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Abstract

Microwave filters possessing various forms are essential components in radar, satellite,
and mobile communication systems. Increased demands for low-loss, miniature filters that
can be mass produced at low cost have provided a significant challenge reinforcing the need

for improving or even replacing the conventional microwave filters.

In recent years, the concept of Photonic/Electromagnetic Bandgap (PBG/EBQG)
structures has attracted the attention of the microwave engineering community. The main
feature of PBG/EBG structures is the existence of a bandgap in the frequency spectrum of a
propagating photonic/electromagnetic wave. The motivation for adopting EBG structures
stems from their capability to eliminate unwanted wave propagations in various microwave

devices.

This thesis investigates and proposes novel planar microstrip filters employing EBG
structures in the form of slots etched on the ground plane. Such filters are not only compact,
but also can improve the RF performance in both the passband and the stopband. This
proposed concept is further extended to implement low-loss tunable lowpass filters, both
digital and analogue, by integrating tuning elements directly into the slots. Transmission line
circuit models are developed to design the proposed microstrip filters and tunable lowpass
filters. To verify the concept and the validity of the developed circuit models, theoretical and

experimental results are presented and carefully compared.

Currently, dielectric resonator (DR) filters have been widely employed in wireless and
satellite communication systems. Over the past two decades, tremendous progress has been
made to reduce the size, and enhance the in-band and out-of-band performance of DR filters.
However, the current approaches for implementing DR filters are relatively expensive and
hardly amenable to mass production. Cost reduction remains a key limiting factor that needs

to be addressed now.
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A new configuration of DR filters is presented in this thesis. The novel concept
simplifies the assembly, integration, and alignment of DR filters, significantly reducing
production time and costs. Not only is the design of the proposed multi-pole DR filters and
diplexers examined, but also the fabrication technique. The experimental measurement
results confirm the validity of the theoretical designs of the new filters, which makes this

concept very attractive for further applications in both wireless and satellite communication.
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Chapter 1

Introduction

1.1 Motivation

Recently, the concept of Photonic/Electromagnetic Bandgap (PBG/EBG) structures has
intrigued the microwave engineering community. For example, microstrip lines incorporating
EBG structures on the ground plane, called microstrip EBG structures, have been proven to
exhibit passband-stopband filter characteristics and a slow wave effect. These features have
been used in bandstop or lowpass filter applications to eliminate unwanted frequencies and to

miniaturize microstrip filter circuits.

However, there are still some problems in utilizing such structures. One of them is the
conflict between the passband and the stopband characteristics in conventional EBG-based
microstrip filters. An improved stopband performance can be achieved only at the expense of
the passband performance and vice versa. Obviously, there is a need to find solutions that can
lead to a better filter performance in both the passband and the stopband. To achieve such,
this thesis explores the use of novel EBG structures with slots etched on the ground plane for

the realization of miniature microstrip bandstop, lowpass and bandpass filters.

High performance RF tunable filters are needed in reconfigurable systems to facilitate

the efficient utilization of the available frequency spectrum. Specially, they are in demand in



front-end receivers for the suppression of interference signals and the relaxation of oscillator
phase noise and dynamic range requirements. Most of the work reported in the literature has
focused on tunable bandpass filters, whose insertion loss is determined by the quality factor
(Q) of the filter itself and the Q of the tuning element, whether it is a semiconductor,
ferroelectric, ferromagnetic (YIG, ferrite) or Micro-Electro-Mechanical Systems (MEMS)
device. Despite their relatively low insertion loss, YIG tunable filters are bulky. Also, there
are semiconductor or MEMS tuning elements that are amenable to integration with planar
resonators for the realization of miniature tunable bandpass filters. However, even with the
use of high-O MEMS tuning elements, the Q of this type of filter is limited by the Q of the

planar resonators.

Tunable lowpass filters are useful in applications that require the suppression of out-of-
band interference signals. The thesis proposes the integration of MEMS switches and
semiconductor varactors in the slots etched on the ground plane to create digital and analogue
tunable lowpass filters. The advantages are convincing: the ease of integration and

application of a DC bias voltage, and a low-loss performance.

Due to their superior characteristics of a high QO and miniaturization, dielectric resonator
(DR) filters are the most preferred design among all known types of filters. However, the
demands have increased for low-loss DR filters that are compact, and capable of being
manufactured in a large quantity at a reasonably low cost. Particularly in wireless
communication applications, there is a need to find a solution to replace low-cost coaxial
filters which exhibit only a low Q with low-cost DR filters that offer a high Q. The thesis
describes the realization of the novel low-cost DR filters and diplexers fabricated by using

high-dielectric-constant ceramic substrates.

The thesis is built around three objectives.

1) To develop EBG-based miniature microstrip bandstop, lowpass and bandpass filters

with an improved passband and stopband performance.



2) To develop EBG-based tunable lowpass filters with a low loss, wide tuning range, and

compact size with both digital and analogue tuning capability.

3) To develop low-cost DR filters and diplexers implemented from high-K ceramic

substrates, with a simplified assembly and integration.

1.2 Organization of the Thesis

Following this introduction, Chapter 2 provides a review of various EBG-based

microstrip filters, DR filters and multiplexers, emphasizing their design and fabrication.

In Chapter 3, several novel planar microstrip filters with EBG structures in the form of
slots etched on the ground plane are presented. Various slot configurations have been
studied, and transmission line circuit models are developed and utilized in filter designs. The
proposed EBG-based microstrip filters with compact size and superior RF performance
include bandstop filters, lowpass filters and bandpass filters. The application of EBG-based

lowpass filters in the suppression of spurious modes is also demonstrated.

Chapter 4 extends the concept of etching slots on the ground plane to implement low-
loss tunable lowpass filters by integrating tuning elements into the slots of the EBG-based
microstrip lowpass filters developed in Chapter 3. MEMS switches are used on the slots to
realize digital tunable lowpass filters. An analogue tunability is achieved by assembling
semiconductor varactors into the slots. The transmission line circuit models are employed in
all the designs. The RF performance and the tuning ability of the tunable lowpass filters are
presented by both simulated and measured data. Moreover, the realization of an ultra-

wideband tunable lowpass filter, by combining MEMS switches and varactors, is proposed.

In Chapter 5, a novel DR configuration is proposed. Several DR filters using the
proposed DR configuration are designed and demonstrated. The spurious performance of the
DR filters is investigated and improved by further modifying the filter designs. A unique

triplet structure, based on the proposed concept, is introduced to provide a new approach to



implement nonadjacent couplings for the realization of asymmetric filtering characteristics.
After the fabrication technique and measured performance are presented, the concept of the

new DR configuration has been extended to implement diplexers.

Lastly, a brief summary of the contributions regarding the presented work and

suggestions for future research work conclude the thesis.



Chapter 2

Background Information

2.1 Introduction

EBG structures are periodic dielectric or metallic structures that can effectively prevent
the propagation of electromagnetic waves in certain directions at certain frequencies. The
idea is to localize an electromagnetic wave by the presence of periodically positioned
scatterings, whose periodicity is almost or equal to a particular wavelength so that the
electromagnetic wave with the frequency within the bandgap is stuck inside the material
without any further propagation. There are various shapes and forms of EBG structures,
reported in the literature [1, 2]. A summary of the reported work on microstrip EBG
structures in the area of micro/millimetre-waves is first given, followed by a brief review of

tunable lowpass filters.

Another research topic related to this thesis is DR filters/diplexers/multiplexers. DR
filters have been widely used in communication systems due to their superior characteristics
of a high O, low loss, and miniaturization. Different types of conventional DR filters that are
currently used in mobiles and satellites are introduced in the following sections. DR
diplexers/multiplexers that are realized by combining several DR filters with a multi-port

junction, are also discussed. It is hoped that a clear and current understanding of the progress



of studies on EBG structures and DR filters is achieved with the review, to guide and

evaluate the investigation described in this thesis.

2.2 Microstrip EBG Structures

Microstrip EBG structures are microstrip devices, incorporating periodic structures

either on the substrate or on the ground plane.

2.2.1 EBG Structures from Periodic Dielectric Substrate Drilling

Among the proposed and demonstrated EBG structures, is a periodic array of dielectric
inclusions with a dielectric constant different from that of the host dielectric substrate (e.g.,
an array of air holes drilled through a dielectric substrate [3, 4]), as displayed in Fig. 2.1. This
type of EBG structures requires the painstaking work of drilling through the substrate. In

addition, this EBG structure is not easy to model and analyze.

L a.
A
hI__ E, -. Plane

Fig. 2.1 EBG structure from periodic dielectric substrate drilling [4].



2.2.2 EBG Structures from Periodic Ground Plane Etching

Another method is developed to implement EBG structures by etching periodic patterns
on the ground plane as shown in Fig. 2.2 (a) [5]. Such EBG structures have the advantages of
low cost and easy fabrication, since they are compatible with standard planar circuit

technology for microwave/millimetre-wave applications.

Microstrip transmission lines incorporating EBG structures, exhibit the passband-
stopband characteristic, depicted in Fig. 2.2 (b). This feature provides an effective method to
reject unwanted frequencies and to reduce the physical size of the microstrip circuits. Several
variations of this structure have been reported in the literature [6-8]. The majority consist of a
two-dimensional periodic array of holes etched on the ground plane. The holes vary in shape
from simple rectangular or circular shapes to more complicated shapes. In addition, the
arrangement of the holes varies from square-lattice or triangle-lattice to other possible
lattices. Also, the shape and size of these holes have a considerable impact on the passband

and stopband characteristics of the microstrip EBG structures.

It can be seen from Fig. 2.2 (b) that the microstrip EBG structure exhibits a lowpass
characteristic with a stopband whose centre frequency is determined by the periodicity of the
EBG lattice. Since the periodicity must be a half-wavelength at the stopband frequency, the

applications of this structure are limited because of its relatively large size.

2.2.3 Uniplanar-Compact EBG Structures

Over the past few years, several papers have been published on the development of
compact EBG structures. Yang et al. have proposed a compact EBG structure, namely, the
Uniplanar-Compact (UC)-EBG structures [9]. It consists of a two-dimensional square
pattern. Each element consists of a metal pad and four connecting narrow branches to form a
distributed LC network, as illustrated in Fig. 2.3. Due to the slow-wave effect generated by

this unique structure, the periodicity of the EBG lattice is only 0.1 4, at the stopband

frequency, resulting in a considerably compact structure [9]. This UC-EBG structure can be
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built by implementing standard planar fabrication techniques without any modifications. The
virtues of moderate impedance, low-loss, and uniplanar features make the UC-EBG structure

a very promising candidate as a slow-wave transmission line.

Fig. 2.3 UC-EBG element [9].

Most microstrip filters exhibit higher order harmonics as spurious passbands, which tend
to deteriorate the performance of the overall RF system. Often, extra filters are required to
suppress the spurious modes, and as a result, the insertion loss is increased in the passband.
Compact microstrip filters with intrinsic spurious rejection can be constructed by employing
the UC-EBG structure [9]. The wide and deep stopband, generated by the UC-EBG structure
is applied to suppress the spurious passbands at higher harmonics. Extra filters are not
required since the stopband is intrinsic. Furthermore, the slow-wave effect reduces the
physical length of the filter. Fig. 2.4 shows the schematic of a compact parallel-coupled
microstrip filter, where the UC-EBG structure is on the ground plane. Fig. 2.5 denotes the
measured results of the compact parallel-coupled bandpass filter on a UC-EBG substrate. For
comparison, the RF performance of a conventional microstrip bandpass filter is also plotted.
As seen, the isolations of the conventional filter are -10dB and -5dB at 12GHz and 17GHz,
respectively, whereas the filter on a UC-EBG ground exibits a 30-40dB suppression of the

spurious transmissions.
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2.2.4 Multilayer EBG Structures

To construct a multilayer EBG structure, EBG patterns etched on the ground plane of a
single layer uniplanar circuit are stacked, resulting in much wider stopbands than those of the
monolayer UC-EBG. Caloz et al. have introduced a novel two-layer biperiodic PBG
microstrip structure of stacked UC-EBG plates with different periodicities [10]. Fig. 2.6
provides a schematic of a two-layer EBG structure. The two layers results in a configuration

with an effective periodicity of 2a, leading to the realization of a compact EBG structure.

microstrip line

h—!— e T e ——— _ _. ¥a . intermedite PBG
e -1l e Lilocy IV bottom PBG

Fig. 2.6 Schematic of the two-layer EBG structure [10].
2.2.5 Defected Ground Structures

Many passive and active microwave and millimetre-wave devices with EBG structures
have been developed to eliminate the higher harmonics and to achieve circuit
miniaturization. Due to the complexity of the modeling, it is not easy to incorporate EBG
structures into the design of the microwave and millimetre-wave components. There are too
many design parameters, affecting the properties of the bandgap, including the number of

lattices, lattice shapes, lattice spacing, pattern shapes and pattern sizes.
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Investigations on the Defected Ground Structure (DGS) have been reported with various
configurations in microwave/millimetre-wave frequency-band applications. The DGSs with
periodic or nonperiodic patterns provide a rejection band in certain frequency ranges due to
the increment of the effective inductance of a transmission line. This rejection property of the
DGSs can be employed in many circuits such as planar antennas, filters, power-amplifiers
and power dividers [11-14]. A new DGS, integrated with a microstrip line, has been
proposed by Kim et al. [15]. The proposed DGS unit in Fig. 2.7 provides the stopband

property in some frequency bands with one or more unit lattices.

The disturbance of the current distribution on the ground plane, caused by the etched
defect, changes the characteristics of a transmission line in line capacitance and inductance.
The proposed DGS which includes narrow and widely etched areas on the metallic ground
plane increases the effective capacitance and inductance of a transmission line. The use of
DGSs in lowpass filter designs allows the realization of high impedance inductance with a
relatively large conductor width. This, in turn, helps to improve the power handling

capability of the lowpass filter [11].
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Fig. 2.7 3-D view of the DGS unit section [15].
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Zhu et al. have exploited a DGS, by etching rectangular apertures on the ground plane of
a Parallel-Coupled Microstrip Line (PCML) for the effective enhancement of a tight
frequency-dependent coupling [16]. The concept can be applied to design a compact

wideband microstrip bandpass filter such as the one in Fig. 2.8.

0.5/ gorel D4+ L+ D)<0. 750, o

backside apsriure

Fig. 2.8 Schematic of the proposed multi-pole bandpass filter [16].
2.2.6 Perforations in the Transmission Lines

Since the ground plane is perforated, the substrate needs to be suspended. The circuits
are not supported by a metal base for mechanical robustness. Perforation on the transmission

line, itself, is a potential solution to this problem [17].

According to the transmission line theory, the propagation constant of a lossless line
isf = a)ox/f , where @, is the angular frequency, and C and L are the distributed shunt
capacitance and series inductance per unit length, respectively. It is indicated that slow-wave
(large ) can be obtained by increasing C and L. Consequently, it is possible to form an EBG

structure on the transmission line, if C and L are not increased continuously but periodically
[18]. Xue et al. have proposed two one-dimensional (1-D) microstrip EBG cells, as shown in
Fig. 2.9 [18]. The cells are a segment of a microstrip line with some metals removed. The

narrow connecting lines increase the value of the series inductance. Gaps across the width of

13



the line result in the increment of the shunt capacitance. By cascading these cells, an EBG
microstrip line is constructed to present a remarkable slow-wave and stop-band performance,
similar to other EBG structures with ground perforations. Fig. 2.10 displays the simulated
and measured S-parameters of the EBG transmission lines by using six EBG cells shown in
Fig. 2.9 (b).

a3
.&2 = §
a1 o il =
= =
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a .

da

(b)

Fig. 2.9 1-D microstrip EBG cells [18]: (a) EBG cell 1 and (b) EBG cell 2.
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Frequency(GHz)

Fig. 2.10 Simulated and measured S-parameters of the proposed EBG transmission line using six

EBG cells shown in Fig. 2.9 (b) [18].

For conventional EBG structures, the microstrip line must be carefully oriented on the
substrate. In the case of perforated transmission lines, the dependence of the location and
orientation of the microstrip line on the propagation constant is completely eliminated. The
perforated transmission line structure will have many potential applications in microstrip

circuits.

