem consists of waveguide,
steps, slot and HDRA. Steps and the slot can be considered as rectangular cavities and
the magnetic field scattered inside the cavity region due to the magnetic current source is
determined by using the cavity Green’s function of the electric vector potential discussed
in chapter 2. The magnetic fields inside the feed waveguide are determined using modal
vectors and modal functions. The field coupled to the HDRA can be computed

efficiently by using the particular and homogeneous parts of the Green's function. The
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expressions for the scattered magnetic fields required for solving the double step junction

coupled waveguide fed HDRA are derived in chapter 2.

3.2 Formulation of the problem

Coupling enhancement of waveguide shorted end slot coupled HDRA is achieved
by inserting steps between the rectangular waveguide and the ground plane. The antenna
configuration is shown in Fig. 3.1, where a hemispherical DRA of radius a,; with

dielectric constant &, is excited by a narrow slot of length 2L3 and width 23 located at

‘\/'

thln:k ground
plane

w

(a) (b)

HDRA

Y

-

- ___:___
i
2e .EWfI 2We-

e
&

slot

4 stept B3¢
x‘ p CQ \
[ =] thick ground
plane

(c)
Fig. 3.1 Configuration of the double step junction coupled waveguide fed HDRA: (a) three dimensional
view (b) top view (c) longitudinal cross section
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a displacement x,3 and y,,; along the x and y direction respectively on the ground plane
with thickness 2¢3. Width of the slot is narrow to eliminate any possible cross
polarization. Due to narrow slot assumption, variation of the slot magnetic current only
along the length of the slot is considered in the analysis. Two steps with thickness 2¢7,
2t2 and width W1, W2 (measured with respect to y axis) are inserted above and below the
v axis between the waveguide with cross section 2a x 2b and the ground plane. The DRA
is always kept at the centre of the ground plane. For single resonance operation, the slot
is kept at the centre of the ground plane. Dual and wide band operations are achieved by
placing the slot off-centered.

In the following formulations, the fields are assumed to have a time dependence
of ¢, which is suppressed throughout. Invoking surface equivalence principle, the slot
can be closed by a perfect electric conductor, which divides the problem into two: the
slotted stair shaped waveguide and the DRA placed above the ground plane. Applying
magnetic field boundary conditions at various apertures, the magnetic field H(M) can be

expressed as:

At aperture 1 (between waveguide, WG and first step, cl)

—H) O M) -HO M)+ HYC (M) + HE (M) + HE (M) -H (M) =—20Y¢  (3.1)
—H) O (M) - HS ML)+ HY O (M) + HS (M) + HE (0 2) - HS (3 5) =0 (32)
At aperture 2 (between first step, c1 and second step, c2)

HY M) -HY (M)~ HO MY -HP (M) +HS M)+ HE (M) +HE (M) =0 (3.3)
H (M) = Hy (M) = H (M) = H2 (M) + Hy (M) + H? (M) + HP (M3)=0 (3 4)
At aperture 3 (between second step, c2 and slot, c3)
HP(MP)-HP (M) -HE (M) -HS (M) +HP (M) =0 (3.5)
At aperture 4 (between slot, ¢c3 and DRA)

v 4 DRA /74
HP (M)~ HY (M)~ HP™M (0 =0 (3.6)
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where Hffy(Mi,y) (i=1,2,3,4and a = WG, cl, c2, ¢3, DRA) is the magnetic field due
to the magnetic current at aperture i. If E; is the unknown coefficient of the electric field

expansion at aperture i, the magnetic currents are assumed to be of the form:

oy M .
M (360) = X By 6, (6 3) (3.7)
p:
where e;(X/y) P=1,2,3, ... , M) is defined by
7 x,—L<x<x, +L
sin| —(x—x,,+L.) (3.8)
i 2L; ! v, —W<y<y +W .
ep(x) = l wi i wi i
0 ) elsewhere
o } x,—L<x<x, +L
. Sin _(y_yxvt+W) _
) = lei Pl yaWisys vt (3.9)

0 ; elsewhere

Where L; and W; denote the length and width of the aperture, i. Since each
component of the field is described by M basis functions, 6M unknowns are to be
determined from the boundary conditions. Galerkin's specialization of MoM [42] is used
to obtain 6M equations from the boundary conditions. The testing functions are same as

the basis functions and are given by

sin{ﬂ(x—xwi +Li)},
2L

e (x)= : Y W Sy<y, +W, (3.10)
0, elsewhere
( ) x,-L <x<x, +L,
smf —— y_ywi i b
e (y): i ywt_W;SySy11fi+uyi (3'11)
0, elsewhere

Applying Galerkin’s procedure of MoM, (3.1) to (3.6) become:
(a1t + BT € () + ([HIO () + H (1)) ] €} (x)

H{[a01D ] €, (x)) - ([H 1) o) () == (207 € (x) (3.12)
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~([aro )+ 1 G e () +{[ HI G+ i (1)) €, (7))

({201 € () ([ 02 €l () =0

(' ()€ (x))-(H (), (x)) ~([ H (M) + (M) | €; (x)

) _
+<[H;1(Mj) +HP(M?) )€ (x)> +{H?(M}),€] (x))=0
(H(01)).€ (v)) - (HS (). €2 (v)) ([ B a2y + HE (WD) €2 ()

+<[H;1 (M2)+H?(M})].€( y)> +{H2(M)).€ () =0
(HE(12).€} (x))—(H2 (7). € (x)) —<[H;2(Mj)+H;3(Mj)],e; (x)

+{H(M}).€)(x)) =0
(HO (1)), € (x)~ ([ HE M+ HM (M ], €l (x)) =0

Equations (3.12) to (3.17) can be written in matrix form as:

1] 2] Mz] [ha] [Ms] e E}ay [2<H;”",e;
D1 2] (%3] [Yaa] [Yos] (Y26 | || Zpe ] (0]
1) [32] (B3] [Y34] [T3s) P36 :Eéy: _ [0]
Yar] [Ya2) [Ya3] [Yaal [Yas] [Ya6. :Eéx: [0]
i) 2] [ss) [Fsa] [7ss]) [¥s6] :Ezy: (0]
i) el e [l [Yes] [Yes ) (120 10

3.3 Evaluation of Matrix Elements

()]

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

The equations (3.12) to (3.17) are described in matrix form as given in (3.18).

The elements of the matrix are the inner product of scattered field and the testing

function. The expressions for the scattered magnetic field inside the waveguide,

rectangular cavity and HDRA derived in chapter 2 are used to find out the matrix

elements. The final expressions for the different components of the matrix elements are

given below.
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<Hi"”,ei (x)> =-2W,LY,| sin Py 47| Gine | Pl 97
o 2a 2 2a 2
_ _ (3.19)
—sin {—ﬂ-xw’ - ﬂ} sinc {E—L’ - ﬂH

(3.20)

<|:H!;1/G(M})j|, i( > W2L2 ZZ ( )[gmgnY,:n 4Y,;"n]cos’;—ﬂ(xwi+a)

p=l a

XCOS{% (Vs +b)}sinc{?—zg}sinc{%l/l{}lfy (p)F.(q) (3.21)

<|:H‘!:1/G(M)j|,e;(y> —W2L2p= ;; mb)an]j( )[4Y’" gmgnfm]cosm;f(xwﬁa)

xcos{%(ywi+b)}sinc{m;f4}sinc{%w}a(p)P;(q) (3.22)

L ) -wem S| e e |

{”””<xw, +a>}sinc2 {’"—”4}& (9)F, (a) (3.23)
2a 2a ’ ’

o)) S, S 2]

p=1 m=1 n=0

XCos ﬂ(ywy+Wy) sinc n—EVK cos n—ﬁ(yWH/K) sinc EWU
o e w0 o | 4

x{_F“ (p)F, (q)} {cos{l“mn (z—t)} cos{an (2, +t)} 2>z,

T,,sin{2l,¢} |cos{T,, (z,—t)}cos{T,, (z+1)} z<g,

(3.24)
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ar N LWILW, & —
<Hy (Mx),eq(y)> 11?8 LW, =2 E, ZZ En ,2"2[2]11;

s p=l m=1 n=0
xcos{m—ﬁ(xmﬁ }smc{ L }cos{ yM+W)}s1nc{n—W}
2L, 2w,
{—Fxs (P)F, (q) } cos{I",, ( }cos{l“mn (zo+1)} 7>z,
r,, sin{2l, ¢} |cos {an —t)}cos{l,, (z+1)} z<z, (3.25)

e\ LWILW, &
<Hx (My)’eq(x)>= JZ;E LW, Z sz " n?Z%

p=l m=0 n=1

X cos m—”(qu+Lq) sinc m—L cos{ 2% —(»,, +W,) psinc n7rW0
2L 7 2L, - 2b, 27,

{-F,(p)F,(q)} [cos{T,, (z—1)}cos{T,, (z,+1)} 7>z,
[, sin{2F, 1} | cos{T,, (z,—t)}cos{l,, (z+1)} z<z, (3.26)

<HEQV(M:)’e;(y)> JZBLWL>WZ ZZ {kz (Zn;jz}

j j m=0 n=1

X COSs mﬂ(xm+L) sinc m—ﬂLv cos m—ﬂ(xm+Lq) sinc m—ﬂLo
2L, 2L 2L, ‘ 2L,

(£, (n)E o) {cos{rm<z—r>}cos{rm<zo+r>} -
T, sin{2[, 1} | cos{T,, (z,—t)}cos{T,, (z+1)} z<z,

(3.27)

<Hfm(ﬂ7lj),eﬁ(x)>=<[ ch e > 'U”GHSe (x)ds’ds (3.28)

slot slot

The second part of (3.28) is computed directly by quad integral in program. First part is
given by

(6], (x))=- 4W“ff sine® (k1)

T k77 S k2 _k )1/2

sin® (k,L,) p,q both even
cos’ (k.L,) p,q both odd

0 otherwise
dk dk

pr), (2Lk Y o |, (2L Y|
5 o ) [ 2 o (3.29)
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3.4 Computation of Reflection Coefficient

Once the unknown coefficients are determined, reflection coefficient can be found
out by decoupling the sources, one at -oo in the feed waveguide and the other at aperturel.

The incident electric field due to TE;( excitation at z = 0 plane is:

X

E" =cos (2—) (3.30)

a

When the window aperture is shorted, electric field is the field reflected by the electric

short circuit. The reflected electric field is given by
(3.31)
E)Y =—cos (ﬂj
2a
When the generator in the feed waveguide is removed and replaced by a perfect

match, the electric field for the dominant TE;p mode scattered by the window into the

waveguide is,

M
EiZZEip% cos Z(—h+p—1) sinc zLp 1
©5a 0 ab 2 a 2 \L a
T xl . 7Z-L1 P 1 X
B b A S R Il [ Rl (3.32)
2\ a 2 \L a 2a

Reflection coefficient T" can then be expressed as:

1 ref
E,+E)

F = Einc
y

(3.33)

ref

Substituting the expressions for E; , £, and E;"C in (3.33) and simplifying

_ o omL 7w Moo J*(p 1
I'=-1+ b ElEyp{cos{z(—aﬁLp 1)}smc{2 A (3.34)

1
L
—cos{”(m+p+l)}sinc 1 £+l
2\ a 2 \L, a
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3.5 Simulated and Measured Results

The analysis presented in the preceding section is used to compute the input
impedance and reflection coefficient of the double step junction coupled waveguide fed
hemispherical DRA. A general MATLAB code has been written with frequency,
dimension of the steps, slot, radius and dielectric constant of the HDRA as variables.
Many design parameters are involved in the problem under consideration. To achieve
optimum performance, a thorough parametric study has been conducted using the
developed MATLAB code. The double step junction coupled waveguide fed HDRA
consists of two resonant structures: DRA and the slot. For single resonance operation,
dimension of the slot is tuned to resonate the double step junction coupled waveguide fed
HDRA at the resonant frequency of HDRA.

