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ABSTRACT

Filters and antennas are essential components in communication systems. Being able to
simultaneously realize filter and radiation functions, filtering antennas have attracted much
attention due to their compactness and low loss. This thesis focuses on different methods
of realizing compact filtering antennas using rectangular dielectric resonator antennas
(DRAS). First, four designs of DRA to increase bandwidth have been proposed. Low
dielectric constant posts are inserted in DRA in different orientations so that the effective
dielectric constant can be readily lowered and adjusted. An integrated design of a
waveguide dielectric resonator filter and a DRA with an air post shows significant
bandwidth improvement. Next, conducting posts are inserted in the DRA to realize
radiation cancelation. Radiation nulls, or filtering responses, have been achieved for both
linear polarization and dual polarization. All designs have been simulated and optimized

using a full wave electromagnetic (EM) simulator, and results are compared and discussed.

Keywords: Filtering antenna; dielectric resonator antennas; dual polarization.
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Chapter 1

Introduction

1.1 Overview

As wireless communication technologies are going through rapid development, RF front-
end systems are also evolving significantly. Compactness, low loss, and ease to fabricate
are among some of the general requirements. Conventionally, filters and antennas, key
components in communication systems, are designed independently and connected through
connectors or adaptors. Thus, designs are usually bulky, lossy and costly. As a new type of
component, filtering antennas have attracted much attentions in recent years since they can

simultaneously realize filtering and radiation functions.

Different from the conventional cascaded connection of filters and antennas, there are
generally two methods to implement filtering antennas, namely the synthesis method and
the fusion method [1]-[3]. The synthesis method follows the synthesis of a standalone filter
design. However, an antenna replaces the last resonator of the filter to realize an integrated
design without using extra connectors. The approach of fusion design is to modify the
antenna, for example, by introducing parasitic elements, to cancel radiation at certain

frequencies to achieve filtering responses.



1.2 Motivations

Dielectric resonator antennas have been widely accepted as an ideal candidate for
communication systems, due to its many advantages, such as compactness and low loss.
Using dielectric material with high dielectric constant further reduces the size. For filter
antenna integration using the synthesis method, the external quality factor is controlled by
the antenna, which needs to be the same as that for the standalone filter. With high dielectric
constant, thus limited bandwidth, such an integration becomes difficult, which is especially
true when the filter bandwidth is greater than the antenna bandwidth. Earlier research
shows limited control over the external quality factor of the DRA by varying the

dimensions only.

The new concept of modifying the antenna or adding parasitic components directly on the
antenna further reduces the overall size of the design, since the filtering circuits are no
longer needed. However, the design complexity will increase, causing difficulty in

fabrication, and realization of dual polarizations can be challenging.

1.3 Contributions

In this thesis, different filtering antenna designs have been developed using rectangular
DRA. Both the synthesis method and the fusion method of realizing filtering antenna have
been investigated. The center frequency is 3.6 GHz for all designs, which is within the

microwave band for 5G wireless networks.



Firstly, the synthesis method has been applied to filter antenna integration with dual
polarization, in which the last resonator of a dielectric resonator bandpass filter is replaced
with a DRA. The material considered has high dielectric constant of 20. Using high
dielectric constant material results in a compact design, but limits the bandwidth. Thus,
bandwidth improvement and control are the main focus on this design. Different methods
are proposed based on the concept that by inserting low dielectric constant post/posts in
the DRA, the effective dielectric constant is lowered. Doing so, the external quality factor
is reduced and thus the bandwidth of the antenna is increased. Four different designs to
increase bandwidth are presented with low dielectric constant posts inserted in DRA in
different orientations. The effects of varying DRA dimensions and post dimensions on
external quality factor have been studied in parametric studies. The concept is further
validated using a dual polarized integrated design of a DRA with a 3-pole waveguide filter
centered at 3.6 GHz. After inserting an air post in the DRA, the bandwidth is increased to

300 MHz, which is 50% higher than the design without an air post.

In addition, fusion method has been investigated to realize linearly polarized and dual
polarized designs using rectangular DRA. Instead of having both an antenna and part of a
filter, this method uses an antenna only. Conducting posts/loops are inserted in the DRA
to realize radiation cancelation at frequencies outside of the passband, resulting in filtering
response. Materials with different dielectric constants are investigated at a center frequency
of 3.6 GHz. Parametric studies are performed to find out how the radiation nulls are
affected by adjusting different dimensions of the DRA and the parasitic components. Both

linearly and dual polarized designs are shown to have achieved filtering antenna responses.



The dual polarized design further shows good isolation between ports. Limitations due to

the complexity of the structure are also discussed.

1.4 Outline

Chapter 1 provides the overview, motivations and contributions of the thesis.

In Chapter 2, literature review consists the review of dielectric resonator antennas, filtering
antennas, and methods of DRA bandwidth improvement. The properties and advantages of
dielectric resonator antennas are covered. Different methods of filtering antenna designs

are discussed, including the cascaded method, the synthesis method, and the fusion method.

In Chapter 3, details of design process of using the synthesis method for integrating a filter
and an antenna have been explained. Structures of the proposed designs of rectangular
DRAs with increased bandwidth are presented. Parametric studies on design variable are
performed. Design example using a proposed structure is presented showing significant
bandwidth improvement and validating the concept. Simulation results using full

electromagnetic (EM) simulation software HFSS are presented.

In Chapter 4, the fusion method has been studied and applied to both linearly polarized and
dual polarized filtering antenna designs. DRAs with different dielectric constants are
studied. Parametric study results and design examples are shown. The design challenges

and limitations are also discussed.

Chapter 5 summarizes the filtering antenna designs and results presented in Chapter 3 and

Chapter 4. Future research has also been suggested.



Chapter 2

Literature Review

In this chapter, an overview of dielectric resonator antennas (DRAS) is given first, which
offers many advantages and is the focus of the thesis. Next, recent technologies and
different methods of filter antenna integration are presented. Methods of bandwidth

improvement for DRA are also discussed.