2.2.7 Analysis of EBG Structures

Several commercial full-wave EM softwares such as Ansoft Ensemble, Ansoft HFSS,
Zeland IE3D, Sonnet, Microwave Studio, and Microwave Office are available for the design
of EBG-based microwave circuits. In addition, there have been many successful numerical
studies. To model bulky EBG structures, a number of algorithms such as the Plane Wave
expansion Method (PWM), the Transfer Matrix Method (TMM), the Effective Index Method
(EIM), the Coupled-Mode Theory (CMT), the Bloch Waves Method (BWM), the Scattering
Matrix Method (SMM), and Leaky Mode Propagation (LMP) method have been proposed
[19].

15



For photonic-crystal based waveguide structures, standard numerical techniques such as
finite-difference and Finite-Element Method (FEM) are usually applied for investigating the

modal and dispersion characteristics of the waveguide.

The RF characteristics of EBG structures are determined by many parameters, including
the number of lattices, lattice shapes and lattice spacing. As a result, the use of full-wave EM
simulators becomes very time-consuming, when complicated EBG structures are analyzed

and designed. Thus, circuit analysis is a very useful tool for simulation and design purposes.

Typically, a lumped-element equivalent circuit model is employed in the initial design
[11, 12, 20]. The equivalent circuit parameters of the circuit are extracted by using a
combination of the transmission line theory and the full wave analysis. The transmission
characteristics of an EBG structure can be easily found by any circuit simulator such as
HPADS. The design, based on the equivalent circuit, has proven to be sufficient enough for
the initial design. The resultant equivalent circuit and parameters for the EBG structures can

be directly adapted to the design of a practical circuit.

2.3 Tunable Lowpass Filters

In general, tuning capability can be achieved by incorporating tuning elements such as

tunable inductors/capacitors into lowpass filters or by using the tunable thin-film technique.

2.3.1 MEMS Tunable Lowpass Filters

Recently, a number of MEMS-based tunable lowpass filters have been reported [21-23].
In particular, MEMS switches or MEMS varactors are the main tuning elements utilized in
such types of tunable filters. Fig. 2.11 is a photograph of the fabricated tunable lowpass filter
[21]. Fig. 2.12 demonstrates the simulated and the measured S-parameters of the filter in Fig.

2.11. This tunable filter can operate at only two discrete frequencies.

16
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Fig. 2.12 Simulated and measured S-parameters of (a) wide-band state and (b) narrow-band state of

the lowpass filter (the dots are the simulation results and the lines are the measurement results,

respectively) [21].
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2.3.2 BST Tunable Lowpass Filters

Another way to implement tunable lowpass filters is to use ferroelectric materials as the
substrate. The relative dielectric constant of the ferroelectric films can be changed with the
applied electric field, varying the capacitance or inductance in the circuits. Barium-
Strontium-Titanate (BST) is the one of the most popular ferroelectric films being studied.
Fig. 2.13 is a schematic of parallel-plate BST capacitors [24]. The tuning capability of the
tunable lowpass filters, constructed by the BST capacitors, is shown in Fig. 2.14 [24]. This
filter has an insertion loss of approximately 2dB, and a return loss of better than 7dB in the

passband.

Top Electrode

BST

\ Ground Plane

Silicon Substrate

Fig. 2.13 Schematic of the parallel-plate BST capacitors [24].

Loss (dB)

0 100 200 300 400
Frequency (MHz)

Fig. 2.14 Insertion and return losses of the fifth-order LPF with a change in the DC-bias voltage [24].
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2.4 Dielectric Resonator Filters

Microwave filters and diplexers/multiplexers are essential components in radar, satellite,
and mobile communication systems to discriminate between wanted and unwanted signal
frequencies. Typically, they are narrow-band bandpass devices with stringent specifications
for passband insertion loss, stopband rejection, power handling, and physical size. Their
practical realization varies depending on the applications. Metallic waveguide filters consist
of hollow cavities with rectangular, quadratic or circular cross-sections. Typically such filters
are adopted for low insertion-loss applications due to their typical high Q-factor (up to
10,000), although the configuration is considerably large and unfavorable for connecting
with planar circuit components. On the contrary, planar filters are clearly the most
convenient to fabricate and eliminate bulky waveguides in a majority of microwave systems.
Their low Q-factor (up to 500) allows only a moderate performance, excluding those filters
from the more demanding applications in modern communication systems. Microwave filters

with both a compact size and high-Q performance are intensively desired.

A high QO-factor is achievable only with low-loss DR filters or superconductor filters.
Although the latter can attain a Q-factor as high as 100,000, DR filters are capable of
providing a Q-factor of more than 20,000. The relative dielectric constant of the materials for
constructing DR filters is a number substantially larger than unity (i.e., 20-90). The primary
advantage in usage of dielectrics is to miniaturize the filter sizes. The size of DR filters is
considerably smaller than the size of waveguide filters operating at the same frequency.
Furthermore, these DR filters are employed to replace waveguide filters in applications such
as satellite communication systems where planar filters cannot be used because of their

inherently high losses.

2.4.1 Dielectric Materials

Primarily, the loss of a DR filter is determined by the loss tangent of the dielectric
material used to construct the DR filter as well as the conductor loss of the metallic enclosure

outside the filter. If the dielectric resonators are physically remote from the walls of the
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metallic enclosure, then the electromagnetic energy storage is largely confined to the interior
of the resonators. As a result, the dielectric losses become dominant. The Q-factor relates a
resonator’s capacity for energy storage with its energy dissipation through heat. Thus, the
less the dielectric losses, the higher the O-factor is. Moreover, the high dielectric constant of
the dielectric materials results in a dramatic reduction in wavelength, compared with free
space. Consequently, an unloaded Q-factor (Q,) of up to 50,000 can be obtained in a

reasonable volume. This is impossible for metallic waveguide filters.

Over the past decade, the advances in dielectric materials have made it possible to
combine a high QO-factor, high dielectric constant, and small temperature drift in materials
suitable for use at microwave frequencies. High Q-factor dielectric materials with a dielectric
constant ranging from 20 to 90 are now commercially available from various manufacturers.
According to the classical dispersion characteristics of dielectric materials, the dielectric loss

increases with frequency f while relative dielectric constant &, remains unchanged.

Therefore, the product of QO and f describes the basic properties of each dielectric material.
Table 2.1 summarizes the characteristics of the representative dielectric materials currently
available [25]. These materials not only have high-Q values but also high dielectric

constants. Moreover, they have a good temperature coefficient.

Table 2.1 High-Q dielectric materials [25].

Materials g, 0 7, (ppm/°C) | f(GHz)

MgTi03-CaTiO; 21 8000 0 7
Ba(Mg,Ta)Os 25 16000 3 10
Ba(Mg,Ta)Os 25 35000 4 10
Ba(Sn,Mg,Ta)O; 25 20000 0 10
Ba(Mg,Ta)Os-Ba(Zn,Ta)Os 27 15000 0 10
Ba(Zn,Nb)Os-Ba(Zn,Ta)Os 30 14000 0 12
Ba(Zr,Zn,Ta)Os 30 10000 0 10
(Ca,Sr,Ba)ZrOs 30 4000 5 11
BaO-Ti0,-WO; 37 8800 2 6
(Zr,Sa)Ti04 38 7000 0 7
BazTi902() 40 8000 2 4
Sr(Zn,Nb)O5-SrTiO; 43 5000 -5~+5 5
Ba0-Sm,03-5TiO, 77 4000 15 2
BaO-PbO-Nd,05-TiO, 90 5000 0 1
TiO, 104 40000 (Q5 +460 -

CaTiOs 180 7000 (O +910 -

SrTiO; 304 3300 (O +1700 -
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2.4.2 Dielectric Resonator Filters and Diplexers/Multiplexers

Various types of DR filters and diplexers/multiplexers have been adopted in microwave

communication systems.
2.4.2.1 Configurations of Dielectric Resonators

DRs are the basic building block of DR filters. Fields inside a resonator store energy at
the resonant frequency where the equal storage of electric and magnetic energies occurs. Fig.
2.15 is a sketch of a commonly used dielectric resonator structure [26]. To prevent losses due
to radiation, the entire device is enclosed in a shielding of metal, most often aluminum or
copper. Usually, the shape of a dielectric resonator is a short, solid cylinder, but can also be

cubic, spherical, and tubular shapes.

S S— onducting
enclosure

3

Fig. 2.15 Commonly used DR structure [26].

At the resonant frequency, most of the electromagnetic energy is stored within the
dielectric, since the DR is remote from the enclosure. The resonant frequency of the structure
is largely controlled by the dimensions and dielectric constant of the dielectric material. The
Q-factor of the DR is dominated by the loss tangent of the dielectric. By assuming that the
lateral surface of the DR behaves as an ideal magnetic wall, the resonant frequency and field
pattern are approximately calculated. In other words, there is a zero tangential magnetic

component on the curved surface of the DR.

21



2.4.2.2 Resonant Modes of Dielectric Resonators

Like all resonant cavities, there are many possible operating modes which can be excited
in DRs. These modes are divided into three categories: Transverse Electric (TE), Transverse
Magnetic (TM), and Hybrid Electromagnetic (HEM) modes. Fig. 2.16 displays the
electromagnetic field distributions for these modes in a cylindrical DR [26]. A typical DR
mode chart is shown in Fig. 2.17 [26]. Comprehensive studies of modes in DRs, including
the mode chart for the cylindrical resonator, are published by Rebsch [27], Courtney [28],
Kobayashi [29], Zaki and Atia [30], and others [31].
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Fig. 2.16 DR modes [26].
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Fig. 2.17 DR mode chart [26].

The operating modes have an impact on the filter size, unloaded Q, and spurious
performance. A proper mode should be selected for a particular application. A commonly-
used resonant mode in cylindrical dielectric resonators, sketched in Fig. 2.15, is denoted the
TEo; mode, whose electric field lines are circles concentric with the axis of the cylinder.
When the relative dielectric constant is approximately 40, more than 95% of the stored
electric energy of the TEj; mode, as well as a large portion of the stored magnetic energy
(typically over 60%), are confined within the cylinder. The remaining energy is distributed in
the air around the resonator, decaying rapidly with distance away from the resonator surface.
The dielectric resonators operating in the single TEy; and TMy; modes exhibit especially
high-Q performance at microwave frequencies. However, for certain applications such as for
a dual-mode filter, the HEM,; mode has definite advantages. Dual-mode DR filters offer

roughly a 30% volume saving in comparison with single-mode DR filters.
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2.4.2.3 Various Types of Dielectric Resonator Filters and Diplexers/Multiplexers

DR filters play an important role in mobile and satellite communications. A typical DR
filter consists of a number of dielectric resonators, mounted inside cavities machined in a
metallic enclosure. The probes are used to couple the input and output electromagnetic
energy, whereas the irises are used to provide the required coupling between the resonators.
The DR filters that are most commonly used in microwave systems can be divided into two
configurations: individual dielectric resonators that are loaded coaxially in a metallic

enclosure, or individual resonators that are mounted in a planar configuration.

Since the end of the 1960s, great progress has been achieved in DR filter technology.
Cohn et. al. have performed the first extensive theoretical and experimental evaluation of the
dielectric resonator [32]. The first practical DR filter was reported at the 1975 IEEE MTT-S

International Microwave Symposium, Palo Alto, CA. Fig. 2.18 shows the schematic structure

of this 6.9GHz filter [33].
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Fig. 2.18 Structure of the 6.9GHz DR filter [33].

24



The ratio of the fundamental resonant frequency to the first spurious HE;; mode
resonance is typically 1:1.3, which can be improved to 1:1.5 by inserting a hole in the centre
of the dielectric resonator [26]. Since more magnetic energy than electric energy leaks from
DRs, resonators are coupled magnetically via irises in the filter body. A typical TEq; multi-

pole DR filter for cellular base-station applications is illustrated in Fig. 2.19 [26].

Fig. 2.19 TE, DR filter for cellular base-station applications [26].
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Fig. 2.20 Configuration of a TM mode DR filter [34].
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An alternative structure consists of ground dielectric rods operating in the single TMy,;
mode. This structure is larger, but simpler. A compact DR filter of this type with good
spurious characteristics can be constructed by placing a high-Q TMy, dielectric rod resonator

coaxially in a TMy; cutoff circular waveguide, as detailed in Fig. 2.20 [34].

Even with a dielectric constant of 45, a typical 900MHz resonator occupies a cavity size
of 8 x 8 x 5 cm. Thus, size-reduction techniques are of crucial. The first significant technique
was the dual-mode DR filter, reported by Fiedziuszko in 1982 [35], configured Fig. 2.21. In
this case, the HE;; dual-mode is chosen. The coupling between resonators are via cruciform
irises in the filter body, enabling the resonances in each cavity to be coupled to the
resonances in the adjacent cavities. These devices are now routinely used in mobile and
satellite communications applications due to their low loss, smaller volume and less mass
than classical fundamental mode realizations. Subsequently, this work has been extended by

Zaki [36], Kobayashi [37], and Guillon [38].

CONNEGTORS
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Fig. 2.21 Dual-mode DR filter configuration [35].
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A further size-reduction is accomplished by using DR filters, operating in triple,
quadruple, or even higher modes. Fig. 2.22 presents a 2GHz quadruple-mode DR filter [39].

This compact size filter has a potential application in the W-CDMA communication system.

Quad mode diebotrk resonator

Fig. 2.22 Quadruple-mode DR filter configuration [39].

Although multimode DR filters have many advantages, they also have a major
disadvantage, inferior out-of-band spurious characteristics. Usually, an additional lowpass
filter is needed to eliminate the unwanted modes, increasing the size, insertion loss,
complexity and cost of the filter. Significant effort has been put into improving the spurious
performance of DR filters, especially dual-mode filters. A paper has reported the application
of a combination of the TE(; mode and the HE;; dual-mode ring dielectric resonators in an
elliptic function filter, as shown in Fig. 2.23 [40]. The filter has some single TE;; mode
dielectric resonators and some HE;; dual-mode resonators. The structure achieves a good

spurious performance.
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Fig. 2.23 Structure of the 6-pole mixed-mode DR filter [40].

Higher dielectric constants are desirable to reduce the size of the filters. If the dielectric
resonator in a dual-mode filter is replaced by a perfect electric conductor; that is, increasing
the relative dielectric constant of the resonator to approach infinity, significant
miniaturization can be achieved, and high-quality filters can be realized. Additionally, in
applications of using superconductors, filters with extremely low insertion losses can be
achieved. The resonator operating in the HE;; mode has a much higher unloaded Q, and an
easier realization of an elliptic-function response than that of the metallic ring resonator in a
cavity operating in the quasi-TEM mode. Fig. 2.24 and Fig. 2.25 display the field
distributions of the conductor-loaded resonator reported in [41] and the configuration of the

conductor-loaded cavity filter [41], respectively.
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Fig. 2.24 Typical HE,; mode field distributions of the conductor-loaded resonator [41]: (a) electric-
field distribution and (b) magnetic-field distribution.
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Fig. 2.25 Configuration of the eight-pole conductor-loaded cavity filter [41].

Based on this concept, similarly, a filter is developed by using one or two conductor-
loaded cavities, combined with dielectric loaded cavities [42], or combining two conductor-
loaded resonators of different sizes [43]. Low loss, simple structure, and a good spurious

performance are the resultant advantages.

It is also possible to trade off some of the O, of the HE;; resonator for more size-
reduction by modifying the geometry. By positioning the DRs on the base of a metallic
housing, the HE;; mode is lowered in frequency and becomes the fundamental mode. A
conducting disc can then be placed on top of the DR. The conductor loading on both ends
prevents any tangential electric-field at the top and bottom of the DR. A good simple model
for this structure is the TM;p mode, as in ferrite circulators. A typical dual-mode resonator
of this type achieves a O, value of 6300 at 900MHz in a 6.5 x 6.5 x 4 cm cavity. Typically,

devices of the type in Fig. 2.26 [44] occupy 50% of the volume of an equivalent coaxial
filter.
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Fig. 2.26 Conductor-loaded dual-mode DR filter configuration [44].
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Fig. 2.27 Configuration of the V-band planar type DR filter fabricated in ceramic substrate [45].
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For an easier connection to MMICs, MICs circuits, a TEy;o mode DR filter, fabricated in
a ceramic substrate, is introduced in Fig. 2.27 [45]. The filter consists of a dielectric substrate
between two metal plates, and the upper and lower surfaces of the substrate are metallized.
Thin-film electrodes on the both sides of the substrate have hollow circular patches of the
same diameter, containing the electromagnetic field. The input and output ports are
connected to the microstrip lines. To fabricate the filter with a high precision, the

photolithography technique is utilized.