Hemispherical DRA of &, = 9.8, a4 = 7.5 mm and WR-90 waveguide are used in
the proposed design. DRA is excited in TM;¢; mode, with resonant frequency 8.735 GHz
[24]. The poor performance of direct coupled waveguide fed DRA is due to the inductive
susceptance offered by the DRA loaded slot. If the inductive susceptance is neutralised
by its capacitive counterpart, coupling could be improved. Steps in the proposed design
provide the capacitive susceptance required to neutralise the inductive susceptance of
waveguide shorted end slot coupled DRA. Figure 3.2 shows the normalised admittance
plot of the double step junction coupled waveguide fed HDRA with parameters: 2t/ =
4.0 mm, 2¢2 = 8.0 mm, 2¢3 = 1.3 mm, 2WI = 6.5 mm, 2W2 = 3.4 mm, 2W3 = 1.0 mm,
2L3 = 9.5 mm and x,3= y,3= 0 mm. From the plot it is clear that the susceptance at
resonant frequency is zero. Convergence check for the moment method solution is shown
in Fig. 3.3. It is found that the results with number of basis function, M = 1 is very close
to those using larger M. Computation time increases as the number of basis function
increases. Therefore, in order to save the computation time, M = 1 is used in all the

computations.

3.5.1 Parametric study and discussion

Many design parameters are involved in the problem under consideration. A
thorough parametric study has been conducted to find out the effect of various design

parameters on resonant frequency and matching. The proposed structure consists of two
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Mormalised input admittance
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Frequency (GHz)

Fig. 3.2 Normalised input admittance of the double step junction coupled waveguide fed HDRA with 2¢/ =
4.0mm, 2¢2=8.0mm, 2t3=1.3mm, 2W1 =6.5mm, 2W2 =34 mm, 2W3 = 1.0 mm, 2L3 = 9.5 mm, and

Xy3= V3= 0 mm.
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Fig. 3.3 Computed reflection coefficient of the double step junction coupled waveguide fed HDRA as a
function of the number of basis functions M with 2t/ = 4.0 mm, 2¢2 = 8.0 mm, 2¢3 = 1.3 mm, 2WI1 = 6.5
mm, 2W2 = 3.4 mm, 2W3 = 1.0 mm, 2L3 = 9.5 mm, and x,,;= y,,3= 0 mm.
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resonant structures: slot and HDRA. The resonant frequency of the two structures can be
adjusted to implement single, dual and wide band operations. DRA of dielectric constant,
&= 9.8, and radius, a4 = 7.5 mm is used in this design. DRA is excited in TM;¢; mode,
with resonant frequency 8.735 GHz. Once the dimension and resonant frequency of the
DRA are fixed, dimension of the slot is adjusted to resonate the entire structure at the

resonant frequency of the HDRA to obtain single band operation. In order to resonate the

DRA in X band WR90 waveguide is used.

3.5.1.1 Effect of Slot Dimension

The length, width and thickness of the slot play an important role in determining the
resonant frequency and matching. Effect of slot thickness on reflection coefficient can be
explained by considering the thick wall of the ground plane as a secondary waveguide
with relatively small cross sectional dimension. Figure 3.4 shows the variation in
reflection coefficient as the slot thickness 2¢3 is varied from 1.0 mm to 1.6 mm in steps
of 0.3 mm. From the plot it is evident that the resonant frequency increases with increase
in the value of slot thickness. Matching increases as the slot thickness increases from 1.0
mm to 1.3 mm and decreases as the slot thickness increases to 1.6 mm. Optimum value
of slot thickness is 1.3 mm, which corresponds to the resonant frequency of the DRA
along with maximum matching.

The resonant frequency and matching are also affected by slot length. Since the
effective permittivity seen by the slot is not well defined, resonant frequency is not
known exactly. As the resonant length of the slot is not well defined, tuning of the slot
length is required to determine its resonant length. Figure 3.5 exhibits the effect of slot
length on reflection coefficient. Increase in slot length leads to stronger capacitive
loading and causes the resonant frequency to decrease. The resonant frequency
corresponding to the DRA resonance, along with maximum matching is obtained for slot
length, 2L3 = 9.5 mm. The resonant frequency as well as matching can be tuned by
adjusting the slot width. Increase in slot width 23 causes the resonant frequency to
decrease and matching to increase as shown in Fig. 3.6. But the slot width cannot be
increased above 1.0 mm due to narrow slot approximation. Also increase in slot width

will increase the cross polarization.
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Fig. 3.4 Computed reflection coefficient of the double step junction coupled waveguide fed HDRA as a
function of slot thickness 2¢3 with 2t/ = 4.0 mm, 2¢2 = 8.0 mm, 2W1 = 6.5 mm, 2W2 =3.4 mm, 2IW3 = 1.0

mm, 2L3 = 9.5 mm and x,,;= y,3= 0 mm.
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Fig. 3.5 Computed reflection coefficient of the double step junction coupled waveguide fed HDRA as a
function of slot length 2L3 with 2¢/ = 4.0 mm, 2¢2 = 8.0 mm, 2¢3 = 1.3 mm, 2W1 = 6.5 mm, 2W2 = 3.4

mm, 2W3 = 1.0 mm, and x,;3= y,,; = 0 mm.
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Fig. 3.6 Computed reflection coefficient of the double step junction coupled waveguide fed HDRA as a
function of slot width 2W3 with 2t1 = 4.0 mm, 2¢2 = 8.0 mm, 2¢t3 = 1.3 mm, 2WI = 6.5 mm, 2W2 = 3.4

mm, 2L3 = 9.5 mm and x,,;= y,3= 0 mm.

3.5.1.2 Effect of Slot Position

The proposed double step junction coupled waveguide fed HDRA consists of two
resonators: slot (feeding structure) and DRA. Each of the resonators in the hybrid
structure can be designed to radiate in its own separate band. Single band operation can
be achieved by merging the resonant frequencies of the DRA and slot. If the two bands
are separated, but close to each other, hybrid resonator can offer broadband operation.
The resonant frequency of the slot and DRA can be separated by giving an offset to the
slot along its length (x direction). The slot offset causes the DRA to operate in higher

order modes, which causes the resonant frequency of the DRA to increase slightly.

3.5.1.2.1 Wide Band Operation

The development of modern communication applications demands antennas that
provide wide bandwidth with reduced size [107]. The need for increased information
transfer also demands increased bandwidth without sacrificing performance. For

antennas with regular geometries, certain portion from the dielectric resonator structure
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is removed to obtain broad-banding [108]. Another approach is to modify the geometry
so as to obtain various shapes, such as a tetrahedron and triangular [109], truncated
tetrahedron [110], split cylinder [111], conical DRA [112], pentagon shaped DRA [113],
dumb-bell shaped DRA [114] and P shaped DRA [115]. These approaches have the
advantage of keeping the DRA in a single volume, thereby maintaining compact size.
However modified geometries have more design parameters that increases the design
difficulty. Also due to the hardness of the DRA materials, re-shaping the geometry is
very difficult. Poly DRAs (combination of multiple units consisting of same or different
dielectric materials) can increase the bandwidth [116], [117]. But the design is not
compact and not feasible for microwave integrated circuits. Dielectric resonator partially
coated with metal on its surface can provide wideband operation [118]. However,
covering the DRA with metal increases the fabrication complexity. Parasitic DRAs can
be used to provide wide bandwidth [119]. DRAs with modified microstrip line can
achieve wide band operation [120], [121].

In this work hybrid DRA method is used. Each of the resonators (DRA and slot)
in the hybrid structure is designed to radiate in its own separate band. If the two bands
are close to each other, hybrid resonator can offer broadband operation. The resonant
frequencies of the slot and DRA can be separated by giving an offset to the slot along its
length (x direction). The slot offset causes the DRA to operate in higher order modes,
which causes the resonant frequency of the DRA to increase slightly. A thorough
parametric study has been conducted to optimize the various parameters. Figure 3.7

shows the simulated reflection coefficient for wideband operation.

3.5.1.2.2 Dual Band Operation

Multiple frequency operation is highly desirable in modern wireless
communication systems. If a single DRA can support multiple frequency bands, multiple
single frequency antennas are not needed. Dual resonance can be achieved by using
defected ground or combining multiple DRAs [122], [123]. Dual band operation can also
be achieved by using special shaped DRAs [99], [124]. In [125], dual band operation is
achieved by using a diamond shaped slot. Higher order modes of the DRA can be used
for implementing dual band operation [126]. A compact dual band DRA using a parasitic
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Fig. 3.7 Computed reflection coefficient of double step junction coupled waveguide fed HDRA for
wideband operation with 2¢/ = 7.0 mm, 2¢2 = 10.0 mm, 2¢3 = 1.3 mm, 2WI] = 6.3 mm, 2W2 = 3.0 mm,
2W3 = 1.0 mm, 2L3 = 10.0 mm, x,,3 = 0.6 mm, and y,,; = 0 mm.
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Fig. 3.8 Computed reflection coefficient for dual band operation of double step junction coupled

waveguide fed HDRA with 2¢/ = 7.0 mm, 2¢2 = 10.0 mm, 2¢3 = 1.3 mm, 2W1 = 6.3 mm, 22 = 3.0 mm,
2W3 = 1.0 mm, 2L3 = 10.0 mm, x,,; = 1.4 mm, and y,,; = 0 mm.
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C slot fed by a microstrip is proposed in [127]. Splitting a rectilinear DR and carving
notches off the DR provide dual band operation [128]. The main drawback of these
designs is the increased fabrication complexity. In this thesis dual resonance is
implemented without using any additional structures. Keeping the DRA at the centre of
the ground plane and moving the slot away from the centre along x direction can excite
DRA in higher order modes. It is observed that when the offset is increased to 1.4 mm,
keeping the other parameters same as that used for implementing wideband operation,
two separate bands resonating at 8.32 GHz and 9.28 GHz are obtained. Simulated S;; for

dual band operation is shown in Fig. 3.8.

3.5.1.3 Effect of Step Dimension

The coupling enhancement achieved in double step junction coupled waveguide
fed HDRA is due to the waveguide steps inserted between the rectangular waveguide and
the ground plane. The length of the steps is same as the broad wall dimension of the
waveguide. Waveguide steps reduce only the narrow wall dimension of the rectangular
waveguide, keeping the broad wall dimension intact. Reducing the narrow wall

dimension of the waveguide introduces a capacitive susceptance [66] that neutralises the

)
)
& —— 2W1=6.2mm
“25 1 - - =-2W1=6.5mm
-30 - — 2W1=6.8 mm
-35 .
-40 T T T T T T T
8 8.5 9 9.5 10 10.5 11 11.5 12
Frequency (GHz)

Fig. 3.9 Computed reflection coefficient of the double step junction coupled waveguide fed HDRA as a
function of stepl width 2W1 with 2¢t1 = 4.0 mm, 2¢2 = 8.0 mm, 2¢3 = 1.3 mm, 2W2 = 3.4 mm, 2W3 = 1.0

mm, 2L3 = 9.5 mm and x,,;= y,,3= 0 mm.
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inductive susceptance present in waveguide shorted end slot coupled (direct coupled)
HDRA. Figure 3.9 shows the variation in reflection coefficient as a function of the width
of the first step 2W1. The resonant frequency is almost same, as the width of the stepl,
2WI1 increases from 6.2 mm to 6.8 mm. Matching increases as 21 increases from 6.2
mm to 6.5 mm and remains the same for 27 = 6.8 mm. The effect of the thickness of
stepl 2¢I on reflection coefficient is shown in Fig. 3.10. Resonant frequency is almost
same for different values of stepl thickness. As the thickness of stepl, 2¢/ increases from
3.5 mm to 4.0 mm, matching increases and then matching decreases, when the thickness
is increased to 4.5 mm.

The effect of width and thickness of step2 on reflection coefficient is shown in
Fig. 3.11 and 3.12 respectively. Resonant frequency increases slightly with increase in
the width of step2, 2W2. Maximum matching at the resonant frequency of the DRA is
obtained for step2 width, 22 = 3.4 mm. The thickness of step2 does not change the
resonant frequency, but it affects matching greatly. Maximum value of matching is

obtained for step2 thickness, 2¢2 = 8.0 mm.