2.1 Dielectric Resonator Antenna

In late 1960s, dielectric resonator was introduced and developed as high-quality (Q) factor
and compact elements in microwave circuit applications [4]. Then in 1980s, the first study
of DRA was presented by Long, McAllister and Shen [5]. DRAs offer many advantages,
such as light-weight, low loss, high radiation efficiency, ease of excitation, ease of
integration, and diverse feeding techniques [6]. Various shapes have been reported, such
as rectangular [7-9], cylinder [10-12], square [13-15], and super shaped [16-18]. DRAs
have been designed in frequency range of 1-60 GHz and with dielectric constant (&r) 5-30
[19]. Different excitation methods also have been developed, such as waveguide [20-23],
microstrip [24-26], aperture coupling [27-29], coaxial probe [30-32], and substrate

integrated waveguide [33].



In this thesis, rectangular dielectric resonator antennas are used, which offers design
flexibility. Feeding methods of waveguide and microstrip line are applied to antenna

designs.

(b)

Figure 2-1 Rectangular DRA Fed by Substrate Integrated Waveguide © 2010 IEEE [33]

2.2 Filter and Antenna Integration Methods

Filters and antennas are both important components in any wireless communication
systems. Filters and antennas can be connected using the conventional cascaded method.
More recently, filtering antennas, a new type of components, have be developed that
simultaneously realize filtering and radiation functions. Filtering antennas are generally

developed using the synthesis method, or the fusion method [34].



Synthesis Method

To surmount the disadvantages of the cascaded method, the synthesis method follows the
synthesis method for filter design. Once a filter is synthesized, the last resonator of the
filter is replaced by an antenna. The antenna thus serves as both the radiator and the last
resonator of bandpass filter in this method. Different types of antennas have been reported
using the synthesis method for filter antenna integration, such as slot antennas [35-37],
dielectric resonator antennas [38], [39], and microstrip patch antennas [40-42]. Comparing
with the cascaded method, the advantages of this method are much reduced overall size

and lower loss.

In [43], the SIW filtering antenna design are proposed and the configuration is shown in
Figure 2-2. Short-ended coaxial feeding is used as external coupling. First, a four-pole filter
is designed using four coupled substrate integrated waveguide cavities. To achieve the
filtering antenna, a slot antenna is then placed on top of the filter, replacing the coaxial
connector and last cavity of the four-pole filter. The center frequency is 9.96 GHz and the

bandwidth is 6.0%.

In [44], dual polarized filtering microstrip patch antenna and DRA are studied. Fist, a dual
polarized bandpass filter is designed. Then, a rectangular DRA is applied to the design
replacing the last resonator. The external quality factor of antenna is same/similar to the
last resonator’s external quality factor. The dielectric constant of the DRA is 20. The center

frequency of the design is 3.6 GHz, and the bandwidth is 200 MHz.
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Figure 2-2 Compact Low-Loss Integration of High-Q 3-D Filters with Highly Efficient
Antennas © 2011 IEEE [43]

Fusion Method

The fusion method is mainly focused on the antenna. The method is to integrate resonant
structures in parallel with the antenna to generate band-stop functions at both sides of the
passband [34]. In this method, filtering antennas are designed without adding any extra
filtering circuit by modifying the antenna directly [45][46]. Reported approaches include
modifying the antenna feeding method with open stubs [47][48], adding parasitic strips
[49-51], and inserting shorting post [52-55]. In addition to offering low insertion loss, and
high efficiency, this method further reduces the size and complexity of the system by
removing the filter circuits. However, generating and controlling transmission zeros can be

challenging.



In [51], a filtering rectangular DR antenna with dielectric constant 10 is designed at center
frequency 5 GHz and bandwidth approximately 20.4%. The feeding method is microstrip
feedline. In order to achieve transmission zeros, placing two parallel strips on the ground
plane can excite three modes, which are TE111 mode, TEs1z mode and the hybrid mode.
The transmission zeros can be controlled by adjusting length of open stub. In [56], single
and dual polarized filtering rectangular DRA with dielectric constant £=9.5 have been
designed and microstrip line is also the feeding method. The center frequency is 1.9 GHz
and bandwidth is 22.1%. By placing hybrid microstrip line/conformal strip, transmission
zeros are generated. The feed network may be difficult to fabricate due to extremely narrow

strip width.

The filtering antenna design with fusion method in [57] is shown in Figure 2-3. Linearly
and circularly polarized filtering cylinder DR antennas are designed with dielectric
constant of 10. The center frequency is 2.45 GHz and the bandwidth is 7.2%. The
transmission zeros are generated by posts and strip forming loops, which help to achieve
the cancelation of radiation at certain frequencies. Similar concept is applied to rectangular

DRA for filtering antennas with linear and dual polarizations in Chapter 4.



Figure 2-3 Linearly and Circularly Polarized Filtering Dielectric Resonator Antennas©
2019 IEEE [57]

2.3 Bandwidth Improvement of DRA

The quality factor (Q) of DRA depends on the dielectric constant and dimensions of the
DRA. Decreasing the dielectric constant of the material will increase the bandwidth.
However, the size of the antenna increases with lower dielectric constant. When high
dielectric constant material is used, the bandwidth is reduced. Varying the dimensions of
the DRA can change the bandwidth, but within limited range [44]. This can further cause
difficulty in antenna filter integration using the synthesis method, because both the last

resonator of the filter and the antenna need to have the same external quality factor.

Different methods of increasing DRA bandwidth have been proposed [58]-[61]. A
wideband low-profile single and dual polarized DRA design is proposed in [58] as shown

in Figure 2-4. Posts with lower dielectric constant than that of the DRA, including air posts,

10



are inserted in the DRA. The design approaches are to maintain the DRA size and to control
the bandwidth by adjusting the posts. The dielectric constant of DRA is 20, and the
dielectric constant of dielectric posts is 10.2. The bandwidth can achieve 47.5%. The design
is rather complicated and thick due to two substrate layers. In this thesis, the concepts of
DRA bandwidth improvement have been applied to the dual polarized filtering antenna

design in Chapter 3, using, however, much simpler structures.