For most communication applications, many filters must be multiplexed in order to
combine the signals from, or split signals to, several channels. Typical multiplexing
techniques include hybrid-splitters, circulator dropping networks, and direct combination.
Hybrids or splitters offer the advantage of simple design and excellent symmetry at the
expense of a greatly increased insertion loss. This type of multiplexing is definitely
inadequate for communication systems which require a low loss to improve the noise figure,
or those have significant RF power requirements. For many years, circulator networks have
been applied in low power, channelizing functions for satellite input multiplexers due to their
inherently good isolation of multiple channels and relatively low loss, compared with those
of a hybrid. However, this means that each channel must include at least one extra circulator,
increasing the size, weight, insertion loss, and cost. A direct combination, using a RF
component such as a waveguide or coaxial junction, provides the advantages of minimal
weight increase, low loss, and low cost. In this case, all the channels must be tuned
simultaneously. Several combiners are available, including coaxial/coaxial and

coaxial/waveguide.

Typically, the filters used for diplexers consist of metal waveguides because of their low
loss and high isolation, but they are quite bulky. A DR filter is another good candidate for
achieving diplexers due to the advantages of a low loss, high O, and small size. This type of
diplexer comprises two DR filters (channels) connected to a three-port junction which is
either a waveguide or a coaxial structure. In 1997, the DR diplexer for marine satellite
systems, an isolation between transmitter (Tx) and receiver (Rx) ports of over 90dB, was

proposed [46].
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Fiedziuszko [35] has proposed microwave bandpass filters that employing DRs,
operating in the dual-mode configuration with a coaxial interface. With the well-proven
channel dropping scheme, such filters can be implemented to provide an input multiplexing
network for the satellite payload. A three-channel C-band manifold-coupled multiplexer,
including DR filters, has been demonstrated for a potential utilization in satellite output
multiplexers [47]. Fig. 2.28 reflects this new multiplexer configuration which utilizes dual-
mode and triple-mode DR filters, coupled to a ridged waveguide manifold. For ease of
fabrication and for power handling capabilities, the dielectric resonators are planar-mounted.
This design offers a significant size and weight reduction, while preserving the optimum
electrical performance. Furthermore, the thermal design and subsequently measured data
under high power in a vacuum has established the suitability of dielectric resonator output

multiplexers for C-band satellite applications.

Fig. 2.28 Broadband dielectric resonator output multiplexer [47].
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Fig. 2.29 presents another design of the HE;; mode dielectric resonator output

multiplexer reported in [48].

HE11d Diglectric Resonator
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Fig. 2.29 Configuration of a dielectric resonator multiplexer [48].
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Chapter 3

Modelling and Development of Novel EBG-
Based Microstrip Filters

3.1 Introduction

Over the last decades, several attempts to control the propagation of electromagnetic
waves through perforated ground planes have been described in the literature [1, 2].
Microstrip transmission lines with special perforation patterns (i.e., EBG structures) on the
ground plane have attracted attention, because of their amenability to standard MIC
fabrication techniques. For instance, UC-EBG structures [9, 20], and DGSs [11, 13], have

been successfully applied in the construction of microwave filters and antennas.

Microstrip lines incorporating EBG structures on the ground plane (i.e., microstrip EBG
structures) have exhibited a passband-stopband filter characteristic and a slow wave effect [2,
49]. These features can be used in bandstop or lowpass filter applications to eliminate
unwanted frequencies and to reduce the physical size of microstrip circuits. The majority of
such structures consist of a two-dimensional periodic array of holes etched on the ground

plane. So far, several variations of microstrip EBG structures have been reported [6-8].
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Despite the afore mentioned advantages and wide applications of microstrip EBG
structures, there still remain some problems in utilizing such structures. In this chapter, these
problems are addressed and solutions are suggested. Novel microstrip filter configurations,
incorporating EBG structures, are proposed. These new EBG-based microstrip filters include
bandstop filters, lowpass filters, and bandpass filters. All are compact with a good RF
performance. The design of the proposed filters is based on a general synthesis method by
using both an RLC lumped-element circuit model and a more accurate transmission line
circuit model. An efficient (fast and accurate) analysis for the proposed EBG-based
microstrip filters is demonstrated and compared with the EM simulation results to verify the

concept, as well as the validity of the developed circuit models.

3.2 Problems of Conventional Microstrip EBG Structures

When an electromagnetic wave propagates through a periodic structure, there exist
certain frequency bands, where the wave propagates unattenuated (under ideal situations
when the losses caused by conductor or dielectric substrate are ignored), known as
passbands. They are separated by other cutoff frequency bands, called forbidden bands
(stopbands). The passband-stopband property can be employed to enhance the stopband

characteristics of microwave filters.

Design considerations in evaluating the performance of a microstrip EBG structure
include the bandwidth of the stopband, the rejection level in the stopband, and the return loss
(ripples) in the passband. To obtain good performance from the microstrip EBG structure, a
wide bandwidth, a deep rejection level and small passband ripples are necessary. However in
conventional microstrip EBG structures, there is always a conflict between the stopband and
the passband characteristics [5, 9]; that is, increasing the size of the etched hole or the
number of holes produces a wider stop bandwidth and a better stopband rejection at the
expense of the passband; reducing the size of the hole improves the return loss, but degrades
the stopband characteristics. To achieve the best performance, this tradeoff situation requires

factors such as the number and size of the etched holes to be carefully determined.
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To make this problem easier to understand, four different microstrip EBG structures
with rectangular holes etched on the ground plane, as shown in Fig. 3.1, are investigated.
These four configurations have the same periodicity but different numbers and sizes of holes.

The corresponding EM simulation results from Momentum [50] are graphed in Fig. 3.2.
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Fig. 3.1 Microstrip EBG structures with rectangular holes etched on the ground (0.635mm-thick
substrate with a dielectric constant of 10.2); Periodicity: D = 3.9mm; Width of the holes: W = 3.0mm;
Length of the holes: (a) L; = 0.75mm (4 holes), (b) L; = 0.75mm (6 holes), (c) L, = 1.5mm (6 holes),
and (d) L; =2.25mm (6 holes).
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Fig. 3.2 Frequency responses of the microstrip EBG structures shown in Fig. 3.1: (a) comparison of

the frequency responses of Fig. 3.1 (a) and Fig. 3.1 (b), and (b) comparison of the frequency
responses of Fig.3.1 (b), Fig. 3.1 (¢), and Fig. 3.1 (d).
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It is evident from Fig. 3.2 (a) that increasing the number of the holes from 4 to 6 results
in a better rejection level in the stopband. It is also observed from Fig. 3.2 (b) that increasing
the size of the hole improves the stopband characteristics, but degrades the passband return

loss.

The problem can be further demonstrated by carrying out a simple one-dimensional
transmission line periodic structure analysis [51]. An equivalent network of a unit cell is a
shunt normalized susceptance B with transmission lines (length = d/2, where d is the
periodicity of the structure) on both sides as depicted in Fig. 3.3, where V and I, are the
total voltage and current amplitudes, respectively; that is, the sum of the contributions from
the incident and reflected TEM waves at the terminal plane. The diagram illustrates the
voltage-current relationships at the input and output of the ny section in the cascaded
periodic structure.
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Fig. 3.3 Equivalent circuit for a unit cell of the microstrip EBG structure.

The transmission characteristics of the periodic structure are evaluated by determining
the complex propagation constant y =« + jf for the overall periodic structure. If the
periodic structure is capable of supporting a propagating wave, then the voltage and current
at the (n+1)y terminal should be exactly the same as the voltage and current at the ng,
terminal, apart from a phase delay due to a finite propagation time. The propagation constant

can then be obtained by solving the following characteristic equations [51]:
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and

=AD-BC+e” —e”(A+D)=0, (3.2)

where A, B, C, and D are the elements of the ABCD matrix of the unit section in Fig. 3.3.

For the case where

<1, y=jp, and attenuation constant « is zero. Under such

circumstances, the periodic structure works in the propagating mode, representing the

passband of the periodic structure. The propagation constant is then given by

cosﬂd:A;D. (3.3)

For the case where

> 1, the periodic structure is an evanescent mode. In this case,

=0, y =a, and the attenuation constant is given by

A+D A+ D
- <

, -1
_ 2 2
coshad = ASD ASD . 3.4
, >1
2 2

Three configurations of the unit cell are reflected in Fig. 3.4. Width W of these unit cells
is fixed while the lengths differ. The ABCD matrices of these unit cells are calculated by
Momentum. The results obtained, for « , are exhibited in Fig. 3.5. It is evident that a wide
stopband is obtained with the use of the large size unit cell. However, this considerably

degrades the return loss in the passband.
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Fig. 3.4 Single units of the microstrip EBG structures with rectangular holes etched on the ground

(0.635mm-thick substrate with a dielectric constant of 10.2): (a) L; = 0.75mm, (b) L, = 1.5mm, and

(c) Ly =2.25mm.
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Fig. 3.5 Comparison of the attenuation constants corresponding to the structures in Fig. 3.4.
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It is obvious from the previous discussion that the RF performance of microstrip EBG
structures is determined by many factors, including the periodicity, and the number and size
of the holes. The use of full-wave EM simulators can become very time-consuming, because
the design of EBG structures is complicated. Therefore, a rigorous and efficient field analysis

for EBG structures is critical.

3.3 EM Analysis of Microstrip EBG Structures

To analyze the microstrip EBG structures in Fig. 3.1, especially the ones with a large
array of holes, commonly used EM analysis methods such as the Method of Moment (MoM),
Finite Element Method (FEM), and the Finite Difference Time Domain (FDTD) method take
considerable CPU-time. Therefore, it is proposed that the transverse resonance technique
[52-54] and mode matching technique [55, 56] are applied for the EM analysis of EBG
structures. The significant advantage of combining these two techniques is that there is
neither the very time-consuming meshing nor the numerous unknown parameters to solve, as

required by the MoM, FEM and FDTD.

For the typical microstrip EBG structure in Fig. 3.6, it can be simplified, with the use of
the transverse resonance technique [54], to the two resonator structures illustrated in Fig. 3.7
(a) and (b). In other words, the analysis of the whole structure reduces to the analysis of two
resonators, formed by using half the EBG structure with electric and magnetic wall
terminations. Short circuit planes are inserted at some distance (L. and L,,) away from the
discontinuity for both resonators. Now the problem is to determine resonant length L, and L,,
at a specified frequency. These lengths are then used to compute the S-parameters of the

entire structure.
For the two resonators shown in Fig. 3.7, if propagation in the x-direction is considered,

the structure stacking in the y-z plane is regarded as a cascaded discontinuity (N-furcated

waveguide junction) of several layers, as displayed in Fig. 3.8.
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Fig. 3.6 Top view of a microstrip EBG structure.
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Fig. 3.7 Half structure of the microstrip EBG structure in Fig. 3.6: (a) with electric wall termination

by inserting short circuit planes at some distance L, and (b) with magnetic wall termination by

inserting short circuit planes

at some distance L,,.
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Fig. 3.8 Side view of the microstrip EBG structure (half) shown in Fig. 3.7.

The S-parameters of each of the discontinuities in Fig. 3.8 are determined by the mode
matching technique [55]. The scattering at N-furcated parallel plate junction has been
addressed in [56]. The analysis is extended here to deal with the scattering at the N-furcated
waveguide junction. For example, for the discontinuity of the N-furcated rectangular

waveguide junction, the cross-section view in the x-y plane is illustrated in Fig. 3.9.

R

Fig. 3.9 Cross-section view in the x-y plane of the N-furcated rectangular waveguide junction.
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The junction is composed of a normal rectangular waveguide (air/dielectric for x < 0)
and an N-furcated waveguide (for x > 0). The junction fields are then readily expanded in

complete sets of orthogonal TE and TM modes.

Let the transverse E-fields in the normal waveguide at junction plane x = 0 be given by

the modal series expansion,

E0(27y)ZZAOpEOp(Z7y):g()TZO 5 (3.5

cos( mLﬂzj . cos( nZJ/ jforTE modes

m]izzj . sin( nZy J forTM modes

. p is the pth mode. L

where modal vector field ¢, =
sin(

and b are defined in Fig. 3.8 and Fig. 3.9, respectively. The transverse E-fields in the N-

furcated waveguide at junction plane x = 0 are expressed by the following expansion:
E(z.y)=2 4,2,(z.y)=¢ 4, (3.6)

cos{@} . cos[%} forTE mod es

1

m'zz(z—z»]sm{n'n(y—y,)
b,

i

. q is the

L,

1

where modal vector field e, =
sm{ } forTM modes

1

gth mode and i is the ith hole. L; and b; are the dimensions of the ith hole in the z-direction

and the y-direction, respectively.

At junction x = 0, the boundary conditions on the tangential E-field dictate that

0 over
E\(zy)=¢"4, over d,
_ —r— 0 over t,
Ey(z,y)=¢ 4, = . - (3.7)

E,(z,y)=ér A, over d,

0 over ty,,
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If Eq. (3.7) is multiplied by column matrix €,(z,y) due to the orthogonality of the modal

fields, then the product is integrated over the area of the discontinuity on the y-z plane,

leading to the following equation:

—_

SENEN
Il
S

Z0 =[HyHg,...Hyy] (3.8)

0N
=

The matrices H;, i =1,2,..., N are the E-field mode-matching matrices. The pgth elements of

the matrices H  are given by

I &, (2,5)-€,(z,y)ds
T (3.9)

[.20, )-8,z )ds

oi,mn

The S-parameters of the N-furcated waveguide junction are obtained from the following

equations [57]:

Sy =(F; +H'P/H)" (P, ~H'P/H), (3.10a)

S, =HI+5,), (3.10b)

S, =2(Pl +H"P/H)"'H"P], (3.10c)
and

Sy =HS, -1, (3.10d)

where T denotes Hermitian transpose. P4 and Pp are the diagonal matrices whose diagonal
elements are the powers, carried by the unit amplitude modes in the normal rectangular

waveguide and the N-furcated waveguide. Good results are expected to be achieved by using
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only one TE mode and one TM mode in each of the N-furcated waveguides, and N TE modes

and N TM modes in the large waveguide.

The overall S-parameters of the discontinuities are then easily evaluated by the
generalized scattering matrix technique. Then, resonance length (i.e., L. and L,) can be
calculated from the S-parameters with the application of the transverse resonance technique;
each of the lengths corresponds to a resonance frequency (f. and f,,) through a determinant

equation individually [54].

For the propagation in the z-direction, elements S, and S, (Fig. 4.8), associated with the
dominant mode in the scattering matrices, are well represented by the following two

equations, respectively:

S, (1,]) = -t/ (3.11a)
and

S (L1) = —e" (3.11b)

where [ is the propagation constant of the dominant mode of the microstrip transmission

line with EBG structures. The scattering elements of the dominant mode of the entire

structure are then expressed as

Su(LD) = S,y (L1) = %[Sm (LD +S, (L] (3.12a)
and

S, =5, 1])= %[sm L) - S, (1LD)]. (3.12b)

So far, the S-parameters are obtained theoretically by the transverse resonance technique
and the mode matching method. The mode matching technique is well documented and
covered in literatures. To demonstrate the proposed concept, HFSS [58] is used instead of the

mode matching technique to calculate the S-parameters of the discontinuities seen in the x-
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direction of Fig. 3.8. A lookup table is generated for frequencies versus L, and L, . Once L,

and L are obtained, the substitution in Eq. (3.11) and (3.12) provides the overall S-

parameters of the microstrip EBG structures shown in Fig. 3.6. A comparison between the

results of the proposed method and those obtained by using HFSS are provided in Fig. 3.10.