)
°
&
- —_—2t1=3.5mm
-25 - - = =2t1=4.0 mm
30 - ——2t1 =4.5mm
-35
'40 T T T T T T T
8 8.5 9 9.5 10 10.5 1 11.5 12
Frequency (GHz)

Fig. 3.10 Computed reflection coefficient of the double step junction coupled waveguide fed HDRA as a
function of stepl thickness 2¢/ with 2¢2 = 8.0 mm, 2¢3 = 1.3 mm, 2WI = 6.5 mm, 2W2 = 3.4 mm, 2W3 =

1.0 mm, 223 = 9.5 mm and x,,3 = y,,3= 0 mm.
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Fig. 3.11 Computed reflection coefficient of the double step junction coupled waveguide fed HDRA as a
function of step2 width 2W2 with 2¢/ = 4.0 mm, 2¢2 = 8.0 mm, 2¢3 = 1.3 mm, 2W1 = 6.5 mm, 2IW3 = 1.0

mm, 2L3 = 9.5 mm and x,3= y,;3= 0 mm.
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Fig. 3.12 Computed reflection coefficient of the double step junction coupled waveguide fed HDRA as a
function of step2 thickness 2¢2 with 2¢/ = 4.0 mm, 2¢3 = 1.3 mm, 2WI = 6.5 mm, 2W2 = 3.4 mm, 2W3 =

1.0 mm, 2L3 = 9.5 mm and x,,3= y,;;= 0 mm.
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3.5.1.4 Effect of Ground plane Dimension

In theoretical formulation, dimension of the ground plane is assumed to extend to
infinity along its length and width. However, in practical situations, the dimension of the
ground plane is to be fixed. The effect of the square ground plane dimension, gd on
reflection coefficient and radiation pattern are studied using Ansoft HFSS. Fig. 3.13
shows the variation in reflection coefficient when the size of the ground plane is varied
from 50 mm to 150 mm in steps of 50 mm. Resonant frequency decreases as the
dimension of the ground plane increases. Resonant frequency corresponding to DRA
resonance occurs for gd = 100 mm. Matching increases as gd increases from 50 mm to
100 mm and decreases as gd increases to 150 mm. Therefore optimum value of the
ground plane dimension is gd = 100 mm when considering the reflection coefficient. The
backward radiation is very much influenced by the dimension of the ground plane. The
back radiation decreases as the dimension gd of the ground plane increases, which is
evident from Fig. 3.14. But increasing the size of the ground plane increases the overall
dimension of the structure. Therefore, size of the ground plane is selected as 100 mm x
100 mm as a compromise between the size of the structure and performance. Simulated

three dimensional radiation pattern with optimized parameters is shown in Fig. 3.15.

—————————
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Frequency (GHz)
Fig. 3.13 Computed reflection coefficient of double step junction coupled waveguide fed HDRA as a
function of ground plane dimension gd with 2¢/ = 4.0 mm, 2¢2 = 8.0 mm, 2¢3 = 1.3 mm, 2WI = 6.5 mm,
2W2 =34 mm, 2W3=1.0mm 2L3 = 9.5 mm and x,,; = y,,;= 0 mm.
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Fig. 3.14 Simulated radiation pattern of double step junction coupled waveguide fed HDRA as a function
of the ground plane dimension gd with 2t = 4.0 mm, 2¢2 = 8.0 mm, 2¢3 = 1.3 mm, 2W1 = 6.5 mm, 2W2 =

3.4 mm, 2W3 = 1.0 mm 2L3 = 9.5 mm and x,,; = y,,;= 0 mm.
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Fig. 3.15 Simulated three dimensional radiation pattern of the double step junction coupled waveguide fed
HDRA with 2¢/ = 4.0 mm, 2¢2 = 8.0 mm, 2¢3 = 1.3 mm, 2WI = 6.5 mm, 2W2 = 3.4 mm, 2W3 = 1.0 mm

2L3 =9.5 mm and x,3 = y,,; = 0 mm.
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3.6 Measurement Results and Discussion

A prototype of the double step junction coupled waveguide fed hemispherical
DRA for single band operation is fabricated with optimized parameters. Various
parameters of the fabricated structure are: 2¢/ = 4.0 mm, 2¢2 = 8.0 mm, 2¢3 = 1.3 mm,
2WI1 =6.5mm, 2W2 =3.4 mm, 2W3 = 1.0 mm, 2L3 = 9.5 mm, x,,3= yy,3= 0 mm, ag =
7.5 mm and &, = 9.8. Dimension of the ground plane is 100 mm x 100 mm x 1.3 mm and
length of the rectangular waveguide is 60 mm. Photograph of the fabricated structure is
shown in Fig. 3.16. The measurements were carried out using R&S ZVL 13 Vector
Network Analyser. Fig. 3.17 shows the comparison between computed, measured and
simulated reflection coefficients. The simulations were carried out using Ansoft HFSS.
Excellent agreement is observed between analytical result and simulation result using
HFSS. The measured resonant frequency is 9.2 GHz with a 10 dB bandwidth of 7.4%,
extending from 9.07 GHz to 9.75 GHz. The measured resonance shows a 465 MHz
upward shift along with reduced matching when compared with the computed reflection
coefficient. This is due to the very small surface roughness of the DRA and ground plane

that leads to uneven air gaps between the ground plane and DRA. The air gap between

Fig. 3.16 Photograph of the fabricated double step junction coupled waveguide fed HDRA with 2¢1 = 4.0
mm, 2¢2 = 8.0 mm, 2¢3 = 1.3 mm, 2WI = 6.5 mm, 2W2 = 3.4 mm, 2W3 = 1.0 mm, 2L3 = 9.5 mm, x,3 =
Vw3 = 0mm, dg-=7.5mm, and & = 9.8.
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Fig. 3.17 Calculated, simulated and measured reflection coefficient of double step junction coupled
waveguide fed HDRA with 2¢/ = 4.0 mm, 2¢2 = 8.0 mm, 2¢3 = 1.3 mm, 2W1 = 6.5 mm, 22 = 3.4 mm,

2W3 =1.0mm, 2L3=9.5 mm, x,; = y,3 = 0mm, dg-= 7.5 mm, and & = 9.8.
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Fig. 3.18 Simulated resonant frequency versus air gap of the double step junction coupled waveguide fed

HDRA with optimized parameters.
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the ground plane and DRA lowers the equivalent permittivity of the DRA, which leads to
the increase in resonant frequency [129-131]. Simulated result of resonant frequency
versus air gap of the structure with optimized parameters is shown in Fig. 3.18. Resonant
frequency is 9.2 GHz for a very small air gap of 0.0113 mm.

The shift in resonant frequency can be reduced by making the ground plane and
bottom surface of the DRA flat and smooth by using better fabrication techniques. The
measured and simulated radiation patterns of the fabricated structure as a function of
elevation angle, 6 at 9.2 GHz and 9.5 GHz are shown in Fig. 3.19. It is observed that
symmetrical broadside radiation patterns with low levels of cross polarisation are
obtained in both the planes. The increased cross polarization levels in measured results
when compared with the simulated results are due to the limited measurement facility
available in our laboratory. Also the air gap present between the ground plane and DRA
increases cross-polarisation. Figure 3.20 shows the simulated radiation patterns with air

gap (0.0113 mm) and without air gap. The measured gain versus frequency is shown in
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Fig. 3.19 Measured and simulated radiation pattern of double step junction coupled waveguide fed HDRA:
(1) at9.2 GHz (ii) at 9.5 GHz a) in xz plane b) in yz plane.
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Fig. 3.20 Simulated radiation patterns with air gap (0.0113 mm) and without air gap:(a) In xz plane and

(b) In yz plane.
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Fig. 3.21 Measured gain of the double step junction coupled waveguide fed HDRA.
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Fig. 3.21. The structure has a high gain of 5.7 dBi at 9.09 GHz with a 3 dB gain
bandwidth of 11.08%.

This work is published in IET Microwaves Antennas and Propagation, Vol. 10, 2016.

3.7 Inference

A novel technique for the coupling enhancement of waveguide shorted end slot
coupled hemispherical DRA is presented in this paper. Two steps are inserted between
the rectangular waveguide and ground plane to improve coupling. Steps provide the
capacitive susceptance required to neutralize the inductive susceptance present in direct
coupled waveguide fed DRA. Theoretical analysis of the proposed technique has been
performed using method of moments. Entire domain sinusoidal function is selected as
the basis function for analysis. Since closed form analytical solution is used, efficiency is
very high. In order to enhance the efficiency of computation, Green’s function of the
HDRA is expressed as the sum of particular and homogeneous solutions. This allows the
slowly convergent particular solution to be expressed using spectral domain approach to
enhance the speed of computation. Scattered magnetic field inside the waveguide is
determined using modal analysis. Slot and steps are considered as rectangular cavity to
perform the theoretical analysis. Scattered magnetic field inside the rectangular cavity is
derived using Green’s function.

In order to study the effect of various design parameters on reflection coefficient,
a thorough parametric study has been conducted using the developed MATLAB code.
The double step junction coupled waveguide fed HDRA consists of two resonant
structures: slot and HDRA. Therefore, once the dimension and dielectric constant of the
HDRA is fixed, resonant frequency is mainly affected by the slot dimension. Dimension
of the step affects only the matching, keeping the resonant frequency almost constant.
Increasing the size of the ground plane reduces back radiation. However, the size of the
ground plane cannot be increased too much, since it will increase the overall size of the
structure. Dual and wide band operations can be implemented using the same structure
with the slot kept off-centred. A prototype of the double step junction coupled
waveguide fed HDRA is fabricated for implementing single band operation.

Measurements were taken using R&S ZVL 13 Vector Network Analyser. Reasonable
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agreement is obtained between the computed and measured results. The upward shift in
resonant frequency is due to the air gap present between the ground plane and DRA. This
can be avoided by making the ground plane and the bottom surface of the DRA perfectly
flat and smooth by using better fabrication techniques. Symmetrical broadside radiation
patterns with low levels of cross polarisation are obtained in both the planes. The
proposed antenna has a high gain of 5.7 dBi at 9.09 GHz with a 3 dB gain bandwidth of
11.08%. The proposed technique and the developed code can be utilised for millimetre

wave applications.
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Rectangular Waveguide Fed Hemispherical

DRA Using Tapered Waveguide Section

Rectangular waveguide is tapered at the end for the coupling enhancement of
waveguide fed hemispherical dielectric resonator antenna (HDRA). Tapered section of
the waveguide introduced at the end of the rectangular waveguide acts as an
impedance transformer that enhances the coupling from waveguide to DRA. Waveguide
with tapered section at the end is terminated by a thick square ground plane and a
rectangular slot is cut at the centre of the ground plane for exciting the DRA. The
effects of different antenna parameters on reflection coefficient are studied using the
simulation software, Ansoft HFSS. The experimental results are in reasonable
agreement with the simulated results. The measured resonant frequency of the
proposed rectangular waveguide fed HDRA using tapered waveguide section is 10.78
GHz with a 10 dB bandwidth of 4.5%. Maximum gain of the proposed antenna is 5.5
dBi at 10.85 GHz. Very good coupling is obtained with the proposed rectangular
waveguide fed HDRA using tapered waveguide section.



Chapter 4

4.1 Introduction

The main objective of the thesis is to develop different coupling enhancement
techniques for waveguide shorted end slot coupled DRA. The poor coupling of
waveguide shorted end slot coupled DRA is due to the inductive susceptance offered by
the DRA loaded slot. If the inductive susceptance is neutralised by its capacitive
counterpart, coupling could be improved. The coupling enhancement technique
discussed in chapter 3 achieved capacitive susceptance by introducing two waveguide
steps with reduced narrow wall dimension in between the rectangular waveguide and
the thick ground. The DRA is placed above the ground on which a slot is cut for
exciting the DRA. Instead of using steps, capacitive susceptance can also be introduced
by reducing the narrow wall dimension of the waveguide gradually, which looks like a
tapered section placed in between the rectangular waveguide and the ground. The two
parameters which determine the narrow wall dimension at the end of the tapered section
are the length and angle of tapering. Therefore, the length and angle of tapering play an
important role in matching. A thorough parametric study has been conducted to find out
optimum value of the length and angle of tapering. The tapered waveguide fed HDRA
consists of two resonant structures: HDRA and slot. Once the dimension and dielectric
constant of the HDRA is fixed, resonant frequency is mainly affected by the dimension
of the slot. Length, width and thickness of the slot are adjusted to resonate the entire
structure at the resonant frequency of the HDRA. The resonant frequency and matching
are also influenced by the length and angle of tapering. In order to determine the effects
of various design parameters on resonant frequency and matching, a thorough
parametric study has been conducted using the simulation software, Ansoft HFSS. The

proposed coupling enhancement technique is validated in X band.