“'I.-.ﬂ'l}:

Fia unit cell Y
[ bielectric vias
O B & Air vias
X

O bielectric resonator substrate

Figure 2-4 Compact Wideband Low-Profile Single- and Dual-Polarized Dielectric
Resonator Antennas Using Dielectric and Air Vias. © 2021 IEEE [58]
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Chapter 3

Dielectric Resonator Filter Antenna Integration

with Increased Bandwidth

In this chapter, filter antenna integrations are implemented using rectangular dielectric
resonators. Using dielectric material with high dielectric constants results in compact
designs, which, however, limits the bandwidth at the same time. Different methods to

increase design bandwidth are investigated.

3.1 Filter Antenna Integration

Filter antenna integration following the synthesis method starts with the separate designs

of the filter and the antenna. The two designs are subsequently combined together [37].

Firstly, a three-pole dual mode bandpass filter is designed, consisting of dielectric filled
waveguide cavity resonators for compactness and low loss, as shown in Figure 3-1. In the
thesis, square cavities operating in TE1o1 and TEo11 modes are used due to the symmetrical

shape to achieve dual polarization [44].

12



Port 2

Figure 3-1 Waveguide filter for TE,y; and TEy;;modes (a = 13.98 mm, L1 = 11.34 mm,
Lo =11.2mm, Lz =11.34 mm, Iris_| =7.97 mm, Iris_w = 0.4064 mm, Iris_d = 0.635 mm,
probe = 4.16 mm, probe radius = 0.5 mm, F, radius = 1.7mm and F;= 20 mm)

For antenna design, the DRA shown in Figure 3-2 is used. DRAs are a good candidate for
communication applications due to their high efficiency, flexibility in their shapes, and low

cost [19]. The dimensions of the DRA are calculated based on the following equations [62]:

_ T

X 7 DRAa (3.1)
_ T

k, = i D (3.2)
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kjtan (2220 = J (e, — Dky? — k2 (3.3)
ke + k)2 + k= e ko’ (3.4)

where DRA_a is the length, DRA b is the width, and DRA_d is the height of the DRA. ko
is the free-space wavenumber at the center frequency, fo. €, is the dielectric constant of the

DRA.

Figure 3-2 Structure of DR antenna (DRA_a = 12.15mm; DRA b =12.15mm; DRA d =
11mm; Ly = 11.66mm; a = 13.98mm; Iris_d = 0.016in; Iris w = 1.39 mm; Iris_| =
7.25mm)
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In the next step, the filter and the DRA are combined together. There are generally two

methods to implement the filter antenna integration [37]:

1. Using antenna design in lieu of the last resonator of the filter.

2. Using antenna design in lieu of the output port of the filter.

The design is based on the first method, in which the DRA acts as both a radiator and the
last resonator of the filter. As shown in Figure 3-1, the last cavity and ports in the dashed
line circle can be replaced by the structure in Figure 3-2. There are two conditions that need
to be satisfied. The last resonator of filter and antenna need to have the same external
quality factor (Qgxr). And the coupling between the resonator N-1 of the filter and antenna
is the same internal coupling coefficient Kn-1n as the original filter, where N is the filter
order. Once the conditions are met, the S11 response of the filtering antenna is similar to the

standalone filter, while maintaining the radiation characteristic of the antenna.

Qg xr of the antenna is related to the bandwidth, as Qext = fo/Bandwidth. Using the structure

in Figure 3-2, Qext can be calculated using steps shown below [37].

First, the loaded quality factor Q. is determined using the reflection coefficients at the
waveguide port in Figure 3-2. ST is the minimum reflection coefficient at the resonant
frequency f;. f; and f, correspond to the frequencies when |S;,| = S, where S§, can be

determined by using following equation:

S = /—“ I (3.5)

The coupling coefficient, K, between the input port and the resonator can be calculated

using the following equations:
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min|

1-|S .
K = '}nlm (resonator is under-coupled)
14575777
1+|ST1"| :
K = P (resonator is over-coupled)
11

Q,, can be determined using the following the equation.

_ fo

1 1 1
+
QL Qu Qkxr

(3.6)

(3.7)

(3.8)

(3.9)

When the unloaded quality factor Qu is infinity, i.e. assuming DRA lossless, QL = Qexr.

3.2 Antenna Designs with Increased Bandwidth

To make the antenna compact, the DRA is made of high dielectric constant material. High

dielectric constant results in narrow bandwidth for the antenna. There is also limited tuning

rang for Qext. In [58], it has been shown that Qexr (or bandwidth) can be changed by

varying DRA height, while slot length and slot width do not have significant impact on

bandwidth improvement. In order to adjust Qexr and increase bandwidth, using posts filled

with low dielectric constant material is considered in this section. These posts are

embedded in the DRA. Different configurations are investigated. In the following designs,

all posts are filled by air (dielectric constant ,. = 1) for ease of fabrication. For all designs,

the DR antennas have dielectric constant of 20.
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Design 1:

Design of DRA with one air post is presented in Figure 3-3, and parametric study is

performed with results shown in Figures 3-4 to 3-9.

Figure 3-3 DR antenna with one air post (DRA_a = 12.15mm; DRA_b =12.15mm; DRA_d
=14.2mm; L; = 11.66mm; a = 13.98mm; Iris_d = 0.016in; Iris w = 2.35 mm; Iris_| =
8.5mm; rp =2.36mm; Lp = 14.2mm)

In the first case, slot length of 8.5 mm, and slot width of 2.35 mm and post radius of 2.36
mm are selected, and the impact of varying DRA height on K,; and Qg is studied. The
analysis is shown in Figures 3-4 and 3-5. In the next case, the impact of varying slot width
and the post radius on K,5 and Qg is studied, while the DRA height of 14.2 mm and slot

length of 8.5 mm are fixed. The results are compared in Figures 3-6 and 3-7. In the last

17



case, slot width of 2.35 mm and DRA height of 14.2 mm are selected and the impact of
varying slot length on K,; and Qgxr is studied. The analysis is shown in Figures 3-8 and

3-9.
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12.2 13.2 14.2 15.2 16.2
DRA Height (mm)

Figure 3-4 The impact of DRA height variation on K,5, where slot length = 8.5mm, slot
width = 2.35mm and radius of post = 2.36mm
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Figure 3-5 The impact of DRA height variation on Qgxr, where slot length = 8.5mm and
slot width = 2.35mm and radius of post = 2.36mm
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Figure 3-6 The impact of slot width variation on K,5, where DRA height = 14.2mm, slot
length = 8.5mm and radius of post = 2mm, 2.36mm and 3mm
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Figure 3-7 The impact of slot width variation on Qgxr, where DRA height = 14.2mm, slot
length = 8.5mm and radius of post = 2mm, 2.36mm and 3mm
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Figure 3-8 The impact of slot length variation on K,3, where slot width = 2.35mm, DRA
height = 14.2mm and post radius = 2.36mm
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Figure 3-9 The impact of slot length variation on Qzxr, Where slot width = 2.35mm, DRA
height = 14.2mm and post radius = 2.36mm
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Based on the analysis presented above, as the DRA height increases, Qgxr and
K,5 decreases. And then, when slot width increases, Qgxr is barely affected and
K, increases. More importantly, the DRA height and post radius have the most significant

effects on the bandwidth. As expected, the slot width and length mostly affect Kas.

