
Miniaturized High-Q Tunable RF Filters

Dissertation

for the degree of Doctor of Engineering
(Dr.-Ing.)

Submitted to the Department of Electrical and Information
Engineering of Kiel University

by

Abdulrahman Widaa

Kiel University, 2023



ii

1st Referee: Prof Dr.-Ing. Michael Höft
2nd Referee: Prof. Cristiano Tomassoni

Date of oral examination: May 26th; 2023



iii

ABSTRACT

This dissertation focuses on the investigation and development of novel efficient
tuning techniques and the design of miniaturized high-Q tunable RF filters for high-
performance reconfigurable systems and applications. First, a detailed survey of the
available tuning concepts and state-of-art tunable filters is provided. Then, a novel
so-called inset resonator configuration is presented for the applications of fixed and
tunable coaxial filters. The design procedure of frequency tunable filters with con-
stant absolute bandwidth (CABW) is described, and various tunable inset filters are
implemented, offering many desirable merits, including the wide tuning range and sta-
ble high-Q with minimum variation. For wide octave frequency tuning ranges with
CABW, a second novel concept is presented using so-called re-entrant caps tuners.
Beside simplicity and compactness, this technique also features enhanced spurious
performance and wider tuning capabilities than the conventional means. Also, in
this dissertation, various miniaturized reconfigurable dual-band/dual-mode bandpass
filters and diplexers are presented using compact dual-mode high-Q TM-mode dielec-
tric resonators. Furthermore, a novel microfluidic-based ultra-wide frequency tuning
technique for TM010-mode dielectric resonators and filters is introduced in this disser-
tation. In addition to the very wide tuning window, this mechanism has key advan-
tages of low-cost, simplicity, and intrinsic switch-off. Lastly, the dissertation includes
a novel bandwidth reconfiguration concept with multi-octave tuning using a single
element for coaxial bandpass filters. This mechanism brings many features including
the fast tuning, constant high-Q, intrinsic switch-off, and wide BW-reconfiguration.
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Zusammenfassung

Diese Dissertation befasst sich mit der Untersuchung und Entwicklung neuer
effizienter Abstimmverfahren und dem Entwurf miniaturisierter abstimmbarer HF-
Filter mit hohem Qualitätsfaktor für rekonfigurierbare Systeme und Anwendungen
mit hoher Leistung. Zunächst wird ein detaillierter Überblick über die verfügba-
ren Abstimmkonzepte und abstimmbaren Filter nach dem Stand der Technik ge-
geben. Dann wird eine neuartige sogenannte Inset-Resonator-Konfiguration für die
Anwendung von festen und abstimmbaren Koaxialfiltern vorgestellt. Das Entwurfs-
verfahren für frequenzabstimmbare Filter mit konstanter absoluter Bandbreite wird
beschrieben, und es werden verschiedene abstimmbare Inset-Filter implementiert, die
viele wünschenswerte Vorzüge bieten, einschließlich eines großen Abstimmbereichs
und eines stabilen hohen Qualitätsfaktors mit minimaler Abweichung. Für breite
Oktav-Frequenzabstimmbereiche mit konstanter absoluter Bandbreite wird ein zwei-
tes neuartiges Konzept vorgestellt, das so genannte "re-entrant caps tuners" verwen-
det. Diese Technik ist nicht nur einfach und kompakt, sondern zeichnet sich auch
durch ein verbessertes Störmodenverhalten und einen größeren Abstimmbereich als
die herkömmlichen Mittel aus. Außerdem werden in dieser Dissertation verschiede-
ne miniaturisierte rekonfigurierbare Dual-Band- und Dual-Mode-Bandpassfilter und
Diplexer vorgestellt, die kompakte dielektrische Dual-Mode-TM-Resonatoren mit ho-
hem Qualitätsfaktor verwenden. Darüber hinaus wird in dieser Dissertation eine
neuartige, auf Mikrofluidik basierende, ultrabreite Frequenzabstimmungstechnik für
dielektrische TM010-Mode-Resonatoren und -Filter vorgestellt. Neben dem sehr brei-
ten Abstimmfenster hat dieser Mechanismus die entscheidenden Vorteile der geringen
Kosten, der Einfachheit und der intrinsischen Abschaltung. Schließlich beinhaltet die
Dissertation ein neuartiges Konzept zur Rekonfiguration der Bandbreite mit einer
Abstimmung über mehrere Oktaven mit einem einzigen Element für koaxiale Band-
passfilter. Dieser Mechanismus zeichnet sich durch zahlreiche Merkmale aus, darunter
schnelle Abstimmung, konstant hoher Qualitätsfaktor, intrinsische Abschaltung und
Rekonfiguration einer großen Bandbreite.
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Chapter 1