The waveguide shorted end slot excited HDRA gives poor coupling due to the
inductive susceptance offered by the DRA loaded slot [71]. Coupling could be
improved, if the inductive susceptance is neutralised by its capacitive counterpart. In
direct coupled waveguide fed HDRA, there is an abrupt change in the narrow wall
dimension of the waveguide to the slot width. Tapered section of the waveguide

incorporated between the rectangular waveguide and the ground plane, causes the
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narrow wall dimension of the waveguide to reduce gradually, before it makes contact
with the ground plane. The gradual reduction in the narrow wall dimension of the
waveguide provides very good impedance matching. The tapered section of the
proposed structure also acts as a capacitive junction [66] that provides the capacitive
susceptance required to neutralize the inductive susceptance present in direct coupled

waveguide fed HDRA.

4.2 Configuration of Rectangular Waveguide fed HDRA wusing Tapered

Waveguide Section

Configuration of the proposed structure is shown in Fig. 4.1. The structure
consists of a rectangular waveguide, tapered section, slotted thick ground and
hemispherical DRA. For exciting the DRA in X-band, WR90 rectangular waveguide is

used. The rectangular waveguide is tapered at the end with length and angle of tapering

p<

Fig. 4.1 Configuration of the rectangular waveguide fed HDRA using tapered waveguide section.

denoted by #p, and 6 respectively. Tapering reduces only the narrow wall dimension of
the waveguide, keeping the broad wall dimension intact, which provides the required
capacitive susceptance. The tapered waveguide is terminated by a thick square ground
plane. A rectangular slot of dimension s/ x sw is cut at the centre of the thick ground
plane, and HDRA is placed symmetrically above the slot. Tapering introduced at the

end of the rectangular waveguide minimizes the reflections due to discontinuity
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between the waveguide and the ground plane, which is present in direct coupled

waveguide fed HDRA.

4.3 Simulation Results and Discussion

Many parameters are involved in the design of the proposed rectangular
waveguide fed HDRA using tapered waveguide section. A thorough parametric study
has been conducted using the simulation software, Ansoft HFSS to find out the
optimum value of the parameters those lead to good coupling at the resonant frequency
of HDRA. Resonant frequency of the hemispherical DRA is determined by its radius
and dielectric constant of the material used. Hemispherical DRA of radius 6.27 mm
with dielectric constant 9.8 is used in the proposed design. The resonant frequency of
the HDRA is fixed at 10.49 GHz. WR90 waveguide is used for exciting the DRA in X-
band and dimension of the ground plane is 100 mm x 100 mm x 1.3 mm. Increasing the
length and width of the ground plane will reduce back radiation. But this will increase
the overall size of the structure. Therefore size of the ground plane is selected as a

compromise between the performance and size.

4.3.1 Effect of Slot Dimension

As the slot itself acts as a resonant structure, dimension of the slot affects the
resonant frequency of the proposed rectangular waveguide fed HDRA using tapered
waveguide section. Since the effective permittivity seen by the slot is not exactly
defined, resonant length of the slot is not well defined. Therefore tuning of the slot
length is required to determine its resonant length. The effect of varying the slot length
on reflection coefficient is depicted in Fig. 4.2. Resonant frequency decreases with
increase in slot length. As the slot length s/ increases from 8.8 mm to 9.2 mm, in steps
of 0.2 mm, resonant frequency decreases from 10.74 GHz to 10.34 GHz. Increase in
slot length also leads to slight decrease in matching. The resonant frequency that
corresponds to the DRA resonance along with good matching is obtained for slot length

s[=9.0 mm.
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1S4 (dB)

Fig. 4.2 Effect of slot length s/ on reflection coefficient with sw = 0.7 mm, #p =21.0 mm and #= 13",
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Fig. 4.3 Effect of slot width sw on reflection coefficient with s/=9.0 mm, fp=21.0 mm and #= 13",
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The effect of variation in reflection coefficient as the slot width sw is varied
from 0.5 mm to 0.7 mm is shown in Fig. 4.3. Resonant frequency decreases with
increase in slot width like the slot length. A slight increase in matching is also observed
with increase in slot width. Resonant frequency corresponding to the DRA resonance
along with maximum matching is obtained for sw = 0.7 mm. The effect of slot length
and slot width can be explained by considering the slot as a seconadary waveguide with
very small dimension. As the cross sectional dimension of the waveguide decreses, cut

off frequency increases.

4.3.2 Effect of the Dimension of Tapered Section

Capacitive susceptance is introduced in the proposed structure by introducing
the tapered waveguide section between the rectangular waveguide and the ground.
Therefore, dimension of the tapered section plays an important role in matching. Figure
4.4 illustrates the variation in reflection coefficient as a function of the length of
tapering #p. Increase in fp from 20.0 mm to 21.0 mm enhances the matching along with
a slight upward shift in resonant frequency.

The effect of angle of tapering on reflection coefficient is shown in Fig. 4.5. A
slight increase in resonant frequency is observed when the angle of tapering € increases
from 12.0° to 13.0°. Increase in @ also causes the matching to increase as illustrated in
Fig 4.5. However, the length and angle of tapering cannot be increased above a certain
value, since it will reduce the width of the slot and tend to merge the broad walls of the
tapered section. As the length and angle of tapering increases, the resonant frequency
increases. Length of tapering #p = 21.0 mm, and angle of tapering, 6 = 13°, provide

maximum matching at the resonant frequency of the HDRA.

4.3.3 Effect of Radius and Dielectric Constant of HDRA

Resonant frequency of the HDRA is determined by its radius and dielectric
constant. Resonant frequency is inversely proportional to the square root of the
dielectric constant [10]. Reflection coefficient of the rectangular waveguide fed HDRA
with tapered waveguide section as a function of the dielectric constant &, is shown in

Fig. 4.6. Resonant frequency decreases as the dielectric constant of the HDRA
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Fig. 4.4 Effect of the length of tapering # on reflection coefficient with s/ = 9.0 mm, sw = 0.7 mm and
6=13".
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Fig. 4.5 Effect of the angle of tapering 6 on reflection coefficient with s/ = 9.0 mm, sw = 0.7 mm and

tp=21.0 mm.

School of Engineering, Cochin University of Science and Technology 119



Chapter 4

1S14] (dB)

'50 T T T T T T T
8 8.5 9 9.5 10 10.5 11 11.5 12

Frequency (GHz)

Fig. 4.6 Effect of dielectric constant &, of the HDRA on reflection coefficient with a, = 6.27 mm,

sl =9.0 mm, sw= 0.7 mm, p =21.0 mm and 6 = 13°.
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Fig. 4.7 Effect of the radius ag4- of HDRA on reflection coefficient with &. = 9.8, s/ = 9.0 mm,
sw= 0.7 mm, tp =21.0 mm and 6 = 13°.
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increases. A slight increase in the bandwidth is also observed with decrease in dielectric
constant of the DRA. As ¢, increases from 8.8 to 10.8, resonant frequency decreases
from 10.9 GHz to 10.08 GHz. Dimension of the DRA also plays an important role in
determining the resonant frequency. The effect of radius as of HDRA on reflection
coefficient is shown in Fig. 4.7. From the figure it is evident that the resonant frequency
is inversely related to the radius of the hemispherical DRA. Resonant frequency
decreases from 10.62 GHz to 9.8 GHz as radius of the HDRA increases from 6.0 mm to

7.0 mm.

4.3.4 Simulated Radiation Pattern

In the field of antenna design, the term radiation pattern refers to the directional
(angular) dependence of the strength of the radio waves from the antenna or other
source. The far field radiation pattern may be represented graphically as a plot of one of
the related variables: the field strength at a constant radius, the power per unit solid
angle and the directive gain. Figure 4.8 shows the simulated three dimensional radiation

pattern of the proposed antenna using optimized parameters.

4.4 Measured Results

A prototype of the tapered waveguide fed HDRA with optimized parameters is
fabricated and measured. WR-90 waveguide is used for fabrication. Photograph of the
fabricated rectangular waveguide fed HDRA using tapered waveguide section is shown
in Fig. 4.9. Measured and simulated reflection coefficients are compared in Fig. 4.10.
The measured resonant frequency is 10.78 GHz, which shows an upward shift of 290
MHz when compared with the simulated resonant frequency. The upward shift in
resonant frequency is mainly due to the fabrication problem. As the bottom surface of
the DRA and ground plane are not perfectly flat and smooth, there exist uneven air gaps
between the ground plane and DRA. The practical situation can be realised in
simulations by introducing uniform air gap g between the ground plane and HDRA.
Figure 4.11 illustrates the variation in reflection coefficient as a function of the air gap,

g that exists between the DRA and ground plane. The thin air gap introduced between
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Fig. 4.8 Simulated three dimensional radiation pattern of the rectangular waveguide fed HDRA with
tapered section using optimized parameters.

Fig. 4.9 Photograph of the rectangular waveguide fed HDRA using tapered waveguide section with
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the ground plane and DRA slightly lowers the equivalent permittivity of the DRA. As a
result the air gap causes the resonant frequency to shift upwards and reduces the

coupling. From Fig. 4.11, it is clear that a very small air gap of 0.01 mm causes the
resonant frequency to increase by 270 MHz. The air gap and hence the shift in resonant
frequency can be minimized by making the ground plane and bottom surface of the
DRA perfectly flat and smooth by using better fabrication techniques. The measured 10
dB bandwidth is 4.5% extending from 10.54 GHz to 11.03 GHz. Figure 4.12 shows the
simulated and measured normalized radiation patterns at 10.78 GHz in the xz and yz
planes as a function of the elevation angle, 8. Symmetrical broadside radiation patterns
with low cross polarization levels are maintained in both the planes at resonant
frequency. The measured gain of the antenna as a function of frequency is shown in
Fig. 4.13. The gain varies from 4 dBi to 5.5 dBi as the frequency varies from 10.1 GHz
to 11.04 GHz. The gain of the proposed antenna is much higher than that of a

conventional half wavelength dipole antenna.
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Fig. 4.10 Measured and simulated reflection coefficients of the rectangular waveguide fed HDRA using

tapered waveguide section.
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Fig. 4.11 Effect of the air gap g on reflection coefficient with s/ = 9.0 mm, sw= 0.7 mm, # = 21.0 mm,
and 6=13°
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Fig. 4.12 Measured and simulated radiation patterns of the rectangular waveguide fed HDRA using
tapered waveguide section at 10.78 GHz: a) in xz plane b) in yz plane.

School of Engineering, Cochin University of Science and Technology 124



Rectangular Waveguide fed HDRA using Tapered Waveguide Section

6
5_
/-\4_
E
Z
£ 34
©
O]
2_
1_
0 T T T T T T T

9.5 9.75 10 1025 10.5 1075 11 1125 115

Frequency (GHz)
Fig. 4.13 Measured gain of the rectangular waveguide fed HDRA using tapered waveguide section.

This work is published in Microwave and Optical Technology Letters, September 2015.

4.5 Inference

Coupling enhancement of direct coupled waveguide fed HDRA by inserting a
tapered section of the waveguide between the rectangular waveguide and the thick
ground is discussed in this chapter. Inserting the tapered section of the waveguide
ensures very good coupling. Tapered section can be considered as a combination of
large number of steps with very small changes in the narrow wall dimension of the
rectangular waveguide. Tapered section provides the capacitive susceptance required to
neutralise the inductive susceptance of waveguide shorted end slot coupled HDRA. A
thorough parametric study has been conducted to analyze the effect of various design
parameters on resonant frequency and matching. Since the slot itself acts as a radiator,
dimension of the slot plays an important role in determining the resonant frequency.
The improved matching is due to the tapered section, the length and angle of tapering
play an important role in matching, while it affects the resonant frequency slightly. A

prototype of the rectangular waveguide fed HDRA using tapered waveguide section is

School of Engineering, Cochin University of Science and Technology 125



Chapter 4

fabricated and the reflection and radiation characteristics are measured. Fabrication of
the rectangular waveguide fed HDRA with tapered section is easier compared to double
step junction coupled waveguide fed HDRA.