Design 2:

Design of DRA with four corner air posts is shown in Figure 3-10. The parametric study

results are presented in Figures 3-11 to 3-16.

Ll

=,
=

Figure 3-10 DR antenna with four corner air posts (DRA _a = 12.15mm; DRA b =
12.15mm; DRA_d = 14.2mm; L; = 11.66mm; a = 13.98mm; Iris_d = 0.016in; Iris_w =
2.35 mm; Iris_| = 7.8mm; rp =1mm; Lp = 14.2mm; Pg =6.15mm )
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In the first case, slot length of 7.8 mm, and slot width of 2 mm and posts radius of 0.75 mm
are selected, and the impact of varying DRA height on K,5; and Qgxr is studied. The
analysis is shown in Figures 3-11 and 3-12. In second case, DRA height of 14.2 mm, slot
length of 7.8 mm and posts radius of 0.75 mm are selected, and the impact of varying slot
width on K,5 and Qgxr is studied. The analysis is shown in Figure 3-13 and 3-14. In the
third case, DRA height of 14.2 mm, slot length of 7.8 mm and posts radius of 1 mm are
selected and the impact of varying slot width post radius on K,; and Qgxr is studied. The
results are also presented in Figure 3-13 and 3-14. In the last case, DRA height of 14.2 mm,
slot width of 2 mm and posts radius of 0.75 mm are selected and the impact of varying slot

length on K,5 and Qg is studied. The analysis is shown in Figure 3.15 and 3.16.

0.9
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Figure 3-11 The impact of DRA height variation on K,5, where slot length = 7.8mm, slot
width = 2mm and radius of posts = 0.75mm
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Figure 3-12 The impact of DRA height variation on Qgxr, where slot length = 7.8mm, slot
width = 2mm and radius of posts = 0.75mm
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Figure 3-13 The impact of slot width variation on K,3, where slot length = 7.8mm, DRA
height = 14.2mm and radius of posts = 0.75mm and 1mm
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Figure 3-14 The impact of slot width variation on Qgxy, where slot length = 7.8mm, DRA
height = 14.2mm and radius of posts = 0.75mm and 1mm
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Figure 3-15 The impact of slot length variation on K,5, where slot width = 2mm, DRA
height = 14.2mm and radius of posts = 0.75mm
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Figure 3-16 The impact of slot length variation on Qgxr, where slot width = 2mm, DRA
height = 14.2mm and radius of posts = 0.75mm

Based on the analysis presented above, as the DRA height increases, Qgxr and

K, decrease. When slot width or slot length increases, Qgxr and K, increase.
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Design 3:

Design of DRA with cross air posts is presented in Figure 3-17. The parametric study

results are shown in Figures 3-18 to 3-23.

In the first case, slot width of 2 mm, slot length of 6.8 mm and radius of post of 0.5 mm
are selected and the impact of varying DRA height on K, 5 and Qg is studied. The analysis
is shown in Figure 3-18 and 3-19. In the second case, slot length of 6.8 mm and DRA height
of 14 mm are selected, and the impact of varying slot width and post radius on K,5 and
Qgxr is studied. The analysis is shown in Figure 3-20 and 3-21. In the third case, slot length
of 6.8 mm, post radius of 1 mm and DRA height of 14 mm are selected and impact of
varying slot width on K5 and Qgxr is analyzed. The study is shown in Figure 3-20 and 3-
21. Inthe last case, slot width of 2 mm, DRA height of 14 mm and post radius of 0.75 mm
are used and the impact of varying slot length is studied. The analysis is presented in Figure
3-22 and 3-23. Once again, post radius and DRA height have the strongest influence on the

bandwidth.
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Figure 3-17 DR antenna with cross air post (DRA_a = 12.15mm; DRA_b = 12.15mm;
DRA_d=11.6mm; L; = 11.66mm; a=13.98mm; Iris_d = 0.016in; Iris_w =2 mm; Iris_|
=6.8mm; rp =0.5mm; Lp = 14.2m; W, =5.8mm)
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Figure 3-18 The impact of DRA height variation on K3, where slot width = 2mm, slot
length = 6.8mm and radius of posts = 0.5mm
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Figure 3-19 The impact of DRA height variation on Qgxr, Where slot width = 2mm, slot
length = 6.8mm and radius of posts = 0.5mm
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Figure 3-20 The impact of slot width variation on K,5, where slot length = 6.8mm, DRA
height = 14mm and post radius = 0.75mm, 1mm
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Figure 3-21 The impact of slot width variation on Qgxr, Where slot length = 6.8mm, DRA
height = 14mm and post radius = 0.75mm, 1mm
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Figure 3-22 The impact of slot length variation on K,5, where slot width = 2mm, DRA
height = 14mm and post radius = 0.75mm
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Figure 3-23 The impact of slot length variation on Qgxr, where slot width = 2mm, DRA
height = 14mm and post radius = 0.75mm

Design 4.

Design of DRA with intersecting parallel air posts is shown in Figure 3-24. The parametric

studies are shown in Figures 3-25 to 3-30.