H T —_—_—
-10 -
B e T

a [ 1 — . N—

S-parameters (dB)

T 1 S — S

1 : ; : —o— S11(TRT)
230 - N B ——&— S821(TRT)
3 ; 3 : —e— S11(HFSS)
: ‘ ‘ —=— S21(HFSS)
i i i \
0 2 4 6 8 10 12
Frequency (GHz)

Fig. 3.10 Comparison of the S-parameters of the microstrip EBG structure shown in Fig. 3.6 by using

transverse resonance technique and HFSS.

3.4 Proposed Microstrip EBG Structures

Although some efforts [7, 8, 59] have been reported to improve the passband-stopband
performance of microstrip EBG structures, it is still difficult to achieve a microstrip EBG

structure with a reasonable performance in both the passband and the stopband.
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The stopband characteristics can be created alternatively by using slots etched on the
ground plan. By an appropriate choice of the slot dimensions, the isolation level and the
stopband bandwidth are controlled. Loading the slots with metal can greatly reduce their
sizes. In this section, several metal-loaded slot configurations are proposed and theoretically

investigated.

Fig. 3.11 is a schematic of a 50 Q) microstrip line, incorporating metal-loaded slots of
various shapes, etched on the ground plane. All the slots possess the same length (L) of
60mils and width (W) of 240mils. A 25mil-thick substrate with a dielectric constant of 10.2 is
selected for all the cases. These metal-loaded slots resemble multi-ridge waveguide and T-

septa waveguide structures, which are known to have lower cutoff frequencies.

I |
[ [
/ \/L\ / Microstrip line ) i

Slot in ground plane

(a) (b)

/ a7

Microstrip line
AN & i

Slot in ground plane

(©) (d)

Fig. 3.11 Schematics of slots with various shapes etched on the ground plane: (a), (b), and (c) metal-

loaded slots, and (d) rectangular slot.
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Fig. 3.12 illustrates the corresponding EM simulation results of the four slot
configurations of Fig. 3.11. All the results demonstrate cut-off frequencies and resonant
frequencies which act as stopbands. The results clearly indicate that metal-loaded slots can
shift the resonant frequency down by more than 50%. Such a shift in frequency can translate
to a size reduction in the width of the slots. With the use of the resonant frequency of the
rectangular slot as a reference, the width of the metal loaded slots is reduced to give the same
resonant frequency. The results are given in Fig. 3.13. When they are compared with the
result of the rectangular slot in Fig. 3.11 (d), the width of slots (a), (b), and (c) is reduced by
53%, 68%, and 45%, respectively. Additionally, metal-loaded slots present much steeper
cutoff characteristics, which is desirable in filter design, shown in Fig. 3.12 and Fig. 3.13. It
is also noticed that the metal-loaded slots with different shapes and dimensions lead to a
different bandwidth in the stopband; that is, the rectangular slot in Fig. 3.11 (d) exhibits the
largest bandwidth in the stopband, whereas the corrugated slot in Fig. 3.11 (c¢) and the folded
slot in Fig. 3.11 (a) demonstrate smaller stopband bandwidths. The slot configurations in Fig.
3.11 (a) and Fig. 3.11 (c) are investigated to comprehend the effects of the slots’ physical

parameters on overall performance.

S21 (dB)

-30

0 4 8 15 16
Frequency (GHz)

Fig. 3.12 Simulated S-parameters of the metal-loaded slots (a), (b), (c), and rectangular slot (d) in Fig.
3.11.
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Fig. 3.13 Simulated S-parameters of the metal-loaded slots: (a) W= 112mils, (b) W = 76mils, (¢) W =

134mils, and the rectangular slot (d) W = 240mils with the same resonant frequency.

3.4.1 Corrugated Slots

Fig. 3.14 displays a schematic of a 50 Q2 microstrip line with a corrugated slot etched on
the ground plane. The optimal position for the slot is found to be where its centre is located,
immediately under the microstrip line. This position maximizes the interaction between the
microstrip line and the slot. The comparative EM simulation results with the various physical
dimensions of the slots are illustrated in Fig. 3.15. It is evident that increasing the slot width
with a fixed slot length lowers the stopband frequency. On the contrary, increasing the slot
length with a fixed slot width increases the stopband frequency and broadens the stopband.
The performance of the corrugated slot configuration can be controlled and further improved

by adjusting dimensions a and d of the corrugation.
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Fig. 3.14 Schematic of a corrugated slot etched on the ground plane.
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Fig. 3.15 Simulated S-parameters for different length L and width W of the corrugated slots (0.5mm-
thick substrate with a dielectric constant of 24); Model 1: L = 0.2mm, W = 2.4mm; Model 2: L =
0.2mm, W= 3.4mm; Model 3: L = 1.0mm, W = 3.4mm.
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3.4.2 Folded Slots with T-Shaped Metal-Loading

Fig. 3.16 provides a schematic of a 50 Q microstrip line with a folded slot with a T-
shaped metal-loading etched on the ground plane. The resonant frequency of the structure is
determined by the two factors reflected in Fig. 3.16: gap distance g and area (i.e., ax b) of the
T-shaped metal-loading. The influence on the resonant frequency from the gap distance is
investigated by varying the value of g (e.g., 60mils, 120mils, and 180mils) while keeping the
area of the metal-loading a constant (¢ x b = 40mils x 220mils). EM simulation results in
Fig. 3.17 indicate that the resonant frequency increases from 6.2GHz to 7.8GHz with a

tuning range of 1.6GHz as the gap distance increases.

To study the effect of the metal-loading dimensions on the resonant frequency, a x b is
varied with a fixed gap distance of 120mils. The corresponding EM simulation results in Fig.
3.18 indicate that the larger the area of the metal-loading, the lower the resonant frequency.
The resonance in this case increases from 6.2GHz to 8.2GHz with a tuning range of 2GHz.
Therefore, by choosing suitable dimensions of the folded slots, the performance of the

microwave circuit, employing this kind of structure, is easily controlled.

Vv
Vv,

Fig. 3.16 Schematic of a folded slot with T-shaped metal-loading etched on the ground plane.
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Fig. 3.17 Simulated S-parameters of the folded slot resonators; gap distance g is 60mils, 120mils, and

180mils, respectively; area of T-shaped metal-loading a x b is 40mils x 220mils for all cases.
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Fig. 3.18 Simulated S-parameters of the folded slot resonators; area of T-shaped metal-loading a x b
is S6mils x 236mils, 40mils x 220mils, and 20mils x 200mils, respectively; gap distance g is

120mils for all cases.

54



3.5 Modelling of the Folded Slot Resonators with T-Shaped
Metal-Loading

Although the EM simulations are rigorous and accurate, they require a substantial
computational effort. To achieve a fast and accurate analysis of the proposed folded slot

resonators, a simple and efficient model is developed.

3.5.1 Transmission Line Circuit Model

Consider the folded slot resonator in Fig. 3.16 as an example. A transmission line circuit

model is developed, and the corresponding circuit diagram is illustrated in Fig. 3.19.

Znc Zp Zp Zyc

Zy

Z1(S.C.)

Fig. 3.19 Transmission line circuit model of the folded slot resonator shown in Fig. 3.16.

In this model, the folded slot is considered as two individual short-circuited slot lines
underneath the microstrip line. The coupling between the microstrip line and the slot line is

represented by a voltage transformer. Transformer ratio N is [60, 61]

_rm

N (3.13)

0
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where V) is the voltage across the slot, and / is the thickness of the dielectric substrate. V()

is calculated by

Lo/

vih=-[ /22 E_(h)dx, (3.14)

Le

where E.(h) is the electric field of the slot line on the dielectric surface on the opposite side,

and L¢ is the length of the coupling section of the microstrip to the slot line. Therefore [61,

62],
V. 27h 27h
E.(h) = ——2dcos| 2w |~ cot(gy)sin| ZZu b, (3.15
() L {cos( 10 uj co (qo)sm( i uj} (3.15)
where
7, :2—”hu+tanl(ﬁj, (3.16)
Ao v
2
"= gr_(&J , (3.17)
/lsg
and
2
v (ﬁ] 1. (3.18)
2’sg

& 1s the dielectric constant, Ay is the free-space wavelength, and Ay, is the guided wavelength
of the slot line. Once the characteristic impedance of slot line Zsc and slot wavelength Ay, are
obtained from the closed-form expressions in [63], slot impedance Zg at the input of the two
short-circuited slot lines, with a length of L; and L,, can be easily calculated to be

Zs=Zg || Zg, , where

Z, =27 o |1)e0 (=12). (3.19)
Zo+jZ, tan(T-L.)

Z, +jZ, tan(j” L)

i
sg
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Zs; and Zs; are the input impedance of the two slot lines in parallel, respectively, underneath
the microstrip line. The impedance of the loading Z; is zero, because the two slot lines are
short circuited. The length of L, is equal to L; in Fig. 3.16, and the value of the series

impedance Z), in the z-equivalent circuit is

Z,=NZ,. (3.20)

It is noteworthy that shunt impedance Zp of the 7=network is infinity (i.e., open circuit) when
the slot is perpendicular to the microstrip line [64]. The S-parameters of the slot resonators
are obtained as a function of the physical dimensions, dielectric characteristics and
frequencies. Fig. 3.20 graphs the simulation results of the folded slot resonator in Fig. 3.16,
based on the previous model. The proposed model provides results that are in good
agreement with those of the EM simulation which is also shown in Fig. 3.20. Therefore, the
derived equivalent transmission line circuit model for the folded slot resonator is shown to be

a direct and an efficient method for designing practical circuits.
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S-parameters (dB)
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—=&— 821 (EM) | ;
-30 \ \ i \
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Fig. 3.20 Comparison of the S-parameters of the folded slot resonator shown in Fig. 3.16 from the

transmission line circuit model (Fig. 3.19) and the EM simulation.
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3.5.2 RLC Lumped-Element Circuit Model

It is also quite straightforward to think of using a RLC lumped-element circuit model to
explain the observed resonance characteristic of the folded slot resonator in Fig. 3.16, since
the RLC circuit is able to generate such a resonance [12]. The introduction of the RLC circuit
for the analysis and simulation facilitates the synthesis of more complicated microwave
circuits by using a lowpass prototype. The RLC lumped-element circuit model is displayed in
Fig. 3.21, and is capable of representing the first and second resonance for the folded slot

resonators of Fig. 3.16.

Input port for the

first resonance ““'1“““'
. —,_ Input port for the
> |second resonance
____________________________________ 1
1sl resonance 2nd resonance
L4 L,
o WAN———0
Ri R,
| |
11
C1 Cz
O O

Fig. 3.21 RLC lumped-element circuit model of the folded slot resonator in Fig. 3.16.

The lumped-element parameters of the RLC circuit are extracted by using an
optimization program [65] either from the simulation results of the proposed transmission

line circuit model or EM simulator. R, L, and C are derived as [66]
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1
R=2zo(m—1) , (3.21)
21

0=,

o Ja* (R+2Z,)* —42;
2Z,R1-a* (0, -®,)

(3.22)

and

L=(w,C)", (3.23)

where Z) is the characteristic impedance of the slot transmission line, @, is the resonant angle

frequency, and S,, =a atw = @, = , . For the folded slot resonator in Fig. 3.16, the lumped-
element parameters are computed as R; =3300Q, R, =400Q, C; = 0.85pF, C, = 0.65pF, L,
= 0.82nH, and L, = 0.154nH. A comparison between the results of the RLC lumped-element
circuit model in Fig. 3.21 and those of the EM Simulation is given in Fig. 3.22. A good

correlation is observed up to 20GHz.
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Fig. 3.22 Comparison of the S-parameters of the folded slot resonator shown in Fig. 3.16 from the
RLC lumped-element circuit model (Fig. 3.21) and the EM simulation.
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The stopband generated by a single slot is not broad enough to satisfy the practical
requirements. One way to achieve this goal is to cascade a few slots that can create multiple
stopbands. If these stopbands are close enough together, a wide stopband is obtained [67]. It
is more flexible to use cascaded slot resonators than conventional periodic EBG structures,
because the length and the width of the slots, and the distance between the two adjacent slots

can easily vary, and well meet the design specifications.

3.6 Applications of the Folded Slot Resonators in Filter Designs

The proposed folded slot resonators can be used for implementing bandstop filters,

lowpass filters, and bandpass filters.

3.6.1 Bandstop Filters

Higher order bandstop filters can be achieved by cascading a specific number of the
folded slot resonators. The circuit models in Fig. 3.19 and 3.21 are applied to calculate the
frequency characteristics for, not only one slot resonator, but also, several cascaded slot
resonators. With the use of these models, the simulation time is significantly reduced,
achieving the results that are in agreement with those of the EM analysis. A general synthesis

approach is employed in bandstop filter designs.

A third-order microstrip bandstop filter with folded slot resonators is shown in Fig. 3.23.
Three slot resonators, with the same or different dimensions, are spaced a quarter guided
wavelength apart. Only the first resonance of each slot without any losses (i.e., no R shows
up in Fig. 3.21) is taken into account for the synthesis. By using an admittance inverter for
the quarter-wavelength microstrip line and shunt LCs to represent the three slot resonators
respectively, an equivalent circuit for the third-order bandstop filter is obtained, as depicted
in Fig. 3.24. Here Y, is the terminating admittance, and Y, denotes the characteristic

admittance of the inverter.
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Fig. 3.23 Third-order microstrip bandstop filter using folded slot resonators (top view).

1% slot 2" slot J 3" slot

Fig. 3.24 Equivalent circuit of the third-order microstrip bandstop filter shown in Fig. 3.23.
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All the circuit parameters are easily calculated in terms of lowpass prototype elements as

follows [68]:

2
Y
(—“] . (3.24)
Y, 808N+
Y 2
C=y|2| —25 _ i—1wN, (3.25)
Y, Q. FBWw,
and
L =(@C)" i=1toN, (3.26)

where N = 3 in the case of the third-order filter, @y is the resonant frequency of each slot

0, — 0,

resonator, FBW = . is the fractional bandwidth of the bandstop filter, and g;

(00
are the element values of lowpass prototype. For example, in order to achieve a bandstop
filter with a fractional bandwidth of 1.15 and resonant frequency of 6.9GHz, third-order
lowpass Chebyshev prototype elements of gy =g, =1, g; = 23 = 0.6292, and g,= 0.9703 with
a passband ripple level of 0.01dB, are used. The corresponding inductances L; and
capacitances C;, in Fig. 3.24, are obtained from Eq. (3.24) to (3.26) as the following: C; = C;
=0.632pF, L; = L3 =0.835nH, C, =0.410pF, and L, = 1.287nH.

The physical dimensions of the filter can be determined from these inductance and
capacitance values, based on the proposed transmission line circuit model, demonstrated in
Fig. 3.19. It is observed from the synthesis that the first and the third slot resonator should be
identical, whereas the middle slot should possess the different dimensions. The conclusion
from the observation is that the bandstop filters, based on conventional microstrip EBG
structures can never attain the optimal design, since the EBG units must be identical to each
other. Fig. 3.25 shows the simulated frequency responses of the designed filter. The synthesis
results are in good agreement with the EM simulations for the designed bandstop filter are

presented.
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Fig. 3.25 Comparison of the S-parameters of the third-order microstrip bandstop filter using folded

slot resonators shown in Fig. 3.23 from the equivalent circuit (Fig. 3.24) and the EM simulation.

3.6.2 Lowpass Filters

Since a single folded slot resonator presents both the cutoff (lowpass) and the resonance
(bandstop) characteristic, microstrip lowpass filters can also be realized by cascading a
specific number of such slot resonators. The stopband widens in relation to the increased

number of slots, leading to a lowpass filter.
3.6.2.1 Designs of the Lowpass Filters

To compare, Fig. 3.26 represents three filter configurations, where one employs
rectangular slots, and the other two employ folded slots. Non-uniform folded slots are used in

one of these filters to optimize its passband-stopband characteristics. The EM simulation

results for the isolation and the return loss of the three filters are signified in Fig. 3.27. It is

63



obvious that with the identical width (L) and the same periodicity (D), the microstrip filter
with non-uniform folded slots presents the widest stopband of 5GHz, the lowest return loss at
-18dB, and a lower cutoff frequency of 5.5GHz. Thus, the use of microstrip structures with
non-uniform folded slots yields a compact design with an improved performance in both the

passband and stopband.
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Fig. 3.26 Microstrip lowpass filters employing slots etched on ground plane: (a) rectangular slots, (b)

uniform folded slots, and (¢) non-uniform folded slots.
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Fig. 3.27 EM simulation results of the microstrip lowpass filters with slots etched on the ground plane

shown in Fig. 3.26: (a) S;; and (b) S,;.
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To design and optimize microstrip lowpass filters with non-uniform folded slots, RLC
lumped-element circuit models for single slots, demonstrated in Fig. 3.21, are chosen to
construct and optimize the circuit model for the entire filter. The periodicity of the slots is
Ag/4 (Ag is the guided-wavelength) at the centre frequency in stopband, which is half the
spacing required for that of traditional EBG-based microstrip filters. The initial synthesis and
design of the lowpass filters is based on a traditional lowpass filter design technique [69].
Yet, other modifications are carried out by using the proposed circuit model to optimize the
filter performance. After the optimized circuit simulation results are obtained, an EM
simulator is used to verify and fine tune the filter performance. The dimensions of the folded

slots are adjusted to achieve the optimal performance of the lowpass filters.