Measured resonant frequency shows an upward shift of 290 MHz, when
compared with the simulated resonant frequency. The shift in resonant frequency is
mainly due to the air gap that exists between the ground plane and DRA. The air gap
and hence the shift in resonant frequency can be avoided by making the ground plane
and bottom surface of the DRA perfectly flat and smooth by using better fabrication
techniques. The proposed structure has a maximum gain of 5.5 dBi. Broadside radiation
patterns with low cross-polarization levels in the direction of maximum radiation are
obtained. The co-polarized signals are at least 20 dB stronger than the cross-polarized
signals in the direction of maximum radiation. The coupling enhancement technique

using tapered waveguide section can be extended for DRAs of other shapes too.
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Coupling Enhancement of Stair Shaped
Waveguide fed Hemispherical DRA

Coupling enhancement of rectangular waveguide fed hemispherical dielectric
resonator antenna (HDRA) using stair shaped waveguide is presented in this chapter.
Two steps are introduced at the end of the rectangular waveguide, which give stair
shaped appearance to the waveguide. The stair shaped waveguide is terminated by a
slotted thick ground plane and DRA is placed directly above the slot. The steps act as
an impedance matching device that enhances the coupling from waveguide to DRA.
The proposed coupling enhancement technique guarantees very good coupling. The
antenna has a high gain of 7.2 dBi at 9.35 GHz and broadside radiation patterns with
low levels of cross polarization are obtained. In addition to single band operation,
simulation studies of dual and wide band operations of the proposed technique are also

presented.



Chapter 5

5.1 Introduction

Coupling enhancement of direct coupled waveguide fed HDRA by inserting
double step junction between the rectangular waveguide and ground is presented in
chapter 3. In double step junction coupled waveguide fed HDRA, two steps are inserted
above and below the y axis between waveguide and ground plane. Alternatively, we
can say that the steps are symmetrical with respect to the x and y coordinate axes. The
purpose of the steps is to provide the capacitive susceptane required to neutralize the
inductive susceptance of waveguide shorted end slot coupled HDRA. Reduction in
narrow wall dimension of the waveguide without changing the broad wall dimension
introduces capacitive susceptance [66]. The narrow wall dimension of the waveguide
reduced in two steps non-symmetrically gives the waveguide a stair shaped appearance.
The total number of steps in the stair shaped waveguide fed HDRA is two, whereas that
of the double step junction coupled waveguide fed HDRA is four. The reduced number
of steps makes the stair shaped waveguide fed HDRA less complex compared to the
double step junction coupled waveguide fed HDRA. Also the narrow wall dimension of
the steps in the proposed stair shaped waveguide fed HDRA is greater than that of the
double step junction coupled waveguide fed HDRA. Increase in the narrow wall
dimension of the steps makes fabrication easier at millimeter wave frequencies
compared to double step junction coupled waveguide fed HDRA. Feasibility of the
proposed technique is implemented in X band and the technique can also be
implemented in high frequency applications by proper scaling. In addition to single
band operation, dual and wide band operations of the proposed technique are suggested.
The proposed technique can also be extended to DRAs of other shapes like cylindrical,

rectangular, conical etc.

5.2 Configuration of the Stair Shaped Waveguide fed HDRA

Configuration of the proposed stair shaped waveguide fed HDRA is shown in
Fig. 5.1. The structure consists of a rectangular waveguide with its narrow wall
dimension at the shorted end is reduced in two steps, which gives the waveguide a stair
shaped appearance. Thickness and width of the first and second steps are denoted by #,,

wy and £, w; respectively. Steps are introduced in such a way that, it changes only the
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narrow wall dimension of the waveguide, keeping the broad wall dimension intact. The
stair shaped waveguide is terminated by a square ground plane of thickness sz on which
a rectangular slot of dimension s/ x sw is cut at the centre with an offset, x,, along the x
direction and HDRA is placed at the centre of the ground plane. Ground plane is placed
above the step2 in such a way that slot is at the top and center of step2 along the y

direction.
stepl
t; f
step2
b \i
wj W) x

Fig. 5.1 Configuration of the stair shaped waveguide fed HDRA.

5.3 Simulation Results and Discussion

Resonant frequency of a hemispherical DRA is determined by its radius and
dielectric constant. Hemispherical DRA of radius 7.5 mm with dielectric constant 9.8 is
used in the design of the stair shaped waveguide fed HDRA. DRA is excited in TM;¢;
mode, with resonant frequency 8.735 GHz [24]. A rectangular slot is made in the thick
ground plane for exciting the DRA. The stair shaped waveguide fed HDRA consists of
two resonant structures: the slot and the HDRA. Therefore, in order to resonate the
entire structure at 8.735 GHz, parameters of the feeding structure are to be tuned. The
length, width and thickness of the slot play a major role in determining the resonant
frequency and matching of the proposed stair shaped waveguide fed HDRA. Steps
provide the capacitive susceptance [66] required to neutralize the inductive susceptance
present in waveguide shorted end slot coupled hemispherical DRA. Therefore

dimension of the steps plays an important role in matching, while it alters the resonant
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frequency slightly. Susceptance of the proposed structure is zero and conductance is
maximum at resonant frequency as illustrated in Fig. 5.2 that ensures good matching.
The resonant frequency and matching of the proposed stair shaped waveguide
fed HDRA are influenced by different design parameters. Therefore a thorough
parametric study has been conducted using Ansoft HFSS to find out the effect of
various design parameters on resonant frequency and matching. Resonant frequency is
mainly influenced by the dimension of the slot for a particular DRA with fixed resonant
frequency. Figure 5.3 shows the variation in resonant frequency and matching, when
the slot length s/ is varied from 9.9 mm to 10.3 mm in steps of 0.2 mm. From the plot it
is clear that the resonant frequency decreases with increase in slot length. Resonant
frequency corresponding to the DRA resonance along with maximum matching is

obtained for s/ = 10.1 mm.

1.2

]
)
0.8 - ! susceptance
]
]
]
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----- conductance

Normalized admittance
o
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Fig. 5.2 Normalized input admittance of the stair shaped waveguide fed HDRA with s/ =10.1 mm,

sw=0.8 mm, st=1.3 mm, x,,= 0 mm, w;= 7.0 mm, ;= 5.5 mm, w,=4.3 mm and , = 9.2 mm.
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Fig. 5.3 Simulated reflection coefficient as a function of slot length s/ with sz = 1.3 mm, sw = 0.8 mm,

X, = 0mm, w;= 7.0 mm, ¢; = 5.5 mm, w,= 4.3 mm and £, = 9.2 mm.
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Fig. 5.4 Simulated reflection coefficient as a function of slot width sw with s/ =10.1 mm, st = 1.3 mm,

X, = 0mm, w;= 7.0 mm, ¢;,= 5.5 mm, w,=4.3 mm and ¢, = 9.2 mm.
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Fig. 5.5 Simulated reflection coefficient as a function of slot thickness st with x,, = 0 mm, s/ = 10.1 mm,
sw= 0.8 mm, w;= 7.0 mm, ¢;,=5.5 mm, w,=4.3 mm and ¢, = 9.2 mm.

The effect of variation in slot width on reflection coefficient is shown in Fig.
5.4. Resonant frequency decreases with increase in slot width like the slot length, but
the effect of slot width on resonant frequency is less compared to slot length. Slot width
sw = 0.8 mm corresponds to DRA resonance along with maximum matching. The
effect of slot length and slot width on resonant frequency can be explained by
considering the slot as a secondary waveguide of very small dimension. Cut off
frequency is inversely proportional to the cross sectional dimension of the rectangular
waveguide. Therefore resonant frequency decreases with increase in slot length and slot
width.

Effect of slot thickness on reflection coefficient is shown in Fig. 5.5. The effect
of slot thickness st can be explained by considering the slot in the thick ground plane as
a secondary waveguide with relatively small cross sectional dimension. The resonant
frequency increases from 8.62 GHz to 8.86 GHz as the thickness st increases from 1.1

mm to 1.5 mm, which is due to the fact that high frequencies have lesser attenuation in
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the secondary waveguide [35]. The resonance close to the DRA resonance occurs for
slot thickness s¢ = 1.3 mm along with maximum coupling.

Dimension of the steps affects matching very much, though it alters the resonant
frequency slightly. Variation in wy alters the resonant frequency slightly as illustrated in
Fig. 5.6. Increase in w; from 6.0 mm to 7.0 mm increases the matching and increase in
w; again to 8.0 mm decreases the matching. The resonant frequency corresponding to
DRA resonance along with maximum matching is obtained for w; = 7.0 mm. The effect
of stepl thickness #; on reflection coefficient is shown in Fig. 5.7. Resonant frequency
is almost the same for different values of ¢, as indicated in the figure. The optimum
value of #; for maximum coupling is 5.5 mm.

The effect of varying the step2 width w, on reflection coefficient is shown in
Fig. 5.8. Resonant frequency is almost same for different values of step2 width w..
Optimum value of step2 width is w; - 4.3 mm, for which maximum matching is
obtained. Figure 5.9 shows the effect of the thickness of step2 on reflection coefficient.
There is a slight increase in resonant frequency as step2 thickness #; increases from 8.8
mm to 9.6 mm. Resonant frequency corresponding to the resonant frequency of the
DRA (8.735 GHz) along with maximum matching is obtained for step2 thickness ¢, =
9.2 mm.

In the field of antenna design, the term radiation pattern refers to the directional
dependence of the strength of the radio waves from the antenna or other source. The far
field radiation pattern may be represented graphically as a plot of one of the related
variables: the field strength at a constant radius, the power per unit solid angle and the
directive gain. The rear directed radiation from the antenna can introduce difficulties in
packaging, or cause coupling to components or other antennas mounted behind. The
backward radiation is very much influenced by the dimension of the ground plane. The
effect of ground plane dimension on backward radiation is shown in Fig. 5.10.
Backward radiation decreases as the size of the square ground plane increases from 50
mm to 150 mm. But the size of the ground plane cannot be increased too much, since it
will increase the overall size of the structure. As a compromise between the size and
performance, dimension of the ground plane gd is selected as 100 mm. The three

dimensional radiation pattern of the antenna is simulated using Ansoft HFSS and the
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Fig. 5.6 Simulated reflection coefficient as a function of stepl width, w; with st = 1.3 mm, s/ =10.1 mm,

sw=0.8 mm, x,,=0mm, £, =5.5 mm, £, = 9.2 mm and w,= 4.3 mm.
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Fig. 5.7 Effect of variation in stepl thickness #; on reflection coefficient with x,, = 0 mm, s/=10.1 mm,

sw=0.8 mm, st=1.3 mm, w;= 7.0 mm, w, =4.3 mm and ¢,= 9.2 mm.
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Fig. 5.8 Simulated reflection coefficient as a function of step2 width w, with s/ =10.1 mm, sw = 0.8 mm,

st=13mm, x,=0mm, w;= 7.0 mm, ;= 5.5 mm and ¢#,= 9.2 mm.
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Fig. 5.9 Simulated reflection coefficient as a function of step2 thickness ¢, with s/ =10.1 mm, sw = 0.8

mm, st= 1.3 mm, x,, = 0 mm, w;= 7.0 mm, #; = 5.5 mm and w;= 4.3 mm.
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Fig. 5.10. Effect of ground plane dimension, gd on backward radiation with s/ = 10.1 mm, sw = 0.8 mm,

st=13mm, x,,= 0 mm, w; = 7.0 mm, w, =4.3 mm, #; = 5.5 mm and ¢, = 9.2 mm.
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Fig. 5.11 Simulated three dimensional radiation pattern of the stair shaped waveguide fed HDRA at 8.74
GHz with s/ =10.1 mm, sw= 0.8 mm, st = 1.3 mm, x,, = 0 mm,w; = 7.0 mm, ¢; = 5.5 mm, w, = 4.3 mm

and £, =9.2 mm.
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three dimensional radiation pattern of the stair shaped waveguide fed HDRA with

optimized parameters is shown in Fig. 5.11.