Introduction

1.1 Dissertation Motivation

With the current massive explosion in data and information, the contribution of

telecommunication industry and its associated services to the existence and future

development of humankind is continuously being more vital in all life aspects, starting

from internet and cellular communications, monitoring and navigation, to satellites

and space exploration. A great increase in the frequency spectrum utilization is there-

fore essential to provide more channels, wider bandwidths, and higher data rates for

this broad range of expanding telecommunication services and applications. However,

as the frequency spectrum is a very-valuable limited natural resource, new technolo-

gies and design techniques are required to guarantee the optimal use of frequency

resources. For example, one of the key issues is that each telecommunication ser-

vice/user has a �xed allocated frequency band/channel which the other services/users

cannot use even if it is free, resulting-in more pressure on the limited spectrum. There-

fore, it is crucial to introduce more adaptive (i.e., smarter) telecommunication services

and components that are capable of sensing the available surrounding resources, and

tuning their operating frequencies whenever it is needed for optimal usage.

In the same context, the development of adaptive RF Front-End (RFFE) units

and components, including RF �lter, is essential for future �exible communication

systems. These applications include multi-band transceivers, cognitive radio (CR)

systems, next-generation cellular communications, wideband RADARs and satellite

payloads, and �exible radio systems like software-de�ned radios (SDR). Generally

speaking, in view of performance and speci�cation requirements, these classes of ap-
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plications require low loss, better frequency spectrum utilization, more functionality,

smaller mass and volume, more e�cient power consumption, and lower implementa-

tion cost. Moreover, in addition to all of these requirements, it is now a key trend in

RF front-end systems to integrate multi-band/multi-standard operations and tech-

nologies in a single-board structure. Unfortunately, these requirements are usually

contradicting each other and cannot all be maintained simultaneously without expe-

riencing some performance deterioration.

Considering the aforementioned ever-stringent requirements, it can be clearly seen

that future recon�gurable RF front-end units have a di�cult-awaiting tasks to pro-

vide high-performance capabilities. Similarly, as a key element of every RFFE unit,

tunable RF �lters are expected to play a pivotal role in improving the capabilities of a

broad range of major current and future communication systems. Consequently, the

need to employ compact high-Q resonators, and more e�cient tuning mechanisms is

essential to meet those challenging characteristics more e�ciently.

1.2 Research Objectives

The main goal of this PhD research is to investigate new tuning solutions and develop

tunable RF bandpass �lters suitable for high-performance recon�gurable communi-

cation systems, employing novel high-Q compact coaxial and dielectric resonators

(single and multi-mode). De�ning that the vast majority of the available state-of-art

tunable �lter designs su�er from several drawbacks including the high loss, limited

tuning capabilities, bulky structures, and Q-factor deterioration with tuning, this dis-

sertation aims to:

� Develop miniaturized high-Q tunable bandpass �lters.

� Propose simple, e�cient novel tuning techniques that o�er wide and extended tun-

ing ranges.

� Realize e�cient tuning with minimal deterioration of high-Q recon�gurable RF �l-

ters.
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1.3 Dissertation Outline

The dissertation is organized into eight main chapters as follows:

Chapter 1 states the motivation and objectives of the work in this thesis. The

outline of the thesis is included in this chapter as well.

Chapter 2 presents a detailed overview and literature survey of the common tuning

techniques and methods of microwave bandpass �lters.