Fig. 3.28 shows photographs of one of the fabricated microstrip lowpass filters with
non-uniform folded slots, etched on the ground plane. Fig. 3.29 depicts both the RLC
lumped-element circuit simulation and EM simulation of the designed microstrip lowpass
filter. The experimental results for the fabricated filter are given in Fig. 3.30. As seen, a wide
stop bandwidth and a significant improvement of the passband characteristics are achieved.
Fig. 3.31 shows a photograph of another fabricated microstrip lowpass filter with non-
uniform folded slots, etched on the ground plane, and the measured results are denoted in

Fig. 3.32.

(b)

Fig. 3.28 Fabricated microstrip lowpass filter with non-uniform folded slots etched on the ground

plane: (a) top view and (b) bottom view.
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Fig. 3.29 Comparison of the S-parameters of the designed microstrip lowpass filter shown in Fig. 3.28

from the RLC lumped-element circuit model and the EM simulation.
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Fig. 3.30 Measurement results of the designed microstrip lowpass filter shown in Fig. 3.28.
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Fig. 3.31 Fabricated microstrip lowpass filter with non-uniform folded slots etched on the ground

plane (bottom view).
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Fig. 3.32 Measurement results of the designed microstrip lowpass filter shown in Fig. 3.31.
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Fig. 3.33 is a bottom view of the third fabricated microstrip lowpass filter which uses
folded slots with a double-sided metal-loading. The advantage of such a filter is that it
presents a lower cutoff frequency than a filter with the same dimensions, but employs folded
slots with a one-side metal-loading. The filter can become more compact, and the same
approach and procedure are performed to design the filter in Fig. 3.33. Both the EM
simulation and experimental results for the fabricated filter are given in Fig. 3.34, which

exhibits a good RF performance in both the passband and the stopband.

Fig. 3.33 Fabricated microstrip lowpass filter using folded slots with double-sided metal-loading

(bottom view).

3.6.2.2 Applications of the Lowpass Filters

The novel compact microstrip lowpass filters, demonstrated in Section 3.6.2.1, have an
insertion loss close to that of a 50Q) transmission line of the same length. They are useful in
applications that require the suppression of out-of-band interference signals. Fig. 3.35 shows
a schematic of a 5-pole microstrip bandpass filter operating at 7GHz. The dielectric substrate
is 25mil-thick with a dielectric constant of 10.2. The EM simulation results are demonstrated

in Fig. 3.36, which shows the first spurious mode located at 15GHz.
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Fig. 3.34 Frequency responses of the designed microstrip lowpass filter shown in Fig. 3.33: (a) EM

simulation and (b) measurement.
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Fig. 3.35 Schematic of the 5-pole microstrip bandpass filter (top view).
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Fig. 3.36 Simulated frequency responses of the designed microstrip bandpass filter shown in Fig.
3.35.
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Typically, the approach to reduce or eliminate the undesired spurious mode is to cascade
the bandpass filter with a lowpass filter whose cutoff frequency is designed at approximately
15GHz. The integration of the bandpass filter and the lowpass filter, shown in Fig. 3.37,
leads to a 20dB reduction of the spurious mode that is indicated in Fig. 3.38.

Ground
Microstrip
line

Via
holes

Fig. 3.37 Cascading of the bandpass filter with the lowpass filter (top view).
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Fig. 3.38 Simulated frequency responses of the microstrip bandpass filter cascading with the lowpass
filter shown in Fig. 3.37.
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Alternatively, the lowpass filter in Fig. 3.37 can be replaced by the newly developed
lowpass filters, demonstrated in Section 3.6.2.1, since such type of lowpass filters are
amenable to microstrip structures. Furthermore, the lowpass filter use folded slots etched on
the ground plane indicating that they can be placed immediately underneath the bandpass
filter, instead of beside it. Thus, the integration of the two filters results in a very compact
structure. Fig. 3.39 signifies the integration of the bandpass filter with the lowpass filter
using folded slots, and the corresponding simulation results are shown in Fig. 3.40. The 20dB

improvement of the spurious mode is achieved.

<«—— Ground

Slots in the Microstrip line
ground plane

Via holes

Fig. 3.39 Integration of the bandpass filter with the lowpass filter using folded slots (top view).
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Fig. 3.40 Simulated frequency responses of the integration of the microstrip bandpass filter with the

lowpass filter using the folded slots shown in Fig. 3.39.
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3.6.3 Bandpass Filters

By introducing a series capacitor to a microstrip transmission line over a folded slot, a
resonator demonstrating one attenuation pole and one passband pole is created. Fig. 3.41

demonstrates two possible means to generate a series capacitor over the folded slot.

/|
-
4 : Interdigital

capacitor

Parallel-coupled

line capacitor

Microstrip line Microstrip line

Slot in ground plane

Slot in ground plane

(a) (b)

Fig. 3.41 Schematics of resonators with folded slots etched on the ground plane by using (a) an

interdigital capacitor and (b) a parallel-coupled line capacitor.

The introduction of additional series capacitors Cs; and C;; to the inductances in Fig.
3.21 leads to the lumped-element circuit model in Fig. 3.42, which can be used to explain the

transmission characteristics of the slot resonators in Fig. 3.41.

1% resonance 2" resonance

—H o

Fig. 3.42 Lumped-element circuit model of the resonators shown in Fig. 3.41.
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The equivalent circuit in Fig. 3.42 indicates that the slot resonator has attenuation poles
at ay; (i = 1,2) and passband poles located at w,; (i = 1,2), regarding the first and second
resonance, respectively. R and C are determined by the attenuation poles so that their values
can still be obtained from Eq. (3.21) and (3.22). According to the resonant conditions of the

slot resonator, the values of Cy and L can be derived as

oy ,
C, = Ci(a)_o;_ i=12 (3.27)
and
L, :(wfics[)_l = 1’2 : (328)

Table 3.1 summarizes the physical dimensions (referring the definitions in Fig. 3.16) of
the proposed folded slot resonator (Fig. 3.41 (a)) on a 25mil-thick dielectric substrate (&, =
10.2) and the corresponding extracted parameters of its lumped-element equivalent circuit.
Fig. 3.43 demonstrates a good agreement between the results of the lumped-element circuit

model shown in Fig. 3.42 and those of EM Simulations.

Table 3.1 Extracted equivalent circuit parameters for a folded slot resonator in Fig. 3.41 (a).

Dimensions of the Slot 1* Resonance 2" Resonance
L =120mils R;=2000Q R,=180Q2
W = 240mils C;=0.20pF C,=0.61pF

a = 40mils, b = 80mils L;=2.68nH L,=0.12nH
g = 120mils Cs; = 0.75pF Cs> = 0.85pF

Bandpass filters can be carried out by cascading a number of the slot resonators, as
given in Fig. 3.41. Two adjacent resonators are connected and coupled to each other by a
piece of microstrip transmission line. To achieve 2-pole bandpass microstrip filters, two slot
resonators are connected by a microstrip line whose length is approximate A, /8 (Fig. 3.44).
The filters have much a smaller size than that of traditional quarter-wavelength coupled line
bandpass filters or filters with half-wavelength capacitively coupled resonators. Also, instead
of a narrow passband determined by the strong frequency dependency of the normal line
resonator in the bandpass filter design, the slot resonator can be employed to the design of

broadband bandpass filters.
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Fig. 3.43 Comparison of the S-parameters of the slot resonator shown in Fig. 3.41 (a) from the

lumped-element circuit model (Fig. 3.42) and the EM simulation.

v e

(a) (b)

Fig. 3.44 Schematics of 2-pole microstrip bandpass filters designed by using (a) the slot resonator
shown in Fig. 3.41 (a) and (b) the slot resonator shown in Fig. 3.41 (b).
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Fig. 3.45 reflects of the fabricated 2-pole microstrip bandpass filters with the schematic
shown in Fig. 3.44 (a). The corresponding simulated and measured results for the fabricated
filter are given in Fig. 3.46. A good agreement between the measurement results and those of
EM simulations is demonstrated. The insertion loss is -0.8dB at the centre frequency of the

filter.

(a) (b)

Fig. 3.45 Fabricated microstrip bandpass filter with the schematic shown in Fig. 3.44 (a): (a) top view

and (b) bottom view.
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Fig. 3.46 Comparison of the S-parameters of the fabricated microstrip bandpass filter shown in Fig.

3.45 from the EM simulation and measurement.
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Fig. 3.47 illustrates the fabricated 2-pole microstrip bandpass filters whose schematic
isshown in Fig. 3.44(b). The corresponding simulated and measured results for the fabricated

filter are given in Fig. 3.48. An insertion loss of -1.2dB at the centre frequency of the filter is
obtained.

(a) (b)

Fig. 3.47 Fabricated microstrip bandpass filter with the schematic shown in Fig. 3.44 (b): (a) top view
and (b) bottom view.
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Fig. 3.48 Comparison of the S-parameters of the fabricated microstrip bandpass filter shown in Fig.

3.47 from the EM simulation and measurement.
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Fig. 3.49 depicts a schematic of the designed 3-pole bandpass filter by using the slot
resonator shown in Fig. 3.41 (a). Fig. 50 demonstrates that the EM simulation results are in a

good correlation with the circuit simulation results.

P 4

Fig. 3.49 Schematic of the designed 3-pole microstrip bandpass filter by using the slot resonator
shown in Fig. 3.41 (a).
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Fig. 3.50 Comparison of the S-parameters of the 3-pole bandpass filter shown in Fig. 3.49 from the

circuit simulation and the EM simulation.
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The novel microstrip bandstop, lowpass and bandpass filters, using proposed folded
slots etched on the ground plane are introduced in this chapter. The bandstop filter is
designed by using a general synthesis approach, based on the developed RLC lumped-
element circuit model. Also, several microstrip lowpass filters employing the folded slot
resonators, are fabricated and measured, providing a size reduction and a better RF
performance than those traditional EBG-based microstrip filters. Several microstrip bandpass
filters, using proposed folded slot structures, are designed and built as a very compact
structure. Again, the measured results of the filters support the results of the simulations and

exhibit a superior RF performance.
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Chapter 4

Microstrip Tunable Lowpass Filters

4.1 Introduction

High performance RF tunable filters are needed in reconfigurable systems to facilitate
efficient utilization of the available frequency spectrum. They are in demand in front-end
receivers for the suppression of interference signals and for the relaxation of oscillator phase

noise and dynamic range requirements.

Most of the work reported in the literature [70-79] has been focused on the tunable
bandpass filters, whose insertion loss is determined by the Q of the filter itself and the O of
the tuning element whether it is a semiconductor, ferroelectric, ferromagnetic (YIG, ferrite),
or MEMS device. YIG tunable filters suffer from a fairly bulky size despite their relatively
low insertion loss. Semiconductor or MEMS tuning elements are amenable to integration
with planar resonators, making it possible to realize miniature tunable bandpass filters.
However, even with the use of high-Q MEMS tuning elements, the Q of this type of filter is

limited mainly by the Q of the planar resonators.

The novel compact lowpass filter, demonstrated in Chapter 3, has an insertion loss close
to that of a 50Q transmission line of the same length. The integration of tuning elements into

such types of lowpass filters [80, 81] results in a very low loss miniature tunable filter.
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Although the majority of applications require the use of tunable bandpass filters, the
availability of miniature tunable lowpass filters with a wide tuning range fits applications that

require the suppression of out-of-band interference signals.

An implementation of digital and analogue tunable lowpass filters by using RF MEMS
switches and varactor diodes, respectively, is presented in this chapter [81, 82]. To predict
the performance of the tunable lowpass filters, the simple transmission line circuit models are
employed. The analysis includes the effects of the physical dimensions of the filters and the
tuning elements. The experimental results for the tunable lowpass filters confirm the results
of the simulations, demonstrating a remarkable RF performance with a low loss and wide

tuning range.

4.2 Microstrip Tunable Lowpass Filters

This section presents a new concept for implementing tunable lowpass filters by
employing proposed folded slot resonators etched on the ground plane. When RF MEMS
switches are selected to short-circuit the slots in the ground plane, the effective length of the
slots can be varied to achieve a tunability at discrete frequencies. Continuous tuning is
achieved by replacing the switches with varactors as the tuning elements. After simple
transmission line circuit models for the proposed structures are presented, the tunable filters

are then analyzed.

4.2.1 Design of Digital Tunable Lowpass Filters

The digital tunable lowpass filters presented in this section use commercially available
RF MEMS switches [83] for integration into the slots. Such types of the switches act as an
open circuit when in the OFF state and a short circuit when in the ON state. A digital tunable
lowpass filter is implemented by actuating arrays of RF MEMS switches located on the slots
between the ON and OFF states, thereby changing the cutoff frequency of the lowpass filter.
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4.2.1.1 Digital Tunable Slot Resonators

Fig. 4.1 (a) shows a schematic of a 50 QQ microstrip line with a folded slot etched on the
ground plane [80]. An EM simulation is performed by HFSS, whose frequency response is
given in Fig. 4.1 (a). The structure exhibits typical passband-stopband properties [80]. The
resonant frequency of the resonator is determined by width # and length L of the folded slot.
Fig. 4.1 (b), (¢), and (d) illustrate three configurations of the structure where short bridges are
placed across the slot at different locations. Also, the RF performance of these structures is
represented in Fig. 4.2 (b), (c), and (d), respectively. It is observed that, upon moving the
short bridge from the slot edge (i.e., Fig. 4.2 (b)) to the slot centre (i.e., Fig. 4.2 (d)), the
corresponding resonances are shifted to higher frequencies, demonstrating a tuning range of

4GHz.

/] /]
) N
Short bridge
/ /L 7/ / 7/
@ Microstrip line /»/ /7

X Vb

Slot in ground plane

(a) (b)

I P SN
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; 7
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4 L

Slot in ground plane

(©) (d)

Fig. 4.1 Schematics of the slot resonators: (a) a resonator without any short bridges, (b), (c), and (d)

resonators with short bridges at different positions.
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Fig. 4.2 EM simulations of the transmission coefficients of the slot resonators in Fig. 4.1.
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Fig. 4.3 Transmission line circuit simulations of the transmission coefficients of the slot resonators

shown in Fig. 4.1.
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To achieve a fast and accurate analysis of the slot resonators in Fig. 4.1, the transmission
line circuit model, illustrated in Fig. 3.14 is used again. The length of L, is equal to L, in Fig.
4.1 (a) and is varied, as seen in Fig. 4.1 (b) to Fig. 4.1 (d), due to the different locations of the
short bridge. Fig. 4.3 displays the simulation results of the corresponding slot configurations
in Fig. 4.1 based on the transmission line circuit model. The results confirm those of HFSS,

shown in Fig. 4.2.

The advantage of this resonator configuration is that the Q of the switching element
(shorting bridge) does not have a significant impact on the RF performance of the structure.
To investigate the losses caused by the short bridge on the slot, very lossy conductor is used
as the short bridge in the simulation of the slot resonator in Fig. 4.1 (b). Fig. 4.4 presents a
comparison of the simulated results between the resonator, assuming a perfect conductor for
the short bridge, and a very lossy conductor with a conductivity of 4 x 10° s/m (i.e., 100
times less than the conductivity of gold). The resistance of the short bridge is calculated to be
10 Q, if a conductivity of 4 x 10° s/m [84] is assumed. This value of the resistance is much
higher than that of MEMS switches. It is selected high enough to represent the worst case
scenario. It can be seen that the lossy element does not have a major impact on the insertion
loss within the passband, indicating that the QO of the switching elements have a negligible
effect on the insertion loss of the filter. Therefore, the loss of the tunable filter is
predominantly determined by the Q of the planar structure; in this case, it can be as low as

that of a 50Q transmission line of the same length.