5.4 Dual and Wide band Operations of Stair Shaped Waveguide fed HDRA

Resonance of the proposed structure is due to both slot and HDRA. For single
resonance operation, resonances of the slot and HDRA are to be merged. The slot is
located at the centre of the ground plane or x,, = 0 for single resonance operation.
Multiple frequency operation is highly desirable in modern wireless communication
systems. If a single DRA can support multiple frequency bands, multiple single
frequency antennas are not needed. Dual resonance can be achieved by using defected
ground, DRAs of special shapes and stacked DRAs [122-125].

In this dissertation, dual resonance is implemented without using any additional
structures. The resonant frequency and matching can be controlled by giving an offset
to the slot along its length. Keeping the DRA at the centre of the ground plane and
moving the slot away from the centre along its length can excite DRA in higher order
modes. It is observed that when the offset is increased, a second resonance at lower
frequency starts appearing, which finally leads to dual band operation for offset, x,, =
1.5 mm. For dual band operation, values of other parameters are: w; = 6.5 mm, w, = 2.8
mm, ¢; = 6.5 mm, £,= 9.5 mm, s/ = 10.0 mm, sw= 0.7 mm and s¢ = 1.3 mm. Simulated
reflection coefficient for dual band operation is shown in Fig. 5.12. The resonant
frequency corresponding to the first and second bands are: 8.32 GHz and 9.28 GHz
with 10 dB bandwidths of 4.33% and 4.31% respectively. Figure 5.13(a) and 5.13(b)
represent the radiation patterns at 8.32 GHz and 9.28 GHz respectively. The co-
polarized signals are at least 20 dB stronger than the cross-polarized signals in the
direction of maximum radiation.

Single resonance operation of stair shaped waveguide fed HDRA provides only
a narrow bandwidth of 4.63%. Bandwidth can be improved by using stacked DRAs
[82-86]. But this will increase the cost of the system due to the additional DRA
required. DRAs with special shapes can be used to increase bandwidth [108-110]. In
stair shaped waveguide fed HDRA; wide band operation is achieved by making the
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Fig. 5.12 Simulated reflection coefficient of stair shaped waveguide fed HDRA for dual band operation
with s/=10.0 mm, sw= 0.7 mm, st =1.3 mm, ¢, = 6.5 mm, £, = 9.5 mm, w; = 6.5 mm, w, = 2.8 mm and

x,= 1.5 mm.
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Fig. 5.13 Simulated radiation pattern of stair shaped waveguide fed HDRA for dual band operation with
parameters same as in Fig. 5.12: (a) at 8.32 GHz (b) at 9.28 GHz.
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Fig. 5.14 Simulated results of wide band operation with s/ = 10.0 mm, sw= 0.7 mm, st =1.3 mm, ¢, = 6.5
mm, £, = 9.5 mm, w; = 6.5 mm, w, = 2.8 mm, and x,,= 0.7 mm: (a) reflection coefficient (b) radiation

pattern at 8.5 GHz.

resonance of the slot and DRA to occur separately. If the resonant frequency of the slot
and DRA are adjusted in such a way that they are separated and close to each other
wide band operation can be obtained. This can be done by reducing the slot offset

xw = 0.7 mm while keeping all other parameters same as in the dual band operation.
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Simulated reflection coefficient of wideband operation is shown in Fig. 5.14(a). The
10 dB bandwidth obtained is 9.93%, which is more than twice that obtained in single
resonance operation. Fig. 5.14(b) shows the radiation pattern in both the planes at 8.5
GHz. The co-polarized signals are much stronger than the cross-polarized signals in the

direction of maximum radiation.

5.5. Measured Results

A prototype of the stair shaped waveguide fed HDRA for single band operation
is fabricated using the optimized parameters. The optimized parameters are: s/ = 10.1
mm, sw= 0.8 mm, st = 1.3 mm, x,,= 0.0 mm, w; = 7.0 mm, ¢; = 5.5 mm, w,= 4.3 mm,
and 7, = 9.2 mm. Width of the steps in stair shaped waveguide fed HDRA is much
greater than the steps used in the double step junction coupled waveguide fed HDRA
that makes fabrication easier at millimeter wave frequencies. Photograph of the
prototype of the fabricated stair shaped waveguide fed HDRA is shown in Fig. 5.15. As
the bottom surface of the DRA and ground plane are not perfectly flat and smooth, the
fabricated structure shows uneven air gaps between the ground plane and DRA.
Therefore the structure is again simulated by introducing very small values of air gap
between the ground plane and DRA. The air gap causes the equivalent permittivity of
the DRA to decrease, which causes the resonant frequency to increase and the matching
to decrease as illustrated in Fig. 5.16.

Reflection coefficient, radiation pattern and gain of the stair shaped waveguide
fed HDRA are measured using R&S ZVL 13 Vector Network analyzer. Figure 5.17
shows the comparison between the measured and simulated reflection coefficients (air
gap g = 0.02 mm). The measured resonant frequency is 9.37 GHz, with a 10 dB
bandwidth of 5.76%. The measured resonant frequency shows an upward shift of 635
MHz, when compared with the simulated resonant frequency (without air gap). The
shift in resonant frequency is due to the air gap present between the ground plane and
DRA, which can be reduced by making the ground plane and bottom surface of the
DRA perfectly flat and smooth by using efficient fabrication techniques.
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Fig. 5.15 Photograph of the fabricated stair shaped waveguide fed DRA with s/ =10.1 mm, sw= 0.8 mm,
st=1.3 mm, x,,= 0.0 mm, w;= 7.0 mm, ¢;, = 5.5 mm, w,= 4.3 mm and ¢, = 9.2 mm.
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Fig. 5.16 Effect of air gap, g between the ground plane and DRA on reflection coefficient with s/ = 10.1
mm, sw= 0.8 mm, s¢=1.3 mm, x,,= 0.0 mm, w;= 7.0 mm, ¢, = 5.5 mm, w,= 4.3 mm and £, = 9.2 mm.
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Fig. 5.17 Measured and simulated reflection coefficients of stair shaped waveguide fed HDRA.
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Fig. 5.18 Measured and simulated radiation patterns of the stair shaped waveguide fed HDRA at 9.38
GHz: (a) in xz plane and (b) in yz plane.
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Figure 5.18 illustrates the comparison between the measured and simulated
radiation patterns in xz and yz planes at 9.38 GHz as a function of the elevation angle,
6. Low cross-polarization levels are obtained, since the slot is centered under the DRA,
which would mitigate the excitation of higher order modes that contribute to cross-pol
levels [132]. The co-polarization signals are symmetrical with respect to the z axis and
the cross-polarized signals are at least 20 dB below the corresponding co-polarized
signals in the broadside direction. The measured and simulated radiation patterns have
the same characteristics over the operating frequency band. Gain of the antenna is
measured using gain comparison method and the measured gain for a frequency range
from 8.5 GHz to 10.5 GHz is shown in Fig. 5.19. The antenna has a high gain of 7.2
dBi at 9.35 GHz with a 3 dB gain bandwidth of 17%. The measured gain is more than 5
dBi for the entire 10 dB impedance bandwidth.

8
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Gain (dBi)
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Fig. 5.19 Measured gain of the stair shaped waveguide fed HDRA

This work is published in International Journal of Scientific Progress and Research
5.6. Inference

The poor coupling of waveguide shorted end slot coupled HDRA is due to the
inductive susceptance offered by the DRA loaded slot. If the inductive suseptance is

overcome by its capacitive counterpart, coupling could be improved. Reducing the
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narrow wall dimension of the waveguide without changing the broad wall dimension
introduces capacitive susceptance. The capacitive susceptance introduced by the steps
neutralizes the inductive susceptance of waveguide shorted end slot coupled HDRA
and provides increased coupling. The double step junction coupled waveguide fed
HDRA discussed in chapter 3 provides very good coupling. But the structure is
somewhat complex since it requires two steps with different narrow wall dimension
above and below the y axis. Thus the total number of steps in the double step junction
coupled waveguide fed HDRA is four. But the total number of steps in the stair shaped
waveguide fed HDRA is only two. The steps with reduced narrow wall dimension give
the waveguide a stair shaped appearance. The reduced number of steps makes
fabrication easier compared to the double step junction coupled waveguide fed HDRA.
Another advantage of the stair shaped waveguide fed HDRA is that the narrow wall
dimension of the second step is 4.3 mm, which is 0.9 mm higher than that used in the
double step junction coupled waveguide fed HDRA. In order to study the effect of
various design parameters on antenna design, a thorough parametric study has been
conducted using Ansoft HFSS.

The proposed stair shaped waveguide fed HDRA is fabricated with the optimum
parameters and measurements were taken using R&S ZVL 13 vector network analyzer.
The measured resonant frequency shows an upward shift in resonant frequency and
reduction in matching, which is mainly due to the air gap present between the ground
plane and DRA. The air gap and hence the shift in resonant frequency can be reduced
by making the ground plane and bottom surface of the DRA perfectly flat and smooth
by using efficient fabrication techniques. Radiation patterns with very low levels of
cross polarization are obtained in both the planes. The proposed antenna has a high gain
of 7.2 dBi at 9.3 GHz, which is much higher than that of a dipole antenna. Dual and
wideband operations of the proposed method are also suggested. An offset is applied to
the slot to implement dual and wide band operations. The proposed coupling
enhancement technique ensures very good coupling with reduced fabrication

complexity.
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Coupling Enhancement of Waveguide Shorted
End Slot Coupled Cylindrical DRA

Coupling enhancement techniques developed for rectangular waveguide fed
hemispherical DRA can also be applied to DRAs of other shapes. Double step junction
and tapered section coupled waveguide fed cylindrical dielectric resonator antenna
(CDRA) is studied in this chapter. Reflection coefficient, radiation pattern and gain of
the antennas are measured. Double step junction coupled waveguide fed cylindrical
DRA gives a maximum gain of 8.83 dBi. The measured 10 dB bandwidth is 6.1%
extending from 9.22 GHz to 9.8 GHz. Measured resonant frequency of the rectangular
waveguide fed cylindrical DRA using tapered waveguide section is 9.46 GHz with
10 dB bandwidth 6.34%. The antenna achieves a maximum gain of 6 dBi at 9.3 GHz
with a 3 dB gain bandwidth of 14%.
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6.1 Introduction

Theoretical and experimental study of double step junction coupled waveguide
fed hemispherical dielectric resonator antenna is conducted in chapter 3. The double
step junction coupled waveguide fed HDRA can be applied to DRAs of other shapes
like rectangular, cylindrical, conical etc. Cylindrical dielectric resonator antennas
(CDRA) are easy to fabricate, but they have edge shaped boundaries, which makes
analytical solution difficult to obtain. The experimental verification of double step
junction coupled rectangular waveguide fed CDRA and tapered waveguide fed CDRA
is performed in this chapter. Since the effect of the different parameters on the
performance of the antenna is already studied in previous chapters, it is not repeated
here. However the effect of the dimension of the cylindrical DRA on reflection

coefficient is studied in this chapter.

6.2 Cylindrical DRA

Dielectric resonators of any shape can be used for antenna design, though
rectangular, cylindrical, and hemispherical are predominant. The design parameters
such as permittivity, resonant frequency, input impedance, coupling mechanisms and
radiation patterns vary for different shapes and hence the analytical model for analyzing
each geometrical configuration is different. Simplified analysis and mechanical
fabrication play an important role in selecting the shape of DRAs. Since hemispherical
DRA has zero degree of design freedom, bandwidth remains fixed and is difficult to
optimize for particular requirements. While cylindrical DRA has one degree of freedom
and different values of radius-height pairs give different values of bandwidth, and
directivity. The edge shaped boundaries of the cylindrical DRA makes rigorous
analysis difficult. However, approximate methods can be used for the analysis of
cylindrical DRAs. These include magnetic wall, dielectric waveguide wall, variational,
mixed model, and effective dielectric constants [133], [134]. The rigorous methods
reported are mode matching method, finite element method, finite difference time
domain method, perturbational-asymptotic series techniques, and methods based on
surface or volume integral equations [135-137]. These rigorous techniques provide

accurate description of the electromagnetic field in and around the resonator and also
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permit taking into account the influence of the surrounding structure more accurately.