In the first case, slot width of 2 mm, slot length of 7 mm and radius of post of 0.75 mm are
selected and the impact of varying DRA height on K,5 and Qg is studied. The analysis
is shown in Figure 3-25 and 3-26. Then in the second case, DRA height of 13 mm, slot
length of 7 mm and radius of posts of 0.75 mm are selected and the impact of varying slot
width on K,5 and Qgxr is studied. The analysis is shown in Figure 3-27 and 3-28. In the

third case, slot length of 7 mm, post radius of 1 mm and DRA height of 13 mm are selected
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and the impact of varying slot width on K, and Qg is studied. The analysis is shown in
Figure 3-27 and 3-28. In the last case, slot width of 2 mm, DRA height of 13 mm and radius
of post of 0.75 mm are selected and the impact of varying slot length is studies. The analysis

is shown in Figure 3-29 and 3-30.

Similar to previous cases, most significant influences on the bandwidth are caused by the

post radius and DRA height.

Figure 3-24 DR antenna with cross air post (DRA_a = 12.15mm; DRA_b = 12.15mm;
DRA _d =16mm; L; = 11.66mm; a = 13.98mm; Iris_d = 0.016in; Iris_w =2 mm; Iris_|
=7mm; rp =1mm; Lp, = 14.2mm; W, =5.8mm; Px=9.15mm)
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Figure 3-25 The impact of DRA height variation on K5, where slot width = 2mm, slot
length = 7mm and radius of posts = 0.75mm
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Figure 3-26 The impact of DRA height variation on Qgexr, where slot width = 2mm, slot
length = 7mm and radius of posts = 0.75mm
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Figure 3-27 The impact of slot width variation on K23, where DRA height = 13mm, slot
length = 7mm and radius of posts =0.75mm and 1mm

25

20

QEXT
°

10 °

1 2 3
Slot Width (mm)

—&o—Radius=1mm @ Radius=0.75mm

Figure 3-28 The impact of slot width variation on Qexr, where DRA height = 13mm, slot
length = 7mm and radius of posts =0.75mm and 1mm
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Figure 3-29 The impact of slot length variation on K3, where DRA height = 13mm, slot
width = 2mm and radius of post = 0.75mm
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Figure 3-30 The impact of slot length variation on Qext, where DRA height = 13mm, slot
width = 2mm and radius of post = 0.75mm

In this section, four different DRA designs with increased bandwidth have been proposed.

The first design with one air post has been chosen to be used in the integrated filter antenna

34



design example in the next section. This is because it offers the largest tuning range of Qext

and K2z and is easy to fabricate comparing with other designs.

3.3 Integrated Design Example

To validate the analysis above, an integrated design of DR filter and DRA is presented in
this section. The center frequency is 3.6 GHz and the dielectric constant &, is 20 with tand

5.625%10°.

Figure 3-31 shows the circuit model for the last resonator of the standalone 3-pole filter.
|S11| from the circuit model and HFSS simulation results for the DRA with an air post in
Figure 3-3 are compared in Figure 3-32. Based on equations (3.5) and (3.6), coupling

coefficient to the DRA is 0.254, which is consistent with Ko3 = 0.245 of the filter.

The complete design is shown in Figure 3-33. The return loss in Figure 3-34 shows that a
bandwidth of 300MHz is achieved after inserting an air post, which is significant wider
comparing with the design in [44] with 200 MHz bandwidth. Good isolation (greater than
21.5 dB) between two ports is observed in Figure 3-35. The E-plane and H-plane radiation
patterns at the center frequency when port 1 is excited are shown in Figure 3-36 and Figure
3-37, respectively. The realized gain is shown in Figure 3-38, showing filtering response,
while the gain of the antenna is flat as shown in Figure 3-39. The gain is 6.73 dB. Figures

3-40 to 3-43 show similar results when port 2 is excited.
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Figure 3-31 Filter last resonator equivalent circuit model when the bandwidth is 300MHz.
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Figure 3-32 Filter last resonator and design of DRA with one air post
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Figure 3-33 Filtering DR antenna with one air post (DRA_a = 12.15mm; DRA b =
12.15mm; DRA d = 14.2mm; L;=11.055mm; w = 13.98mm; h = 13.98mm; slot d =
0.016in; Iris_wz = 2.35mm; Iris_l> =7mm, Iris_wi = 0.4064mm; Iris_l1 = 7.97mm; L,
=11.41mm;)
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Figure 3-34 |S11] and |S22| responses of the DR filtering antenna
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Figure 3-35 |S12| and |S21| responses of the DR filtering antenna
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Figure 3-37 DR Filtering Antenna Radiation Pattern H-Plane when Port 1 is excited
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Figure 3-38 Realized Gain of 300MHz DR filtering antenna when Port 1 is excited
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Figure 3-39 Gain of 300MHz DR filtering antenna when Port 1 is excited
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Figure 3-41 DR Filtering Antenna Radiation Pattern H-Plane when Port 2 is excited
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Figure 3-42 Realized Gain of 300MHz DR filtering antenna when Port 2 is excited
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Figure 3-43 Gain of 300MHz DR filtering antenna when Port 2 is excited
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3.4 Summary

In this chapter, different approaches of increasing bandwidth of filter antenna integration
by inserting air posts in the DRA have been proposed. Parametric studies are performed on
design variables. It has been shown that these methods not only effectively increase the

bandwidth of the integrated design, but also allow ease in the tuning of Qexr.

The concept is verified by an integrated design of DRA with a 3-pole waveguide filter. The
10 dB impedance bandwidth after inserting an air post in the antenna is 300 MHz. The
return loss is 15 dB within the passband. Isolation between two ports is greater than 21.5

dB. Both gain and realized gain are greater than 6.7 dB.
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Chapter 4
Filtering Rectangular Dielectric Resonator

Antenna

In this chapter, another approach to design filtering antennas is investigated, namely the
fusion method [34]. Different from the integration of filter and antenna in the previous
chapter, the fusion method mainly focuses on the modification of the antenna and does not
require additional filtering circuits. In this chapter, designs of filtering rectangular
dielectric resonator antenna (RDRA) fed by microstrip lines are presented. Both linearly
polarized and dual polarized filtering RDRAS are shown. The comparison of results using

the synthesis method and the fusion method is also discussed.
4.1 Linearly Polarized Filtering Rectangular DRA

In this section, a rectangular DRA without filtering function is designed as the first step.
The antenna dimensions are calculated using equation (3.1) — (3.4). Microstrip line is used
as the feed method to activate the antenna. As shown in figure 4-1, a rectangular DRA with
length of dra_x, width of dra_y, height of dra_z and dielectric constant, ¢, is placed on the
square ground plane with length s. The substrate thickness is t and dielectric constant is
&-s- The rectangular slot with length s; and width sy on the ground plane is used to excite

the antenna. The distance between center of the DRA and the center of square ground is
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offset by lor. On the other side of the square substrate plane is a 50 Q microstrip line with

length Ls and ws.