4.2.1.2 Digital Tunable Lowpass Filters

The proposed concept of the digital tunable slot resonators can be used to implement
higher order tunable lowpass filters. Fig. 4.5 shows a schematic of a typical microstrip
lowpass filter with 10-slot resonators, etched on the ground plane [80]. The frequency
response of this filter is shown as curve (a) in Fig. 4.6. In addition, Fig. 4.6 shows three
cases, where the short bridges are placed at various positions across each slot of the filter.
The corresponding frequency responses for positions b, ¢, and d are marked on Fig. 4.6 as

(b), (c), and (d).
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Fig. 4.5 Schemetic of a 10-slot microstrip lowpass filter.
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Fig. 4.6 Simulated S-parameters (i) S;; and (ii) S,; of the lowpass filters: (a) without any short bridges
and (b), (c), and (d) with short bridges at position b, ¢, and d respectively, as shown in Fig. 4.5.
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To experimentally verify the proposed concept of tunable lowpass filters, bonding wires
are used to emulate the short bridges. Fig. 4.7 pictures the fabricated filter and a
microphotogragh of the centre slot with a bonding wire at its top left corner. The
experimental results for the fabricated filter with wire bonds at positions b, ¢, and d on each
slot (Fig. 4.5) are plotted in Fig. 4.8. It can be seen that a wide tuning range of approximately

60%, with a low insertion loss performance, is obtained.

Bonding wire

aa -a

- corrrfrroe Mg

Fig. 4.7 Microstrip lowpass filter (bottom view) and the centre slot with the bonding wire at its top

left corner.

The previous design of using the bonding wires as the short bridges on the slots to vary
the cutoff frequency of the filter validates the proposed concept of implementing tunable
lowpass filters. In principle, if the switches are on the slots of the filter, instead of the
bonding wires, it is expected that the cutoff frequency of the filter can be digitally adjusted
by activating the switches between their ON and OFF states. In addition, an increased
flexibility in the tuning range of the filter is achievable by an appropriate combination of the

ON/OFF states of the switches.
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Fig. 4.8 Measured S-parameters (i) S;; and (ii) S,; of the lowpass filters: (a) without any short bridges
and (b), (c), and (d) with short bridges at position b, ¢, and d respectively, as shown in Fig. 4.5.

89



The commercially available Single-Pole-Single-Throw (SPST) MEMS switches from
Radant [83] are selected as a replacement for the short bridges, implemented in the digital
tunable lowpass filters. These switches are designed to operate with a triggering voltage of
80 V over a frequency range of DC — 12GHz. At 4GHz, the isolation of the switch is 20dB,
whereas in the ON state the insertion loss of the switch is 0.18dB and the return loss is 24dB.
The ON state resistance of the switch is less than 1Q.

Fig. 4.9 illustrates the fabricated digital tunable lowpass filter loaded with two arrays of
switches, four for each array. This design leads to a switched tunable filter with four states.
The simulated and measured transmission coefficients of the tunable filter are shown in Fig.
4.10 and Fig. 4.11, respectively. The measurements reveal that the cutoff frequency of the
tunable filter is 4.5GHz with all the switches off (state 1). The frequency shifts to 5.2GHz,
when only the first array of switches is turned on (state 2), and climbs to 5.8GHz, when only
the second array of switches is activated (state 3). A cutoff frequency of 6.5GHz is obtained,
when all the switches are turned on (state 4). The experimental results show a broad tuning
range of 2GHz with a low insertion loss of 0.6dB. It can be seen that there is a minor
distortion of the frequency response of state 4. Perhaps, this can be attributed to the fact that
all of the switches might not have identical operating performances, which slightly degrades

the overall performance of the tunable filter.

Fig. 4.9 Digital tunable lowpass filter (bottom view) using two arrays of SPST MEMS switches and
the detail of MEMS switch assembly.
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Fig. 4.10 Simulated transmission coefficients of the fabricated digital tunable lowpass filter shown in

Fig. 4.9: (a) state 1, (b) state 2, (c) state 3, and (d) state 4.
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Fig. 4.11 Measured transmission coefficients of the fabricated digital tunable lowpass filter shown in

Fig. 4.9: (a) state 1, (b) state 2, (c¢) state 3, and (d) state 4; Insert: magnified measured transmission

coefficients in the passband.
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It should be pointed out that the experimental tunable lowpass filters, without shielding,
exhibit radiations from the slots in the stopband. This radiation, which occurs only in the
stopband, has no significant impact on the passband performance of the tunable lowpass
filters. However, it is necessary and important to take into account the radiation loss of the
designed filters. This is due to the fact that in some cases, there is a requirement to reduce or
avoid the radiation of the slots to any other neighboring circuits. Like conventional
microstrip filters, the proposed tunable lowpass filter needs to be packaged. The performance
of the filter is investigated, with the filter positioned inside a metallic housing. Fig. 4.12
displays a three-dimensional (3-D) view of the 4-slot tunable lowpass filter (Fig. 4.9) in a
metallic box. Because the ground plane is perforated, the filter must be suspended in the box

instead of being fixed on a metal base directly.

Fig. 4.12 3-D view of the tunable lowpass filter suspended in a metallic housing (dashed line).
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The simulation results indicate that the effect of the radiation loss significantly depends
on spacing d between the ground of the filter and the bottom plate of the housing. If spacing
d is very small; that is, less than the thickness of the dielectric substrate, the cutoff frequency
of the passband significantly shifts to a higher frequency, than that of the unshielded filter.
The extreme situation happens if there is no spacing between the ground and the bottom plate
of the housing. In this case, the circuit is no longer a lowpass filter; instead, it transmits
signals like a microstrip line. When the spacing is large enough; that is, more than four times
of the thickness of the substrate, the cutoff frequency of the filter remains unchanged. Fig.
4.13 offers a comparison of the radiation loss (1-S,,/-|S,,*) between the tunable lowpass filter
with and without a metallic housing. All switches are in the OFF state (state 1 in Fig. 4.10). It

can be clearly seen that the radiation mainly occurs in the stopband.
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Fig. 4.13 Comparison of the simulated magnitude of the radiation loss (1-|S;;[-|S:*) between the

tunable lowpass filter (Fig. 4.9) with and without a metallic housing when all switches are in the OFF

state.
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4.2.2 Design of Analogue Tunable Lowpass Filters

The replacement of the RF MEMS switches with varactor diodes attached across the
slots, provides the capability to continuously tune the filters. As a result, a lowpass filter with
tunability at continuous frequencies, based on the previous concepts, is developed,

fabricated, and measured.

4.2.2.1 Analogue Tunable Slot Resonators

An analog tunable slot resonator is obtained by using a variable capacitor loaded across
the slot in the ground plane. Fig. 4.14 exhibits a configuration of a tunable slot resonator with
a varactor located at the position of the short bridge and the corresponding equivalent circuit.
In the ideal case of no loss, a circuit analysis is performed, based on the same approach in
Section 3.4.1 by considering the varactor as a variable capacitor, mounted at a specific

position of the slot.

In Fig. 4.14 (b), Zs> is given by

iz T L)
L UZg+ jecC, A, i
S2 = SC 1 272_ . ( . )

Zgc tan(——-L,)

ti
1/Zg, + joC, Asg

Zsi (i = 1,2,3) is the input impedance at the positions shown in Fig. 4.14 (b). Zs; and Zg; are
calculated by using Eq. (3.19) in Chapter 3. The definitions of A, and Zgsc are the same as
those definitions in Eq. (3.19). Consequently, the corresponding S-parameters of the slot
resonator in Fig. 4.14 (a) are calculated by the same method as the one used to calculate the

S-parameters for the folded slot resonator itself, in Section 3.5.1.
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Fig. 4.14 Tunable slot resonator with a varactor on the slot: (a) configuration and (b) equivalent

circuit model.

The HFSS EM simulation results are obtained by assuming a parallel-plate capacitor
connected across the slot. The capacitance is varied by changing the thickness of the
dielectric material between the two plates. Both the EM and the circuit (Fig. 4.14 (b))
simulation results are depicted in Fig. 4.15. It is observed that the resonant frequency moves
down by 1.4GHz as the capacitance value of the variable capacitor increases from 0.2pF to
0.7pF. Again, the two results are in good agreement. Since the capacitance of the varactor
varies within a range of the DC bias voltage, a continuous tuning range is achievable, when

the DC bias voltage is adjusted within the varactor’s voltage range.
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Fig. 4.15 Simulation results of a tunable slot resonator with a variable capacitor on the slot in Fig.

4.14 (a): (a) circuit simulation and (b) EM simulation.
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To experimentally validate the concept, an analogue tunable slot resonator is fabricated
with a MDT varactor diode [85] mounted on the ground plane. In Fig. 4.16, the varactor is
biased with a 100pF capacitor from the bias line to ground, providing an RF short for the

varactor and an open circuit for the bias.

P 0 A TOLAEL A

MDT varactor diode Capacitor (100 pF)

Fig. 4.16 Analogue tunable slot resonator (bottom view) with a MDT varactor diode on the ground

plane.

Fig. 4.17 conveys the measured results of the tunable resonator with junction
capacitance C; varied from 0.2pF (when the bias voltage = 25V) to 0.7pF (when the bias
voltage = 1V) over a 25V bias range. The results indicate that a practical tuning range of
1.4GHz is achieved, the same as the value predicted by the proposed circuit model analysis.
However, each resonant frequency from the testing results is consistently around 0.7GHz
lower than those values of the simulations. The measurement results exhibit the same loss
level within the passband as predicted from the simulations; a degradation of the rejection
level is yet revealed in the stopband. These observed discrepancies, in terms of the frequency
shift, are very likely due to the package parasitics of the varactor diode. The problem can be
circumvented by testing the varactor diode independently to determine its actual equivalent

circuit before assembly.
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Fig. 4.17 Measurement results of the fabricated analogue tunable slot resonator with a MDT varactor

diode on the ground shown in Fig. 4.16.
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Fig. 4.18 Lossy circuit model of a tunable slot resonator with a packaged varactor.
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To further investigate the loss effect on the RF performance, a lossy model of the
varactor is used to replace the simple lossless variable capacitor in the circuit analysis to
more closely represent the real situation. The corresponding circuit diagram is shown in Fig.
4.18. Ry is the series resistance of the varactor, whereas Cp represents the shunt package
capacitance. Lg accounts for the inductance of the bonding wire to the package. Junction

capacitance, C;(V), varies as a function of the bias voltage.

In the investigation, described in this thesis, Ry = 4Q, Ls = 1.0nH and Cp = 0.15pF. All
the characteristics of the varactor diode used in the tunable resonator are provided by MDT
from a data sheet, listing the measured performance of each varactor. The circuit simulation
results of the lossy model of the varactor (Fig. 4.18) are presented in Fig. 4.19. Now it is easy
to include the varactor losses, such that the results are in good agreement with the measured
ones. Theoretically, the varactor is a capacitive loading that is equivalent to increasing the
electrical length of the slots. Consequently, analogue tunable slot resonators with varactors,

provide tuning ranges at lower frequencies than those using digital tunable slot resonators.
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0 1 2 3 4 5 6

Frequency (GHz)

Fig. 4.19 Simulation results of the fabricated tunable slot resonator using the lossy model of the

varactor shown in Fig. 4.18.
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4.2.2.2 Analogue Tunable Lowpass Filters

Analogue tunable lowpass filters can be implemented by cascading several varactor-
tuned slot resonators. Unlike the digital tunable lowpass filter whose tuning range is
principally determined by the position of the RF MEMS switches across the slots, the tuning
range of the analogue tunable lowpass filter is decided by both the value of the variable
capacitance and the location of the varactors on the slots. Fig. 4.20 displays a schematic of an
analogue tunable lowpass filter with the same varactors placed across the slot at positions A
and B. The simulated RF performance of the filter for the two cases is shown in Fig. 4.21 (a)
and (b) respectively. Obviously, the tuning range of the filter depends on the location of the
varactor diodes. Input impedance Zs of the single slot in Fig. 4.18 varies according to the
different location of the varactor on the slot, like the transmission characteristics of the

tunable filter with a cascade of several slot resonators.

Position a

V=777

[TEET ]

I
7

Position b

Fig. 4.20 Schematic of an analogue tunable lowpass filter with the same varactors placed across the

slot at positions a and b.
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Fig. 4.21 Simulated transmission coefficients of the analogue tunable lowpass filter with the same
varactors at the different locations on the slots: (a) varactors at position a and (b) varactors at position

b.

An analogue tunable lowpass filter, as illustrated in Fig. 4.22, is designed, manufactured,
and measured. Transmission line equivalent circuit models for single slot resonators are used
to construct the circuit model for the entire tunable filter. Four varactor diodes are mounted
on the ground plane in the same manner as the RF MEMS switches of the digital tunable 4-
slot lowpass filter. The varactor diodes are from MDT [85] with a series resistance of 4Q), a
series inductance of 1.0nH, and a package capacitance of 0.15pF. Junction capacitance C;
varies from 0.2pF to 0.7pF over a 25V bias range. Each varactor is biased with a 100pF DC
block capacitor. The four varactors are then connected one to another through a wire bond,

such that only one DC bias is needed for operating the entire circuit.
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Capacitor (100 pF)

MDT varactor diode

Fig. 4.22 Analogue tunable lowpass filter (bottom view) using four varactors and the detail of the

varactor assembly.

The simulated and measured transmission coefficients of the analogue tunable lowpass
filter are shown in Fig. 4.23 (a) and (b) respectively. The calculated tuning range is from
3.7GHz (C; = 0.5pF) to 4.6GHz (C, = 0.2pF). The measured response of the filter presents a
tuning range from 3.6GHz to 4.4GHz with all varactors biased equally in parallel. The results
clearly indicate that the agreement between the measured results and theoretical predictions
is good enough that the developed transmission line circuit model is definitely practical for
applications for designing such types of filters. The measured insertion loss of the entire
passband under each bias voltage is less than 0.6dB, which is almost the same as that of the
lowpass filter itself. The experimental results prove that by varying the voltages applied to
the varactor diodes over a 25V bias range, a tuning range of 0.8GHz is achievable without a
performance degradation in the passband. Fig. 4.24 depicts the measured 3dB cutoff
frequency of the analogue tunable lowpass filter as a function of the applied varactor bias

voltage.

102



R = W-
0 A S Al
) ‘
© . ‘ . !
=20 T,
-« : ' | |
N ! : 3 !
/2] ! 3
-30 s S b
—<— CJ=0.5pF, bias=4V
—*— CJ=0.4pF,bias=10V !
—=— CJ =0.3pF, bias=15V 3
—=— CJ=0.2 pF, bias=25V |
-40 ' \ i
0 1 2 3
Frequency (GHz)
(a)
0 g
A0 | |
g \
© :
~ .20 - : 1
-— : ‘ :
N : ‘ . | s
@ 1_2 3 4 1
i Freqeuncy (GHz) 3
-30 : N SO -
—<— CJ=0.5pF, bias=4V ;
—— CJ=0.4pF,bias=10V :
—=— CJ =0.3pF, bias=15V 3
—=— CJ=0.2pF, bias=25V |
-40 ' \ i \
0 1 2 3 4

Fregeuncy (GHz)

(b)

Fig. 4.23 Transmission coefficients of the fabricated analogue tunable lowpass filter shown in Fig.

4.22: (a) circuit simulation results and (b) measurement results;

transmission coefficients in the passband.
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Fig. 4.24 Measured 3dB cutoff frequency of the fabricated analogue tunable lowpass filter versus the

applied bias voltage of the varactor.