The TM; 9 mode resonant frequency of CDRA can be calculated using [138]:

! zm\r{nnz( j+0.1578(2“—hj2}

where ¢ is the speed of light in vacuum and a, / represent the radius and height

respectively of the CDRA.

6.3 Double Step Junction Coupled Waveguide fed CDRA

Configuration of the double step junction coupled waveguide fed cylindrical
DRA is shown in Fig. 6.1. The structure consists of a rectangular waveguide with two
steps at the end, which is terminated in a slotted thick ground plane and cylindrical
DRA is placed above the slot on the ground plane. 2¢/, 2wl represent the thickness and
width of stepl and 2¢2, 2w2 represent the thickness and width of step2. Length, width
and thickness of the slot are denoted by 2L3, 2w3, 2¢3 respectively. The steps reduce
only the narrow wall dimension of the waveguide keeping the broad wall dimension

intact and thus provide the required capacitive susceptance.

slot

stpl

step2

Fig. 6.1 Configuration of the double step junction coupled waveguide fed CDRA

The optimum parameters obtained for double step junction coupled waveguide

fed HDRA is used for experimentation with cylindrical DRA. Cylindrical DRA with

radius, » = 7.0 mm, height, # = 5.0 mm and dielectric constant, &, = 9.8 is used in the
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design of double step junction coupled rectangular waveguide fed cylindrical DRA.

The dimension of the slot is: 2L3 = 9.5 mm, 2w3 = 1.0 mm, and 2¢3 = 1.3 mm.

Dimensions of the steps are: 2¢/ = 4.0 mm, 2w/ = 6.5 mm, 2¢2 = 8.0 mm and 2w2 = 3.4

mm. Comparison between the normalized admittance plot of waveguide shorted end

slot coupled (direct coupled) cylindrical DRA and double step junction coupled

waveguide fed cylindrical DRA is shown in Fig. 6.2. Dimension of the slot in the direct

coupled waveguide fed cylindrical DRA is same as that used in the double step junction

coupled waveguide fed CDRA. Susceptance of the direct coupled waveguide fed

cylindrical DRA is inductive over the entire operating frequency range. The normalized

susceptance at resonant frequency is zero for the double step junction coupled

waveguide fed CDRA. This is due to the steps that provide the required capacitive

susceptance. The normalized conductance is maximum at resonant frequency.

1.5

Marmalised Admittance

susceptance

conductance

double step coupled

directcoupled

-1.5 - T .
g 8.2 9 9.3

10

10.5

Frequency (GHz)

1

11.5

12

Fig. 6.2 Comparison between the normalized conductance/susceptance of direct coupled and double step

junction coupled waveguide fed CDRA

School of Engineering, Cochin University of Science and Technology

148



Coupling Enhancement of Waveguide Shorted End Slot Coupled Cylindrical DRAs

1S14] (dB)

8 8.5 9 9.5 10 10.5 11 11.5 12
Frequency (GHz)

Fig. 6.3 Reflection coefficient of double step junction coupled waveguide fed CDRA as a function of
radius » of CDRA with 2= 5.0 mm, 2¢/ = 4.0 mm, 2wl = 6.5 mm, 2¢2 = 8.0 mm, 2w2 = 3.4 mm, 2¢3 =

1.3 mm, 2w3 = /.0 mm and 2L3 = 9.5 mm.

1S14] (dB)

8 8.5 9 9.5 10 10.5
Frequency (GHz)

Fig. 6.4 Reflection coefficient of double step junction coupled waveguide fed CDRA as a function of
height & of CDRA with the optimized parameters of the feeding structure.
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Fig. 6.5 Reflection coefficient of double step junction coupled waveguide fed CDRA with = 7.0 mm, A
=5.0mm, 2t/ = 4.0 mm, 2w/ = 6.5 mm, 2¢2 = 8.0 mm, 2w2 = 3.4 mm, 2¢3 = 1.3 mm, 2w3 = /.0 mm and
2L3 =9.5 mm.

The effect of radius » and height # of CDRA on reflection coefficient is shown
in Fig. 6.3 and 6.4 respectively. The resonant frequency decreases with increase in the
dimension of CDRA. Reflection characteristics of double step junction coupled
waveguide fed CDRA is shown in Fig. 6.5. The measured resonant frequency is
9.44 GHz, which shows a small shift of 180 MHz when compared with the simulated
resonant frequency (9.26 GHz). The shift in resonant frequency is mainly due to the air
gap present between the ground plane and CDRA. Measured 10 dB bandwidth is 6.1%
extending from 9.22 GHz to 9.8 GHz. Gain of the double step junction coupled
waveguide fed CDRA is measured and is shown in Fig. 6.6. Gain of the double step
junction coupled waveguide fed cylindrical DRA is 8.83 dBi, which is much higher
than the gain of the dipole antenna.

Radiation pattern in E and H planes at 9.44 GHz is measured and compared
with the simulated radiation pattern. Figures 6.7 and 6.8 represent the radiation patterns

at 9.44 GHz in E plane and H plane respectively. Good agreement is observed between
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the measured and simulated co-polarization signals. The measured cross-polarization

signals are at least 20 dB below the corresponding co-polarization signals.

10

Gain (dBi)
[6) ]

0 r r r r r
8.5 8.75 9 9.25 9.5 9.75 10

Frequency (GHz)

Fig. 6.6 Mecasured gain of the double step junction coupled waveguide fed cylindrical DRA with » = 7.0
mm, &= 5.0 mm, 2t/ = 4.0 mm, 2wl = 6.5 mm, 2¢2 = 8.0 mm, 2w2 = 3.4 mm, 2¢3 = 1.3 mm, 2w3 = 1.0
mm and 2L3 = 9.5 mm.

measured
— —— simulated
30

Fig. 6.7 E plane radiation pattern of double step junction coupled waveguide fed CDRA at 9.44 GHz
with »=7.0mm, 2= 5.0 mm, 2¢t/ = 4.0 mm, 2wl = 6.5 mm, 2¢2 = 8.0 mm, 2w2 = 3.4 mm, 2¢3 = 1.3 mm,
2w3 = 1.0 mm and 2L3 = 9.5 mm.
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Fig. 6.8 H Plane radiation pattern of double step junction coupled waveguide fed CDRA at 9.44 GHz
with »=7.0mm, 2= 5.0 mm, 2¢t/ = 4.0 mm, 2wl = 6.5 mm, 2¢2 = 8.0 mm, 2w2 = 3.4 mm, 2¢t3 = 1.3 mm,
2w3 = 1.0 mm and 2L3 = 9.5 mm.

6.4 Waveguide fed Cylindrical DRA with Tapered Section

A tapered section of the waveguide with tapering only along the narrow wall is
connected in between the rectangular waveguide and ground plane to introduce
capacitive susceptance. Configuration of the proposed tapered waveguide fed
cylindrical DRA is shown in Fig. 6.9. A tapered section of the waveguide with length

of tapering, fp and angle of tapering, € is connected at the end of the rectangular

Cylindrical y

DRA A
Rectangular
waveguide

V><

Tapered
section

Slotted ground plane

Fig. 6.9. Configuration of waveguide fed CDRA with tapered waveguide section.
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waveguide and it is terminated in a thick square ground plane of dimension 100 mm x
100 mm x 1.3 mm. A rectangular slot with length s/ and width sw is cut at the center of

the ground plane, which is used to couple electromagnetic energy from waveguide to
DRA. The CDRA is placed at the center of the ground plane above the slot. Narrow wall
dimension of the waveguide is denoted by b, » and /4 respectively represent the radius
and height of the cylindrical DRA. Optimum value of the parameters obtained for
rectangular waveguide fed hemispherical DRA (radius 7.5 mm) with tapered section is
used for the experimentation of rectangular waveguide fed CDRA with tapered section.
Optimum value of various parameters is: fp = 22.2 mm, 6 = 12°, s/ = 10.5 mm, and sw
= 0.7 mm. Cylindrical DRA of » = 7.0 mm, 2 = 5.0 mm and dielectric constant &, = 9.8
is used. Figure 6.10 shows the normalized input admittance plot of the tapered
waveguide fed CDRA. The normalized susceptance at resonance is close to zero value
and the normalized conductance is maximum at resonance as illustrated in Fig. 6.10.
The measured reflection coefficient along with simulated reflection coefficient is

shown in Fig. 6.11.

1.2
1 4
o 081 ———conductance
% 0.6 - ——susceptance
'_g 0.4 -
® 0.2 -
‘g o
g 9
T 02 -
N
5 04 -
e
o -0.6 -
p
-0.8 -
1
-1.2 r r r r T T
8 8.5 9 9.5 10 10.5 11 1.5 12

Frequency (GHz)

Fig. 6.10 Normalized input admittance of the tapered section coupled rectangular waveguide fed CDRA
with tp =222 mm, 6= 12°, s/=10.5 mm, sw= 0.7 mm, »=7.0 mm and / = 5.0 mm.
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Fig. 6.11 Reflection coefficient of the tapered section coupled rectangular waveguide fed CDRA with #p

=222mm, 0=12° s/=10.5 mm, sw= 0.7 mm, »= 7.0 mm and / = 5.0 mm.

Very good matching is obtained for rectangular waveguide fed CDRA with
tapered section. The measured resonant frequency is 9.46 GHz with a 10 dB bandwidth
of 6.34%. The measured resonant frequency shows a small shift of 340 MHz when
compared with the simulated resonant frequency. The main reason for the upward shift
in resonant frequency is due to the air gap present between the ground plane and DRA.
The air gap and hence the shift in resonant frequency can be avoided by making the
ground plane and base of the cylindrical DRA perfectly flat and smooth using better
fabrication techniques. Figure 6.12 illustrates the measured gain of the tapered section
coupled rectangular waveguide fed CDRA. The antenna achieves a maximum gain of 6
dBi at 9.3 GHz with a 3 dB gain bandwidth of 14%. Comparison between the measured
and simulated radiation patterns at 9.48 GHz are shown in Fig. 6.13 and Fig. 6.14. Both
the E and H plane patterns are symmetrical about the broadside direction. The 3 dB

beamwidths of the E and H plane patterns are 138'and 90 respectively. The cross-
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polarized signals are at least 20 dB below the corresponding co-polarized signals in the

broadside direction.

Gain (dBi)

0 ; ; ; ; ;
8 8.5 9 9.5 10 10.5 11
Frequency (GHz)

Fig. 6.12 Measured gain of the tapered section coupled rectangular waveguide fed CDRA with #p = 22.2

mm, 8=12° s/=10.5 mm, sw= 0.7 mm, »=7.0 mm and / = 5.0 mm.

— Measured
=== Simulated

Co-pol
60,

90

Fig.6.13 Radiation pattern of the waveguide fed CDRA at 9.48 GHz in the E Plane with fp = 22.2 mm, 6

=12° s/=10.5 mm, sw= 0.7 mm, = 7.0 mm and 4 = 5.0 mm.
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Fig. 6.14 Radiation pattern of the waveguide fed CDRA at 9.48 GHz in the H Plane with = 22.2 mm, 6

=12° s/=10.5 mm, sw= 0.7 mm, = 7.0 mm and 4 = 5.0 mm.

6.5. Inference

Coupling enhancement of waveguide-fed cylindrical DRA using tapered section
and double step junction is demonstrated in this chapter. Cylindrical DRA with radius
7.0 mm and height 5.0 mm is used. The dielectric constant of the CDRA used is 9.8.
The rectangular waveguide with tapered waveguide section and double step junction
fabricated for exciting the HDRA are also used for exciting the CDRA. The simulation
studies of the antennas are done using Ansoft HFSS. Very good matching is obtained
for both the antennas. Reasonable agreement between the experimental results and
simulation results are obtained. The double step junction coupled waveguide fed CDRA
gives a maximum gain of 8.83 dBi. The measured 10 dB bandwidth is 6.1% for double
step junction coupled rectangular waveguide fed cylindrical DRA and 6.34% for
tapered section coupled rectangular waveguide fed cylindrical DRA. The small
discrepancy observed in the measured results when compared with the simulated results
is due to the air gap present between the CDRA and ground plane. The shift in resonant
frequency is very less for the double step junction coupled rectangular waveguide fed
cylindrical DRA when compared with the double step junction coupled rectangular

waveguide fed HDRA. This is due to the fact that the fabrication of cylindrical DRA is
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easier compared to HDRA that makes the bottom surface of the CDRA more smooth
and flat. Radiation patterns with low cross polarization levels are obtained for both the
coupling enhancement techniques. The coupling enhancement techniques applied to
cylindrical DRA provides very good matching. Therefore we can conclude that the
proposed coupling enhancement techniques in this thesis can be extended for DRAs of

other shapes like rectangular, conical etc.
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Conclusion and Future Perspectives

This chapter highlights the conclusions drawn from the theoretical and experimental
investigations of the various coupling enhancement techniques of rectangular
waveguide fed dielectric resonator antenna. Some of the future directions in this area
are also discussed in this chapter. The results presented in the thesis have been

published by the author in different international journals and conferences.