(@) Top View
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(b) Bottom View
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dra z <

(c) Side view

Ground Plane

substrate

(d) Isometric view

Figure 4-1 Design of RDRA: (s=100mm, t=1.57mm, Ls=71.2mm, ws=4.7mm and
loff=1.556mm, &,=10, ¢&,,=2.33, sI=14.14mm, sw=1.41mm, dra_x=20mm, dra_y=20mm,

dra_z=11.3mm)
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Figure 4-2 Return loss of RDRA.

Figure 4-2 shows the central frequency of antenna is 3.35 GHz. The return loss is 25 dB.
The DRA design is the initial design for Design 1 and Design 2 to apply the fusion method,
which cancels radiation and achieves transmission zero(s) by inserting posts in the DRA.
In the following, two designs of filtering antenna are presented. The two designs use the
same method and concept except that the dielectric constant of the DRA ¢, = 10 for Design

1 and &, = 20 for Design 2. The dielectric constant of the substrate is 2.33 in both cases.
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Design 1:

Based on DRA design in Figure 4-1, the configuration of filtering rectangular DRA is
presented in Figure 4-3. Instead of using the rectangular slot, a circular slot with radius Rs
is applied to facilitate the addition of conducting posts. Three copper posts with radius Ry,
are inserted to the DRA. Post spacing, D, is equally divided from middle post. The left
and the right posts are attached to ground plane and the middle post passes through circular
slot and connects to the microstrip feedline. The copper strip with length Strip_I and width
Strip_w connects the posts horizontally on top of the DRA surface. Therefore, the design
has three loops, namely the left loop, the right loop, and the big loop. Currents in these
loops generate magnetic fields that are in the opposite direction of the magnetic field of the
TEY111 mode of the DRA. The cancelling effect results in transmission zeros (radiation

null).
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(a) Top view of filtering RDRA with three posts

(b) Bottom view of filtering RDRA with three posts
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pd

(c) Side view of filtering RDRA with three posts

(d) Isometric view of filtering RDRA with three posts

Figure 4-3 Design of filtering RDRA with 3posts (s=100mm, t=1.57mm, Ls=63.182mm,
ws=4.7mm and loff=1.576mm, &,=10, &,,=2.33, d=8mm, dra_x=21mm, dra_y=21mm,
dra_z=11.46mm, pd=1.1954mm, strip_|l= 13.182mm, strip_w=3.5mm, Dpi=Dp,=

5.266mm)
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Figure 4-4 Realized gain of filtering RDRA with different loops.

Figure 4-4 presents the comparison of realized antenna gain with different loops. When the
antenna does not have any posts (the original DRA in Figure 4-1), the realized gain is
relatively flat with no transmission zeros. When the left and middle posts are added to the
antenna, which excites the left loop, the upper passband transmission zero appears. When
antenna has the left and right posts to excite the big loop, the lower passband transmission
zero presents. The figure gives indication on how to control transmission zeros locations

by adjusting the post distances.
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Parametric Study

To achieve good antenna performance, parametric study has been performed for a number
of design variables. A total of five different cases have been studied by adjusting the
dimensions of strip length, post spacing, slot radius, post radius and offset. Based on the

variable dimensions, figures of realized gain have been presented to show the differences.

In the first case, post spacing D; is 5.266 mm, slot radius is 4 mm, post radius is 0.6 mm
and offset is 1.576 mm, and the impact of varying strip length is studied. The analysis is

presented in Figure 4-5.

In the second case, the strip length is 13.182 mm, slot radius is 4 mm, post radius is 0.6
mm and offset is 1.576 mm, and the impact of varying post spacing is analyzed in Figure

4-6.

In the third case, the strip length is 13.182 mm, post spacing is 5.266 mm, post radius is
0.6 mm and offset is 1.576 mm, and the impact of varying slot radius is studied and shown

in Figure 4-7.

In the fourth case, strip length is 13.182 mm, post spacing is 5.266 mm, slot radius is 4 mm

and offset is 1.576 mm, and the impact of varying post radius is analyzed in Figure 4-8.

In the last case, strip length is 13.182 mm, post spacing is 5.266 mm, slot radius is 4 mm

and post radius is 0.6 mm, and the impact of varying of offset is shown in Figure 4-9.
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Figure 4-5 The impact of strip length on realized gain, where post spacing is 5.266 mm,

slot radius is 4 mm, post radius is 0.6 mm and offset is 1.576 mm
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Figure 4-6 The impact of post spacing on realized gain, when strip length is 13.182 mm,
slot radius is 4 mm, post radius is 0.6 mm and offset is 1.576 mm
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Figure 4-7 The impact of slot radius on realized gain, when the strip length is 13.182 mm,

post spacing is 5.266 mm, post radius is 0.6 mm and offset is 1.576 mm
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Figure 4-8 The impact of post radius on realized gain, strip length is 13.182 mm, post

spacing is 5.266 mm, slot radius is 4 mm and offset is 1.576 mm
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Figure 4-9 The impact of offset on realized gain, where strip length is 13.182 mm, post

spacing is 5.266 mm, slot radius is 4mm and post radius is 0.6 mm

Based on parametric study, as strip length is increased from 11.182 mm to 15.182 mm,
lower passband radiation null shifts downward in Figure 4-5. As the post spacing is
increased from 4.266 mm to 5.266 mm, lower passband radiation null shifts upward in
Figure 4-6. When slot radius increases from 3 mm to 5 mm, the responses shift down in
frequency as shown in Figure 4-7. When post radius increases from 0.5 mm to 0.7 mm, the
responses barely change in Figure 4-8. As offset increases from 0.576 mm to 2.576 mm,
the whole curve shifts upward, which means both the lower radiation null and the upper
radiation null shift upward, as shown in Figure 4-9. In the analysis, lower transmission zero
is easier to control by adjusting post spacing and strip length. Upper transmission zero is

mainly controlled by offset.
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After optimization, the result of completed RDRA filtering antenna design is shown below.
The center frequency is 3.6 GHz, and bandwidth is 200 MHz. Gain and realized gain are