4.2.3 Ultra-Wideband Tunable Lowpass Filter

It is noticed that the digital tunable lowpass filter, described in Section 4.2.1, provides a
tuning range of 2GHz (from 4.5GHz to 6.5GHz), whereas the analogue tunable lowpass filter
in Section 4.2.2 presents a total tuning range of 0.8GHz (from 3.6GHz to 4.4GHz). For a
fixed slot length, the tuning range can be extended to a higher frequency with the use of
switches and to a lower frequency with the use of varactors. It is expected that the
combination of these two types of tuning elements (i.e., the switches in Section 4.2.1.2 and
the varactors in Section 4.2.2.2) in the filter can generate an even larger tuning range. This

concept is demonstrated in Fig. 4.25.
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Fig. 4.25 Configuration of the ultra-wideband tunable lowpass filter.

Fig. 4.26 illustrates the simulated transmission coefficients of the proposed tunable
lowpass filter in Fig. 4.25. The cutoff frequencies of the ultra-wideband tunable lowpass
filter at the different states are listed in Table 4.1, where the results demonstrate a broad

tuning range of 3GHz. In this case, varactors can also be used for fine tuning the filter.
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Fig. 4.26 Simulated transmission coefficients of the ultra-wideband tunable lowpass filter shown in

Fig. 4.25: (a) state 1, (b) state 2, (¢) state 3, (d) state 4, and (e) state 5.
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Table 4.1 Cutoff frequencies of the ultra-wideband tunable lowpass filter at the different states.

Switches | Switches | Varactor Bias Junction Frgglice)flf;:y

(Array 1) | (Array 2) V) Capacitance C; (pF) (GHz)
State 1 OFF OFF 4 0.5 3.7
State 2 OFF OFF 25 0.2 4.6
State 3 ON OFF 25 0.2 5.4
State 4 OFF ON - - 6.0
State 5 ON ON - - 6.7
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Chapter 5

Low-Cost Dielectric Resonator Filters

5.1 Introduction

A wireless communication system demands a large number of base station filters with
not only a good in-band performance in terms of low losses, but also a reliable out-of-band
spurious performance. DR filters are preferable for wireless base stations due to their
superior characteristics of a high O and miniaturization. However, cost reduction is still a key
factor for furthering the applications of DR filters in wireless base station applications. There
are increased demands for low-loss DR filters that are compact, and capable of being

manufactured in a large quantity at a reasonable low cost [86].

The most commonly used DR structures are divided into two configurations: individual
dielectric resonators that are loaded axially in metal enclosures, in which it is difficult to
physically support the resonators [32, 35, 87], or individual resonators that are mounted in a
planar configuration [40, 44, 88, 89]. In the latter case, DRs are centred and mounted inside a
filter housing by a support of low-dielectric-constant and low-loss material. The cost
involved with the assembly, alignment, and integration of the combined dielectric
resonator/support structure is a major factor of the overall cost of DR filters. Additionally,

grinding the individual resonators and machining the individual supports contributes to the
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overall cost of DR filters. Consequently, the current approaches for implementing DR filters

are therefore relatively expensive and hardly amenable to mass production.

In addition, the employment of nonadjacent couplings to implement advanced filter
functions such as asymmetric frequency responses is required in some applications. A
cascaded triplet is essential for asymmetric filter realization. This triplet can be regarded as a
basic building block for the implementation of higher order coupled filters with asymmetric
responses. A transmission zero in the stopband of the triplet is formed by producing either a
positive or negative cross coupling between the input and output resonators. In traditional DR
triplets, probes are sometimes needed to realize these transmission zeros. The traditional DR
triplets are, therefore, mechanically difficult to manufacture and integrate due to the
complicated assembly of the probe. This drives up the production cost significantly,
emphasizing the need for a new approach to implement the nonadjacent coupling for the DR

triplets.

In this chapter, a novel DR filter configuration, implemented as a single piece of a high-
K ceramic substrate, is presented [90, 91]. The proposed configuration considerably reduces
the cost of assembly and integration, associated with conventional DR filters. A 2-pole and 4-
pole filter of this type operating in a TEH(; fundamental mode, are developed, manufactured,
and tested. After the spurious performance of the filters is investigated, an improved spurious
response is demonstrated theoretically and experimentally for the 2-pole and 4-pole filters.
Furthermore, a novel triplet structure, based on the concept of the proposed DR
configuration, is introduced to provide a new approach to implement nonadjacent couplings
for the realization of asymmetric filtering characteristics. The proposed filter structures are

very attractive for use in low-cost high-Q mass production of wireless filter applications.

5.2 Design Considerations for Dielectric Resonator Filters

Design considerations for dielectric resonator filters include the filter O value, spurious

performance, power handling capability, and production costs [88].
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The Q value provided by the DR suppliers, is the unloaded Q, not the actual filter Q.
Typically, unloaded Q is the inverse of the loss tangent of the dielectric material. Besides the
loss tangent, the achievable filter O value is determined by other factors such as the size of
the enclosure, support structure and tuning elements. Increasing the size of the enclosure
increases the Q value of the filter. Also, the conductivity of the metal materials used for the
enclosure has an impact on the Q value. A support structure, constructed of dielectric

material with a low dielectric constant (e.g., & = 4.5) is used to mount the dielectric

resonator. A layer of adhesive material is inserted between the resonator and the support (Fig.
5.1). It is crucial to keep in mind that the support structure can significantly degrade the Q if
it is not properly designed. A variation in the dielectric constant translates to a shift in the
resonant frequency of a dielectric resonator. Typically, grinding machine is applied to adjust
the resonator dimensions to compensate for the tolerances in the dielectric constant.
However, screws are still needed to tune the resonant frequencies, and the coupling values

between any two of the resonators. However, these screws degrade the Q value of the filter.

Tuning element

Dielectric resonator

[——— Adhesive layer
Enclosure ——
Support

Fig. 5.1 Typical support structure of a DR resonator.
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Among all known types of microwave filters (e.g., waveguide, coaxial, and etc.), DR
filters exhibit the worst spurious performance. Usually, an improvement can be achieved by
cascading another lowpass filter with the DR filter to eliminate some spurious modes, but at
the expense of increasing the size and insertion loss. Otherwise, a specific structure (e.g., a

ring resonator) must be used to suppress the spurious modes.

The thermal conductivity of the support and adhesive material are significant factors in
designing high-power DR filters. The support structure should be designed to allow the heat,

generated by the dielectric resonator, to be easily transferred to the metallic enclosure.

The production cost of DR filters includes the materials of the resonator and support,
and involves the assembly, integration, and alignment of the dielectric resonators, a major
cost item. Tuning is a must in order to meet all the specification requirements. It is this

tuning process that increases the production costs of DR filters.

5.3 Configurations of the Proposed DR Filter and Support

The proposed DR filters are constructed as one piece from a substrate of high-K
materials. All the dielectric resonators are connected one to another by the same high-K
dielectric material, resulting in a piece which can be efficiently and accurately cut to the
desired dimensions. Thus, for a DR filter operating at the single mode, the assembly of the
N-pole filter reduces from the assembly of N individual resonators to the assembly of one
dielectric substrate. To support the new DR filters, a corresponding mounting structure is
proposed. The DR filters and the support structure are combined by a layer of adhesive so
that they can easily fit inside the filter housing. Thus, the complexity of the assembly process

is substantially reduced.
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5.3.1 High-K Ceramic Dielectric Substrates

The commercially available Trans-Tech [92] high-K ceramic substrates that are used to
construct the proposed DR filters are represented in Fig. 5.2. The composition of the material
is a blend of BaTi4O9 and Ba,TigO,9. The employed substrate, which is the same as the one
for the traditional dielectric resonators, has a thickness of 3.5mm, a dielectric constant of

38.6.

Fig. 5.2 Trans-Tech high-K ceramic substrates used to construct the proposed DR filters.

5.3.2 Proposed DR Filter Configurations

Fig. 5.3 illustrates two feasible resonator configurations that are easily machined from a
single piece of the dielectric substrates, given in Fig. 5.2. The two square resonators are
physically attached to each other, either at the corner or in the middle, through the same high-
K material. Such structures ensure a precise spacing among resonators, since they are indeed
a single piece, eliminating the need for alignment between the resonators of the conventional
DR filters. The dielectric material linkage between the two resonators, along with the air gap
provides the necessary electrical coupling between the two resonators. Fig. 5.4 displays the
electric-field distributions of the single-mode and dual-mode of the two DR configurations,
obtained by the HFSS eigenvalue solver. The resonators operate in either the TEHy; mode or
the HEH;; dual mode, similar to that of conventional single-mode or dual-mode dielectric

resonators, respectively.
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Fig. 5.3 Two feasible DR configurations.

Fig. 5.4 Electric-field distributions of the two DR configurations shown in Fig. 5.3.
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To implement DR filters by using the proposed DR configurations, the coupling
between two connected resonators is investigated. The coupling coefficient depends on the
spacing and the shape of the gap. In order to calculate the coupling, HFSS [58] EM
simulations of two identical coupled resonators are carried out for various values of the inter-
resonator spacing D with the calculation of the even and odd resonance frequencies f, and f,,.
The normalized coupling coefficient K is then given by (£,°~/,,)/(f.,>+f,”). The results of the
calculated coupling coefficients, as a function of D for both proposed configurations (Fig.
5.3) with a fixed width (e.g., Imm) W of the linkage between the two resonators are
demonstrated in Fig. 5.5. It can be seen that the coupling values, generated by both proposed
DR configurations in Fig. 5.3, are fairly close. As a result, either configuration can be used to

construct a DR filter in terms of the coupling required in the filter design.
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Fig. 5.5 Coupling coefficients versus D.

5.3.3 Structure of the Support

Like conventional dielectric resonators, a mounting structure is also required to support
the proposed resonator structures. This prevents the direct contact of resonators with the

metallic enclosure, reducing conductor losses and enhancing the unloaded @ wvalues.
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Mounting arrangements and support materials have a significant impact on the overall filter
performance. Also, the support materials have to meet specific criteria such as low dielectric

constant, low loss, and being mechanically stable.

The supports for the proposed DR filters are fabricated from commercially available
Teflon with a low dielectric constant of 2.1 and a loss tangent of 0.0003. Teflon is also used
here because it can be easily cut, sheared, and machined to the desired shape, as represented
in Fig. 5.6 (a). The primary benefit of using a single piece of Teflon as the support, rather
than individual cylindrical post commonly found in conventional DR filters, is that the
manufacturing complexity is greatly reduced, and there is no need of alignment between the
resonators and the support. The resonators can fit well into the support with the help of a
low-loss adhesive layer. This structure of the support is more suitable for mounting the DR in
Fig. 5.3 (a) than with the DR in Fig. 5.3 (b), since it provides a much better support for the
linkage between the resonators. Therefore, the DR structure in Fig. 5.3 (a) is selected for
designing all the proposed filters. The assembled structure, as conveyed in Fig. 5.6 (b), can

be easily fit inside the filter housing as one piece.

Assembly with —>
resonators

(a) (b)

Fig. 5.6 (a) Support structure and (b) the assembled support and the resonators shown in Fig. 5.3 (a).
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5.4 Fabrication of the Proposed DR Filters

The most challenging part of achieving the proposed DR filter structures is to find an
appropriate fabrication approach. Traditional mechanical machining fails to work on the
ceramic substrates due to the hardness of the materials. Laser machining (Fig. 5.7 (a)) is
relatively expensive, and is not well applicable for cutting such thick ceramic materials due
to the high power and heat input. As an alternative, low-cost waterjet machining (Fig. 5.7
(b)) turns out to be very effective in machining such substrates. This technique uses a
powerful stream of cold water mixed with a certain amount of fine sand, directed onto the
substrate to carry out the cutting. Unlike laser machining, waterjet cutting has the unique
advantage that there is no heat input to distort the material. At the same time, the machining

is computer controlled, leading to a highly precise and efficient process.

(a) (b)

Fig. 5.7 Available fabrication methods: (a) laser machining and (b) waterjet machining.

5.5 DR Filter Designs

To implement DR filters by using the proposed dielectric resonator configurations, mode
charts, internal and external couplings of the DR filters are investigated. Several filters of this

type operating in the TEH,;, fundamental mode are designed, fabricated, and measured. The
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spurious performance of the filters is investigated, and the theoretical designs of the filters

are confirmed and supported by measurement results.

5.5.1 Mode Chart

Typically, DR filters exhibit an excellent in-band performance, but poor out-of-band
spurious characteristics due to the crowded mode spectrum. The rule of design in achieving a
DR filter with a wide spurious-free performance is to use a mode chart to select the resonator

dimensions that provide a well-spaced mode spectrum.

For high-K ceramic substrates with a dielectric constant of 38.6 from Trans-Tech, the
available thickness of the substrates varies from less than 1mm up to several millimetres. For
the quality factor and spurious performance, it is critical to select the appropriate thickness of
the substrate. Fig. 5.8 shows a mode chart that describes the effects on the resonant frequency

when substrates with a thickness of 3.5mm are selected.

Resonant Frequecy (GHz)

Fig. 5.8 Mode chart of a DR made from Trans-Tech ceramic materials with a dielectric constant of

38.6 and a thickness of 3.5mm.
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5.5.2 Internal and External Coupling

The design of the proposed DR filters follows the standard filter synthesis steps. The
internal coupling between the two adjacent resonators and external (input/output) coupling

are synthesized from the elements of the filter coupling matrix.

To implement a 2-pole filter, the simple coupling structure, illustrated in Fig. 5.3 (a) is
used. Spacing D between the two resonators and width W of the linkage between the two
resonators determines the inter-resonator coupling. The coupling coefficients are calculated as
a function of D and W, and the corresponding results are given in Fig. 5.9. When D is fixed,

the coupling decreases as W increases. When W is fixed, the larger value of D leads to a

smaller coupling.

Coupling coefficient K

Fig. 5.9 Coupling coefficient versus W.

In the newly designed 2-pole filter, a W of 3mm is chosen for both the RF performance
and the solidity of the filter structure. The corresponding specified correlation, between the
coupling coefficient and spacing D, is given in Fig. 5.10. From it, the value of spacing D can

be determined with the knowledge of the required coupling value.
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Fig. 5.10 Coupling coefficient versus D (W = 3mm).

The external couplings are attained by using coaxial probes. The probes are placed co-
directional with the electric-field of the I/O resonators to excite the TEHy; mode inside the
resonators. The desired external Q is obtained by varying the I/O coupling between the
probes and the end resonators [68] by changing the length L of the probes, as depicted in Fig.
5.11. The calculated external quality factor Q., as a function of the probe length, is presented

in Fig. 5.12.

Fig. 5.11 Simulation model of the external quality factor (side view).
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Fig. 5.12 Calculated external quality factor versus L.

5.5.3 2-Pole DR Filters

To achieve a Chebyshev 2-pole filter with a passband ripple of 0.04dB, a centre
frequency of 4GHz, and a bandwidth of 40MHz, the internal coupling value K = 0.01662 and
the external quality factor O, = 66 are required. The corresponding dimensions of the
resonators can then be determined from Fig. 5.10 and Fig. 5.12. The designed filter is
precisely machined with the desired dimensions and mounted in a metallic enclosure. The
enclosure is manufactured from copper, in two parts: a body and a lid. When fine tuning is
necessary, tuning screws for adjusting both resonant frequency and couplings can be inserted

through the holes in the lid.

A 2-pole DR filter, based on the proposed concept, is designed with a centre frequency
of 4GHz and a bandwidth of 40MHz (i.e., a relative bandwidth of 1%). In the design
procedure all the relevant geometrical features, including the dielectric resonators, the
support, and the metallic enclosure are taken into account. Fig. 5.13 gives a photograph with

the assembly of the fabricated 2-pole DR filter. The measured in-band results of the filter are
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shown in Fig. 5.14 in comparison with the simulation results. The centre frequency is

slightly lower than 4GHz due to the tolerance of the dielectric constant of the ceramic

substrate.
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Fig. 5.14 Simulation and measurement results of the fabricated 2-pole DR filter shown in Fig. 5.13.
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In addition, the spurious performance of the 2-pole filter is examined. Fig. 5.15 denotes
the simulated and measured wideband frequency responses of the fabricated 2-pole DR filter
in Fig. 5.13. According to the prediction of the mode chart in Fig. 5.8, the first spurious
frequency is the HEH;; mode which should appear at 4.6GHz. There is another spurious
resonance that shows up at 4.18GHz. The simulated two-dimensional electric-field
distribution of the filter, at 4.18GHz, is plotted in Fig 5.16. It shows that this undesirable
spurious mode is the result of the filter configuration with two resonators connected to each
other. Furthermore, Fig. 5.16 provides valuable information for the suppression of this
unwanted mode. It is indicated that this mode can be significantly suppressed (i.e., moved to
a higher frequency) by making a circular hole along the axis of the resonator; yet, the
fundamental passband performance remains unchanged, since the fundamental mode has a
zero electric-field along the axis, whereas the spurious mode has an electric-field that is

concentrated in the middle of the resonator.
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Fig. 5.15 Wideband frequency responses of the fabricated 2-pole DR filter shown in Fig. 5.13.
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Fig. 5.16 Two-dimensional electric-field distribution of the 2-pole DR filter (Fig. 5.13) at 4.18GHz.