Chapter 7

7.1 Thesis Summary and Conclusion

The main objective of the thesis is the analysis and experiments on coupling
enhancement of rectangular waveguide fed dielectric resonator antenna. Three different
types of coupling enhancement techniques are developed for hemispherical dielectric
resonator antenna. Theoretical analysis of one of the coupling enhancement techniques
(double step junction coupled rectangular waveguide fed HDRA) is also carried out.
Validity of the developed coupling enhancement techniques is also verified for
cylindrical DRA. Findings of the research works described in this thesis along with

future works are summarized in the following sections.

A broad literature review regarding the development of dielectric resonator
antenna and the different methods for exciting the DRA are discussed in chapter 1.
Since the thesis concentrates on coupling enhancement of rectangular waveguide fed
DRAs, a thorough literature review on the coupling enhancement techniques of
waveguide fed DRA especially at the shorted end of the waveguide are discussed in the
first chapter. The motivation behind the present work, regarding the coupling
enhancement technique of waveguide shorted end slot coupled DRA persistent towards

the current technological developments is explained in detail in chapter 1.

Theoretical analysis of waveguide shorted end slot coupled HDRA is carried
out in chapter 2. Waveguide shorted end slot coupled HDRA consists of three sections:
waveguide, rectangular cavity and HDRA. Scattered magnetic field inside the
waveguide, rectangular cavity and HDRA are derived in this chapter. The derived
equations are used to solve the integral equations corresponding to the problem. A
general MATLAB code is written to perform the analysis of waveguide shorted end
slot coupled HDRA. The developed code is executed to study the reflection and
admittance characteristics. It is found that maximum coupling achieved by the
waveguide shorted end slot coupled HDRA is only 37%. Poor coupling is due to the
inductive susceptance of waveguide shorted end slot coupled HDRA. Therefore
different coupling enhancement techniques are to be developed, which are discussed in

chapter 3, 4 and 5.
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7.1.1 Analysis and Experiments on Double Step Junction Coupled Waveguide fed
HDRA

Coupling enhancement of waveguide shorted end slot coupled HDRA is
obtained by introducing capacitive susceptance to neutralize the inductive susceptance
of waveguide shorted end slot coupled HDRA. Capacitive susceptance can be
introduced by reducing the narrow wall dimension of the rectangular waveguide in
different ways. In double step junction coupled waveguide fed HDRA, capacitive
susceptance is introduced by inserting steps with reduced narrow wall dimension
between the rectangular waveguide and the ground plane. The steps with reduced
narrow wall dimension provide very good coupling from waveguide to HDRA. MoM is
used for the analysis of double step junction coupled rectangular waveguide fed
HDRA. The expressions for the scattered magnetic fields derived in chapter 2 are used
for solving the integral equations corresponding to the double step junction coupled
waveguide fed HDRA. An in house MATLAB code is developed to implement the
theoretical study. A thorough parametric study has been conducted using the developed
MATLAB code to find out the optimum value of various parameters. In order to
validate the theory, the proposed structure is fabricated with optimized parameters and
measured the reflection and radiation characteristics. Reasonable agreement is obtained
between the measured result and the results using the developed theory. The results are

reported in publication no. 1 and 7.

7.1.2 Coupling Enhancement of Rectangular Waveguide fed HDRA using

Tapered Waveguide Section

Coupling enhancement of rectangular waveguide fed HDRA with tapered
waveguide section is discussed in chapter 4. The tapered section introduced between
the rectangular waveguide and the ground plane reduces the narrow wall dimension of
the rectangular waveguide and provides increased coupling from rectangular
waveguide to HDRA. Multi-cavity modeling technique used for the analysis of double
step junction coupled waveguide fed HDRA cannot be used here. Since the tapered

section is continuous, multi-cavity modeling is not possible. Therefore only
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experiments are performed to validate the simulation using HFSS. The results of this

work are reported in publication no. 2 and 8.
7.1.3 Coupling Enhancement of Stair Shaped Waveguide fed HDRA

Coupling enhancement of rectangular waveguide fed HDRA using stair shaped
waveguide is presented in chapter 5. Two steps introduced at the end of the rectangular
waveguide give the waveguide a stair shaped appearance. The total number of steps in
this case is only two; while the number of steps in double step junction coupled
waveguide fed HDRA is four. Also width of the steps in this case is higher compared to
the double step junction coupled waveguide fed HDRA. The reduced number of steps
along with increased width makes fabrication less complex. The fabricated antenna has
a high gain of 7.2 dBi along with very good coupling. Partial results of this work are
published in publication no. 6.

7.1.4 Coupling Enhancement of Waveguide fed Cylindrical DRA

The developed coupling enhancement techniques are applicable to DRAs of any
shape. Two of the proposed coupling enhancement techniques are experimentally
verified for cylindrical DRA. Chapter 6 describes the double step junction coupled
waveguide fed cylindrical DRA and tapered section coupled waveguide fed cylindrical
DRA. High gain and excellent matching are obtained for cylindrical DRA too.
Therefore we can conclude that the proposed coupling enhancement techniques are

suitable for DRAs of any shape.

7.2 Scope for Future Work

Three different coupling enhancement techniques are proposed in this thesis. In
addition to experiments, MoM analysis of the double step junction coupled waveguide
fed hemispherical HDRA has also been carried out. MoM analysis of the other two
techniques can be carried out as future work. For MoM analysis entire domain basis
function is used in this thesis. Complexity of analysis can be reduced by using sub
domain basis functions like pulse and polynomial, which can be tried in future. All the

developed coupling enhancement techniques provide linear polarization. Circular
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polarization of waveguide fed DRAs can be carried out in the future. In this thesis
coupling enhancement of only waveguide shorted end slot coupled DRA is carried out.
Coupling enhancement of waveguide broad wall and narrow wall excited DRAs can be

conducted in future.
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Appendix A

Vector Analysis

A.1 Rectangular/spherical transformation

In this appendix vector transformations from rectangular to spherical and vice versa are

discussed. The rectangular and spherical coordinates are related by

x=rsin@cos¢g (A.1)
y=rsin@sing (A.2)
x=rcos@ (A.3)

Rectangular to spherical transformation can be done using

A sinfcos¢ sinfsing cos@ || A4,
A4, |=|cosOcos¢ cosfsing -sinf || A4, (A.4)
A, -sin ¢ cos @ 0 A

The transformation matrix (A.4) is orthonormal and its inverse transform, spherical to

rectangular can be written as:

A, sinfcos¢ cosfcos¢ -sing || 4,
A, |=|sinfsing  cosfsing  cos¢ || 4, (A.S)
A cosd -sin @ 0 A "

A.2 Vector differential operators in spherical coordinates

The differential operators of a scalar (V ), divergence of a vector (V .A), curl
of a vector (V X A), Laplacian of a scalar (V? y) and Laplacian of a vector (V?A)
frequently encountered in the thesis are given below.

Vp=a Waiq LW 5 1 ¥ (A.6)

"or  ‘rod6 ’rsind d¢
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193, 1 104,
VA=——(@"4)+ —(sm&A )+— (A.7)
reor rsin@ 06 rsinf d0¢
VXA=—2 —(A sme)—ai +@ L 9, 4,) |+ [ (4, }(Afﬂ)
rsin@| 06 20 sinf d¢ or
2
Vi =— a(rza_y/}r = i(sin a—w}r 1w (A.9)
¥ or or ) r°sin@d6 00 ) r°sin” 6 d¢
V’4A=V(V.A)-V XV XA (A.10)
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APPENDIX B
BESSEL FUNCTIONS

Bessel's equation can be written as

2 dzy
dx?

X +xQ+(x2—p2)y=0 (B.1)
dx

Using the method of Frobenius, the solutions can be written as

JV (x) _ i (_ l)m (x)2m+v

= ml(m—=v)12°m

J =3 DT (B.2)

m—om!(m —v)!22’"’v

As long as v is not an integer, (B.2) and (B.3) are two independent solutions to

Bessel's equation. However, when v = n is an integer,

J_,(x)=(=D)"J,(x) (B.3)

and (B.2) are no longer two independent solutions. In this case a second solution may

be obtained by a limiting procedure and is defined as

J (x)cosvr—J_ (x)

N,(x)= . (B.4)
sin vz
where, for integral v =n,
N,(x)=lim N (x) (B.5)

This limit exists and establishes a second solution to Bessel's equation of integral order.

J,(x)1s called Bessel functions of the first kind of order v, and N, (x)is called Bessel

functions of second kind of order v. In many applications, Bessel functions of small and
large arguments are required. Using asymptotic methods, it can be shown that

Jo(x)x:>01 (B.6)
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N, (x) > 2 log X
x>0 77 2 (B7)
and, for v> 0, J,(x)—= l(fj
x—0 V! 2 (BS)

x—0 T X

Moo (2]
(B.9)

For the expression of wave phenomena, it is convenient to define linear combinations

of Bessel's function

H " (x)=J,(x)+ jN,(x) (B.10)

H P (x)=J,(x)— jN,(x) (B.10)

where H " (x)is the Hankel function of first kind of order v and H ®(x)is the Hankel

function of second kind of order v. Bessel functions represent standing waves and

Hankel functions represent travelling waves.
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APPENDIX C

Legendre Functions

The associated legendre equation is

d’y dy m’
(1-x7) = —Zua+{n(n+l)—l 2}/20

—X

(C.1)

where the indices m and n represent the degree and order respectively. Solution of (C.1)

for nonnegative integer values of m and » takes the form
y(x)=A4F"(x)+ B0, (x) (C2)

where P"(x)and Q" (x)are the associated Legendre function of the first and second

kind respectively. The associated Legendre differential equation is often written in a
form obtained by setting x = cosf. A study of the solutions to associated Legendre

equation shows that all solutions have singularities at @ = 0 or 8 = & except P"(cos6)

with n an integer. Some of the identities of associated Legendre functions are:

P"(x)= "\ (x) (C.3)

—m —(_1\" (n_m)' m

P (x)=(-1) —(n+m)!Pn (x) (C.4)

[prprac=—2otmt s (C.5)
2n+1)(n—m)!

-1

where 0, is the Kronecker delta function.
The first few associated Legendre functions are:
R(x)=1

P(x)=x
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P (x)= %(3)8 ~1)

P (x)= %(5)62 ~3x)

R (x)=0

B (x)=0

B} (x)=0

P (x)=3(1-x?)

R0 ==2 (52 -1 -

P}(x)=15x(1-x%)
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APPENDIX D

Mathematical Identities

.’f{d (Pn’" (cos 9)) d (P,’" (cos 9)) N m’

P"(cos@)P"(cos 9)} sin 8d 6

de de sin®
_ (D.1)
i(n m) n(n+1) , forn=I
=42n+1(n+m)
0 , forn#l
z| d(P" (cos6)) d (P (cos b))
J ———— = P"(cos @) + ———— = P""(cos 0) | d6=0 (D.2)
0 deo do
T m r |
.[ P"(cos Q.)Pn (cos ) 46 = 1 (n+m)! - (D.3)
0 sin @ m (n—m)!
z !
.[an (cos@)P" (cos @)sin 8d 6 = 2 _(n+m). »
) Qn+1) (n—m)! (D.4)
where ¢, is the Kronecker delta function and is defined as
1 n=r
= . (D.5)
0 otherwise
Tejm b 2r forn=m (D.6)
0 0 forn#m
J (k') A (') = 7 (k') ) (k') == (D.7)
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