6.78 dB.
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Figure 4-10 |S(1,1)| of filtering RDRA with 3 posts.
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Figure 4-11 Realized gain of filtering RDRA with 3 posts.
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Figure 4-12 Gain radiation patterns of filtering RDRA at 3.6 GHz.
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Design 2:

The structure of the filtering antenna is the same as design 1. The design parameters are
shown in Figure 4-13. Since the dielectric constant is significantly higher (e, = 20), the
structure is much more compact. As a result, tuning of the design is more difficult and there
is limited range to adjust design variables. The return loss, realized gain, and radiation
pattern are shown in Figures 4-14, 4-15, and 4-16, respectively. The center frequency is
3.6 GHz. The bandwidth is 60 MHz, which is much narrower comparing to design 1. Gain

and realized gain are 4.85 dB.

Figure 4-13 Design of filtering RDRA with 3 posts (s=100mm, t=1.57mm, Ls=63.182mm,

ws=4.7mm and loff=1.52mm, ¢,=20, ¢&,,=2.33, d= 5.8mm, dra x=15.38mm,
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dra_y=15.38mm, dra_z=8mm, pd=1.1954mm, strip_I= 9mm, strip_w=2mm,

Dp1=Dp2=3.7mm)
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Figure 4-14 Return loss of linear polarized filtering RDRA with 3 posts.
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Figure 4-15 Realized gain of linear polarized filtering RDRA with 3 posts.
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Figure 4-16 Gain radiation patterns of filtering RDRA at 3.6 GHz.
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In this section, two designs of linearly polarized filtering RDRA designs are presented,
which are based on radiation cancelation by the conducting loops inserted in the DRAS.
The center frequencies for both designs are 3.6 GHz. Design 1, with DRA dielectric
constant 10, can achieve a bandwidth of 200 MHz. Design 2, with DRA dielectric constant
20, has a much narrower bandwidth of 60 MHz, as a result of the high dielectric constant.

The gain is also lower comparing to design 1.

4.2 Dual Polarized Filtering Rectangular DRA

In this section, the same concept and steps are applied to dual polarized filtering rectangular
DRA. Frist a dual polarized RDRA with no filtering function is designed as shown in
Figure 4-17. Posts are subsequently inserted to achieve the filtering antenna with dual

polarizations.

In Figure 4-17, DRA is placed on the square ground plan with length s. The substrate has
thickness t and substrate constant ¢,.. Rectangular slots are used to excite the dual polarized
antenna. The distance between the center of the DRA and the center of square ground is

offset by Losr. On the other side of the substrate, two 50 Q microstrip lines are used to feed
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the antenna with dual polarizations. The dielectric constant is 10 and the dielectric constant

of the substrate is 2.33.

Simulation results are presented in Figures 4-18 to 4-22. Center frequency of the design is

3.6 GHz, and the bandwidth is 300 MHz. Gain is 5.32 dB.

(a) Top view of RDRA
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(b) Bottom view of RDRA

(c) Side view of filtering RDRA
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(c) Isometric view of filtering RDRA

Figure 4-17 Design of dual polarized RDRA(s=100mm, t=1.57mm, Ls2=53mm, Lsl=
63.1818mm, ws=4.7mm and loff=4mm, ¢,=10, &,,=2.33, pl=47mm, pw=10.99mm,
dra_x=21mm, dra_y=20mm, dra_z=10mm, sl_1= 11mm, sl_lw=1mm, sl_2= 11mm,

sl_2w=1.5mm, sl_el=4.5mm, s|_ew=2mm)
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Figure 4-18 Return loss of filtering antenna port 1
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Figure 4-19 Return loss of filtering antenna port 2
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Figure 4-20 Gain of filtering antenna
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Figure 4-21 Realized gain of filtering antenna
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Then dual polarized RDRA with filtering function is designed next. Similar method as in
Section 4.1 is followed, using conducting posts and loops to achieve transmission zero.
However, due to the complexity of the structure, the middle post is removed. As shown in
Figure 4-23, there is only one loop for each polarization. Therefore, radiation nulls are only

achieved on the lower side of the passband in the dual polarized filtering DRA.

(a) Top view of filtering RDRA dual polarization
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(b) Bottom view of filtering RDRA dual polarization

(c) Side view of filtering RDRA with no posts
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(d) Isometric view of filtering RDRA with no posts

Figure 4-22 Design of fileting RDRA dual polarization (s=100mm, t=1.57mm, Ls=53mm,
ws=4.7mm and loff=4mm, ¢,=10, ¢,,=2.33, dra_x=23mm, dra_y=22mm,
dra_z=11.46mm, sl_1= 11mm, sl_lw=1mm, sl_2= 9mm, sl_2w= 1.5mm, sl_el=3.5mm,

sl_ew=2mm, strip_I=12.3mm, strip_w=3.4mm, pd =1.2mm, Dp; = Dp2=5.2mm)
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Parametric Study

Four different cases are studies in this section. Results of tuning the DRA height, slot

lengths, and slot width are presented below.

In the first case, slot_1 length is 11 mm, slot_2 length is 9 mm, slot_2 width is 1.5 mm,
slot_el length is 3.5 mm and slot_ew width is 2 mm, and the impact of varying DRA height

is studied. The analysis is presented in Figure 4-23.

In the second case, DRA height is 23 mm, slot_2 length is 9 mm, slot_2 width is 2 mm,
slot_el length is 3.5 mm and slot_ew width is 2 mm, and the impact of varying slot_1

length is analyzed in Figure 4-24.

In the third case, DRA height is 23 mm, slot _1 length is 11 mm slot_2 length is 9 mm,
slot_2 width is 1.5 mm and slot_ew width is 2 mm, and the impact of varying slot_el length

is shown in Figure 4-25.