A modified 2-pole DR filter with concentric holes drilled through the resonators is
designed and fabricated, as shown in Fig. 5.17. To achieve the required internal and external
coupling, the size of the resonators and the spacing between them are changed. The
concentric holes can be easily drilled by waterjet machining with the precise positions and
dimensions as designed. Fig. 5.18 presents the corresponding simulated and measured results
of this new filter, where the spurious-free stopband is increased from 180MHz to 600MHz.
The maximum insertion loss in the passband of the 2-pole filter (Fig. 5.17) is 0.25dB, and an
unloaded Q of approximately 5,000 is achieved. The Q-factor incorporates the conductor
losses and the dielectric losses of the resonator and its surroundings. In particular, it is
degraded due to the insertion of the tuning screws, which damage the filter performance,
caused by the screw loss and screw self-resonance. A much better Q can be achieved with the
use of the recently developed high-Q dielectric materials, as well as with the use of silver or

gold-plated housing and tuning screws.
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Fig. 5.17 Modified 2-pole DR filter with concentric holes in the resonators.

S-parameters (dB)

—=— S11 (Simulation)

.60 -| —=— S21 (Simulation)

—— S11 (Measurement)

—=— 8§21 (Measurement)
I

3.8 4 42 44 4.6 4.3
Frequency (GHz)

Fig. 5.18 Simulation and measurement results of the fabricated 2-pole DR filter shown in Fig. 5.17.
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5.5.4 4-Pole DR Filters

The successful design of the 2-pole DR filters makes it possible to implement higher
order DR filters by using the same concept. As a result, a 4-pole DR filter is designed and
built. To achieve a Chebyshev 4-pole filter with a passband ripple of 0.04dB, a centre
frequency at 4GHz and a bandwidth of 40MHz, the inter-resonator coupling value K, = K34
=0.0091, K,3 = 0.007 and the external quality factor O, = 93 are required. However, for the
4-pole filter, when the effects of the coupling from other adjacent or nonadjacent resonators
are introduced, the centre frequencies of each resonator vary slightly, thus, the resonator

dimensions require further adjustment in order to maintain the same centre frequency.

A photograph with an assembly of the designed and fabricated 4-pole DR filter is given
in Fig. 5.19. To eliminate the mutual coupling between the input and output resonators, the
built-in shielding fin is employed. Fig. 5.20 signifies the simulated and measured in-band
performances of the filter. A transmission zero appears in the upper frequency band and is

attributed to a small stray coupling.

. <«—— Tuning
screw

Housing
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Fig. 5.19 Photograph and the assembly of the fabricated 4-pole DR filter.
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Fig. 5.20 Simulation and measurement results of the fabricated 4-pole DR filter shown in Fig. 5.19.
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Fig. 5.21 Spurious responses of the fabricated 4-pole DR filter shown in Fig. 5.19.
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Fig. 5.21 demonstrates the spurious responses of the fabricated 4-pole filter in Fig. 5.19.
Similarly, the first spurious appears at 4.2GHz due to the integration of the four resonators as
a single piece, whose electric-field distribution at the spurious frequency is shown in Fig.
5.22. To suppress the unwanted spurious response at 4.2GHz, a new 4-pole DR filter with
concentric holes in the resonators and a cross-shaped built-in fin in the housing, as shown in

Fig. 5.23, is designed and fabricated.

Fig. 5.22 Two-dimensional electric-field distribution of the 4-pole DR filter (Fig. 5.19) at 4.2GHz.

Fig. 5.23 Modified 4-pole DR filter with concentric holes in the resonators.
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Fig. 5.24 illustrates a configuration to calculate the coupling coefficient for designing
the filter shown in Fig. 5.23. A plot of the calculated coupling coefficient as a function of D
with a fixed width but different length L of the built-in fin is drawn in Fig. 5.25. Fig. 5.26
offers the corresponding simulated and measured results of the modified 4-pole DR filter
design (Fig. 5.23). The spurious-free stopband is increased from 200MHz to 480MHz, and
the maximum insertion loss in the passband of the filter (Fig. 5.23) is 0.4dB. An unloaded QO
of about 5,000 is achieved. The use of Trans-Tech materials with a dielectric constant of 45,

where O x f= 50,000 would lead to a much higher Q value.

l«— — —>

Fig. 5.24 Simulation model of the inter-resonator coupling coefficient (top view) for the design of the

4-pole filter shown in Fig. 5.23.

0.02

0.015 —

¥ 0.01 —

0.005 —

D (mm)

Fig. 5.25 Calculated coupling coefficient versus spacing D between two resonators with the different

iris length L.
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Fig. 5.26 Simulation and measurement results of the fabricated 4-pole DR filter shown in Fig. 5.23.

5.5.5 Triplets

In the conventional DR triplet in Fig. 5.27 (a), an asymmetric filtering characteristic is
obvious; that is, the cross coupling implemented by an iris between input and output
resonators produces a transmission zero outside the passband of the frequency response. By
using a coupling probe, as indicated in Fig. 5.27 (b), the location of the transmission zero can
be moved from one side outside the passband to the opposite side. This approach for
implementing DR triplets is quite difficult and expensive. This is due not only to the

complexity of the integration and the alignment of the resonators, but also to the additional

I S RS S S —=— $11 (Simulation)
—=— S$21 (Simulation)
: —— S11 (Measurement)
: —=— 521 (Measurement)
\ i i \ \
3.9 4 4.1 4.2 4.3 4.4
Frequency (GHz)

efforts to assemble a probe between the I/O resonators when it is necessary.
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Built-in metallic fins

(a) (b)

Fig. 5.27 Conventional asymmetric filtering functions: (a) a triplet with positive cross coupling and
(b) a triplet with negative cross coupling by using a probe between the input and the output

resonators.

A new triplet structure, based on the proposed DR configuration, is employed to realize
asymmetric filtering functions. Fig. 5.28 (a) shows a layout of the novel triplet structure.
Three resonators are connected all together since they are machined in one piece from a
ceramic dielectric substrate. The same Teflon support for mounting the 2-pole and 4-pole
filters also is used to support the triplet. The connecting dielectric material between the input
and output resonators provides the required cross coupling to realize a transmission zero.
This triplet structure simplifies the assembly, integration, and alignment of the resonators,
reducing the time and production costs. More importantly, the presence of the physical
linkage between the input and output resonators provides the capability of changing the sign

of the cross coupling, which then relocates the transmission zero from one side to the
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opposite side of the passband response. As demonstrated by the layout in Fig. 5.28 (b), this
can be easily achieved in practice by simply placing a stripe line on the surface of the
dielectric linkage by means of photo-etching, metallic ink printing, or attaching a piece of
metallic tape with the designed dimensions. No additional probe is needed at all. This
proposed configuration can further reduce the complexity of the manufacturing of the triplet

while providing the desired asymmetric filtering characteristic.

Built-in metallic fin

P N

i
[ ] L [

Strip line

(a) (b)

Fig. 5.28 Proposed asymmetric filtering functions: (a) a triplet with positive cross coupling and (b) a
triplet with negative cross coupling by placing a strip line on the dielectric substrate between the input

and the output resonators.

Once the two triplets are designed, they are fabricated according to the layouts in Fig.
5.28. Photographs of the fabricated DR triplets are shown in Fig. 5.29, and the simulation and
measurement results are graphed in Fig. 5.30. Obviously, there is a transmission zero in the
upper frequency band of the triplet in Fig. 5.29 (a), and the transmission zero moves to a

lower frequency band when a strip line is introduced to the triplet in Fig. 5.29 (b).
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(b)

Fig. 5.29 Two fabricated DR triplets: (a) without a strip line and (b) with a strip line on the dielectric

substrate between the input and the output resonators.
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Fig. 5.30 Simulation and measurement results of the two fabricated DR triplets: (a) results of the

triplet shown in Fig. 5.29 (a) and (b) results of the triplet shown in Fig. 5.29 (b).
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5.6 DR Diplexer Design

In all communication systems, diplexers and multiplexers are essential components for
channel separation [48, 93-96]. For example, a diplexer is usually used for a multi-frequency
transceiver system in an RF front end. Diplexers consist of a transfer junction, terminated
with bandpass filters of different passband frequencies at each of the two output ports. The
demand for large quantities of compact, low-loss and low-cost diplexers that can adapt to
various frequency bands requires a variety of filter structures. Typically, the filters for
diplexers are constructed of metal waveguides because of their low loss and high isolation
[97-99]. However, such filters are quite bulky. DR filter is another good candidate for
realizing diplexers due to its advantages of a low loss, a high Q and small size [47, 100]. This
type of diplexer comprises two DR filters (channels), connected to a three-port junction
which is either a waveguide or a coaxial structure. The cost involved with the assembly,
alignment, and integration of the DR filters and the junction is the primary contribution to the

overall cost of the DR diplexers.

The novel DR configuration for low-cost mass production of DR filters has been
presented in Section 5.5 of this chapter [90, 91]. This concept can be applied to achieve a
DR diplexer with low costs. The new DR diplexer configuration eliminates the need of the
integration of either a waveguide or a coaxial junction with two channel filters. As a result,
for a DR diplexer of this type, the assembly of the two filters and the junction reduces the
traditional assembly of individual filters and the junction to the assembly of only one

dielectric substrate.

5.6.1 Channel Filters

The construction of diplexers classically starts from two signal channels and a three-port
junction that are separately designed and combined in a specific way as to maximize
performance. Each channel of the diplexer is a narrow bandpass filter. First of all, two DR
bandpass filters are designed according to the configuration described in Section 5.5, to

provide passbands centred at 4.6GHz and 4.8GHz, respectively, with absolute bandwidths of
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40MHz (namely, 0.87% and 0.83% fractional bandwidths for transmission and reception,
respectively). The filter with a centre frequency of 4.6GHz is denoted as transmit (Tx) filter,
and the filter centred at 4.8GHz is denoted as receive (Rx) filter. The schematic of the DR
filter is shown in Fig. 5.31. The substrate has a dielectric constant of 45, and QO x = 40,000,
which supplied by Trans-Tech. Two strip lines on the top surface of the filter replace the long
coaxial probes employed in the filter, described in Section 5.5, providing the required
input/output coupling. This coupling scheme is suitable for the construction of the proposed
DR diplexer. Fig. 5.32 conveys the HFSS EM simulation results of the Tx and Rx filters. The
two filters have return losses of more than 20dB. The rejection of filters at each other’s

passband is about 20dB.

Strip lines

<—— Housing

\ . /

Fig. 5.31 Schematic of the designed Tx and Rx filters constructed from high-K ceramic substrates

(top view).
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Fig. 5.32 Simulated frequency responses of the two filters: (a) Tx filter and (b) Rx filter.
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5.6.2 Junction

To implement a diplexer, the designed Tx and Rx filter are connected to a three-port
microstrip-line junction at its two ports in such a way that one of the filters, operating as an
open circuit, matches the junction at the centre frequency of the other filter. A simple
approach to fabricate the junction by using the same high-K ceramic substrate so that the
device is a single piece which can be easily cut to the desired shape and dimensions
simultaneously. Fig. 5.33 illustrates the schematic of the designed microstrip-line junction.
The microstrip line at each port is 500 at the operating frequency of the diplexer. Fig. 5.34

represents the simulation results of the three-port junction.

<«—— Dielectric substrate

Microstrip line

Fig. 5.33 Schematic of the designed microstrip-line junction using the high-K ceramic substrate (top

view).
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Fig. 5.34 Simulation results of the junction shown in Fig. 5.33.
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5.6.3 Diplexer

The two filters designed with the configuration shown in Fig. 5.31 are then cascaded at
the two ports of the junction. The schematic of the constructed diplexer is illustrated in Fig.
5.35. However, simply connecting filters and junction deteriorates the performance of the
two filters in their passbands, due to the interactions of all of the individual parts. The
performance of the diplexer can be improved by modifying each filter, and sometimes, an

optimization of the overall structure is required.

L
i

Housing

|_ﬁ
1,

(a) (b)

-

Ground

Fig. 5.35 Schematic of the constructed DR diplexer: (a) top view and (b) bottom view.

Fig. 5.36 displays the simulated frequency responses of the designed diplexer. Due to
the discontinuity caused by the junction, the insertion loss of each filter in the diplexer is
slightly increased from the insertion loss of the filter itself. The return loss is more than 15dB
for the two frequencies, and the passband has a bandwidth of approximately 40MHz at two

frequencies.
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Fig. 5.36 Simulated frequency responses of the designed DR diplexer.

This type of diplexer promises to be useful in wireless base station applications.

Furthermore, the concept can be also applied to implement DR multiplexers.
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Chapter 6

Conclusions

6.1 Contributions of the Thesis

A novel compact microstrip lowpass filter, employing metal-loaded slots etched on the
ground plane, is proposed in this thesis [80]. Various metal-loaded slot configurations are
examined. Modelling results of the slots by a transmission line circuit model are in
agreement with the EM simulation results. Several lowpass filters are developed, fabricated,
and measured. They exhibit an excellent performance in comparison with conventional
microstrip EBG filters in both the passband and the stopband. The slots in the ground plane
are added to a bandpass filter to demonstrate the miniaturization achieved with the use of the
proposed concept, while improving the out-of-band rejection performance. The slots in the
ground plane are combined with capacitive stubs in the top surface of the substrate to realize

highly miniature bandpass filters.

To realize low-loss digital and analogue tunable lowpass filters, MEMS switches and
semiconductor varactors are integrated in the slots respectively [81, 82]. The proposed
structure offers a low loss since the Q of the switching and tuning elements is negligible in
determining the insertion loss of the filter. Other advantages of the proposed structure are its

ease of assembly and application of the DC bias voltage. Several tunable filters are
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developed, fabricated, and tested. A very wide tuning range is achieved. Combination of both

switches and varactors can lead to an even wider tuning range.

A novel DR filter configuration, implemented as a single piece of a high-K ceramic
substrate, is presented in this thesis [90, 91, 101]. It considerably reduces the cost of
assembly and integration associated with conventional DR filters. A 2-pole and 4-pole filter
of this type operating in the TEH,; fundamental mode, is developed, manufactured, and
tested. After the wideband spurious performance is investigated for the designed filters, a
simple approach is used to improve the spurious response. A novel triplet structure based on
the proposed DR configuration presents a new simple way to implement the nonadjacent
cross coupling for realizing asymmetric filtering characteristics. The proposed concept is
extended and applied to implement DR diplexers, which are promises to be very useful in

wireless base station applications.

6.2 Future Work

Overall, EBG-based structures are proven to exhibit broad applications to satisfy the
needs of designing various microstrip circuits. The work reported in this thesis can be
extended to waveguide devices employing EBG structures on the waveguide walls. Such
devices will be useful in the suppression of higher order spurious modes of compact
waveguide filters. An EM analysis based on combining the mode matching technique and the
transverse resonance technique which was proposed in Chapter 3, should be efficient in the

analysis of such types of waveguide EBG-based filters.

There are several unexplored issues in the applications of the proposed DR filters and
other related devices. There is no doubt that in the immediate future, further studies and
efforts are needed to finish the development, analysis, fabrication, and measurement of the
DR diplexers/multiplexers, described at the end of Chapter 5. It is also believed that the same
concept can be extended to metallic resonators allowing the realization of metal-loaded filters
on a single metallic sheet. The development of higher order self- equalized DR filters is

another research area with potential. Such filters require the use of controlled positive and

140



negative coupling between nonadjacent resonators which can be implemented conveniently

by using the proposed DR filter structure.
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