In the last case, DRA height is 23 mm, slot _1 length is 11 mm slot_2 length is 9 mm,
slot_2 width is 1.5 mm and slot_el length is 3.5 mm, and the impact of varying slot_ew

width is shown in Figure 4-26.
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Figure 4-23 The impact of DRA height on realized gain, where slot_1 length is 11mm,

slot_2 length is 9mm, slot_2 width is 1.5mm, slot_el length is 3.5mm and slot_ew width is

2mm
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Figure 4-24 The impact of slot_1 length on realized gain, where slot_2 length is 9 mm,
slot_2 width is 1.5mm, DRA height is 23mm, slot_el length is 3.5mm and slot_ew width is

2mm
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Figure 4-25 The impact of slot_el length on realized gain, where slot_1 length is 11 mm,

slot_1 width is 2mm, DRA height is 23mm, slot_2 length is 9mm and slot_ew width is 2mm
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Figure 4-26 The impact of slot_ew width on realized, where slot_1 length is 11 mm, slot_1

width is 2mm, DRA height is 23mm, slot_2 length is 9mm and slot_el length is 3.5mm
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Based on the parametric study, as DRA height increases, the transformer zero shifts
upward. When slot length increases, the transformer zero shifts downwards. As slot_el
increases, the transformer zero shifts upwards. As slot_ew increases, the realized gain
barely changes. Therefore, to control the transmission zero, we need to tune DRA height

and slot lengths.

Dual Polarized Filtering Antenna Example

After tuning the variables, the final dimensions are given in Figure 4-23. The dielectric
constant of DRA is 10 and the dielectric constant of substrate is 2.33. The simulation results
of the completed design are presented below in Figures 4-27 to 4-37. The center frequency
of the design is 3.6 GHz and the bandwidth is 100 MHz. Good isolation is achieved, with
greater than 24 dB isolation between two ports in Figure 4-29. The realized gain, gain, and
radiation patterns when port 1 is excited are presented in Figures 4-30 to 4-33, showing a

gain of 5.8 dB. Similar results are shown in Figures 4-34 to 4-37 when port 2 is excited.
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Figure 4-27 |S(1,1)| of dual polarized filtering antenna.
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Figure 4-28 |S(2,2)| of dual polarized filtering antenna
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Figure 4-29 | S(2,1)| of dual polarized filtering antenna

Realized Gain

10

-10
-15

-20
3 3.2 3.4 3.6 3.8 4

Figure 4-30 Realized Gain of dual polarized filtering antenna when Port 1 is excited
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Figure 4-31 Gain of dual polarized filtering antenna when Port 1 is excited
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Figure 4-32 DR Filtering Antenna Radiation Pattern E-Plane when Port 1 is excited
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Figure 4-33 DR Filtering Antenna Radiation Pattern H-Plane when Port 1 is excited
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Figure 4-34 Realized Gain of dual polarized filtering antenna when Port 2 is excited
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Figure 4-35 DR Filtering Antenna Radiation Pattern E-Plane when Port 2 is excited
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Figure 4-36 DR Filtering Antenna Radiation Pattern H-Plane when Port 2 is excited
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Figure 4-37 Gain of DR filtering antenna when Port 2 is excited

4.3 Summary

In this chapter, linearly polarized and dual polarized filtering antennas have been
investigated using fusion method. First DRA antennas are designed. Then the filtering
function is introduced by inserting conducting posts in the DRA antenna. Parametric
studies are performed to study how transmission zeroes can be adjusted to realize different
bandwidth. Both dielectric constant 10 and dielectric constant 20 are used in linearly
polarized filter antennas. Due to the high Q factor, the bandwidth is narrow for dielectric

constant of 20. Dual polarized filtering antenna is designed using dielectric constant of 10
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only. Due to DRA size limitation, only transmission zeros below the passband are achieved

for the dual polarized antenna.

In Chapter 3, filtering antenna is achieved by using the synthesis method. Filter and antenna
are designed separately. Then last resonator of the filter is replaced by the antenna. The
disadvantage is that the overall size is larger comparing to the fusion method due to the
filter part of the structure. However, tuning of the responses are easier, and there is larger
tuning range and more flexibilities for design parameters. In Chapter 4, fusion method has
been applied to the filtering antenna. Instead of having combination of filter and antenna
like in Chapter 3, a rectangular dielectric resonator with three posts can achieve filtering
responses. The design is also easy to fabricate. However, the disadvantage are the limitation
to the achievable bandwidth and the difficulty in tuning due to the size of the DRA and the

structural complexity. Design of dual polarization is shown to be even more challenging.
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Chapter 5

Conclusion and Future Work

This thesis focuses on different methods of realizing filtering antenna using rectangular
dielectric resonator antenna (DRA). Both synthesis method and fusion method have been

applied to the designs.

In the filter antenna integration method, high dielectric constant material is used for
compact design, which results in narrow bandwidth. The emphasis is on controlling and
increasing the antenna bandwidth. Four designs of DRA to increase bandwidth have been
proposed. Low dielectric constant posts are inserted in DRA in different orientations.
Parametric studies have been performed, showing that the bandwidth can be readily
controlled by adjusting DRA height and post radius. An integrated design of DRA with a
3-pole waveguide filter shows that, after inserting an air post in the antenna, the bandwidth
is increased to 300 MHz, which is significantly higher than the design without air post of

200 MHz bandwidth.

Fusion method is also considered in this thesis to design the filtering antenna using
rectangular DRA. Instead of combining a filter and an antenna, the fusion method focuses
on the modification of the antenna and does not require additional filtering circuits.
Conducting posts are inserted in the DRA to realize radiation cancelation. Transmission
zeros, which results in filtering responses, have been achieved for both linear polarization

and dual polarizations. Simulation results and parametric studies are presented. The

82



advantage of fusion method is the compact size. However, the complexity of the structure

limits the bandwidth and tuning range.
The following future work can be investigated:

e Fabrication and measurement of both DR filtering antenna designs can be
performed.

e For the fusion method, method to achieve wider bandwidth can be explored,
especially for high dielectric constant materials.

e Investigation can be carried out to implement dual polarized filtering antenna

design with transmission zeros above the passband that is easy to fabricate.
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