In chapter 3, a novel coaxial inset resonator con�guration is presented, and its

application to �xed/recon�gurable microwave �lters is detailed. The �rst part of the

chapter describes the design procedure of the inset resonator, and present realizations

of quasi-elliptic �xed �lters based on planar and inline longitudinal coupling con�g-

urations. In the second part of chapter 3, the employment of the inset resonators in

tunable �lters design with constant absolute bandwidth (CABW) is discussed, and

various prototypes are implemented.

In chapter 4, widely tunable CABW dielectric combline bandpass �lters are pre-

sented using a novel tuning technique of re-entrant caps.

Chapter 5 presents several miniaturized recon�gurable bandpass �lters and diplex-

ers based on dual-mode TM-mode dielectric resonators. First, dual-band dual-mode

�lters are developed, and their tuning capabilities are investigated. Then, very com-

pact diplexers are presented with the key feature of independent and simultaneous

frequency and bandwidth tuning of transmission and reception channels. In the last

part of this chapter, compact dual-mode recon�gurable �lters are implemented with

constant ABW responses, having a reduced number of tuning elements using accurate

piezomotors for tuning.

Chapter 6 describes a novel micro�uidic-based ultra-wide tuning technique for

TM 010-mode dielectric resonators and �lters. Single resonator and second-order �lter

examples are developed for proof and to verify the proposed concept.

In chapter 7, a novel bandwidth tuning technique for coaxial and dielectric �lters

is presented with the merits of wide multi-octave tuning capabilities, stable high-Q

with minimum variation, and using a single element. Various design examples are

provided and discussed.

Finally, chapter 8 summarizes the obtained results and contributions of the dis-

sertation work, and provides an outlook to the future research directions based on

the current achievements.
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Chapter 2

Literature Survey

This chapter includes a comprehensive review on the di�erent tuning techniques and

means of microwave �lters. First, the major tuning techniques (mechanical, electrical,

and magnetic-based) are explained in terms of operation mechanisms, advantages, and

limitations. Also, the di�erent concepts and means utilized in the realization of the

available state-of-the-art tunable �lters are provided focusing on tunable waveguide

�lters, including tunable dielectric resonator (DR) �lters, due to their more desirable

features and speci�cations for high-performance applications. Then, some of the new

and promising tuning components and methods are also considered in the last part of

this chapter including ferroelectric components and resonators, liquid crystal-based

tuning, and micro�uidically recon�gurable �lters.

2.1 Tuning Means

2.1.1 Mechanical-Based Tuning

The mechanical-based tuning technique is known as the earliest and most straight-

forward method for the implementation of tunable 3-D �lters. In this mechanism,

the resonant frequency is tuned by changing the �eld distribution in the �lters'

cavities using physically adjustable elements (e.g., screws, discs, side-walls). The

mechanical adjustment of the elements can be done either manually or using any

electro-mechanical transducing mechanism (e.g., stepper/piezo motors, piezo/MEMS

actuators). Mechanically-tuned hollow-waveguide �lters have many advantages in

comparison with the other structures including the low insertion loss, high unloaded

quality factors (Qu), and also the capability of high-power handling. However, they
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are burdened by the bulky size, high complexity, relatively high cost, and low speed

of tuning. All of the above are in addition to the very small and limited tuning

ranges. Despite that the required speci�cations of the various current and future

communication systems include the compact size and fast tuning speed, mechani-

cally tunable �lters still attract attention due to their unbeatable power handling

capabilities and high-quality factors. The following subsection reviews and compares

the mechanically tunable �lter designs presented in previous literature with di�erent

tuning approaches.

Mechanically Tunable Filters

Mechanical tuning techniques have been realized in di�erent 3-D �lter structures

including evanescent-cavity and waveguide-based con�gurations [1, 2, 3, 4, 5, 6, 7, 8,

9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28]. Various

tunable hybrid evanescent-cavity �lters were reported based on capacitively-loaded

structures by changing the gap between the inner post and a �exible top cavity as

in [1] and [2]. A second-order tunable �lter is realized in [1] using a piezoelectric

actuator mounted on a �exible substrate to change the parasitic capacitance and

tune the resonant frequency. Similarly, in [2], thin MEMS-actuated diaphragms are

used for frequency tuning. Despite the good tuning capabilities, such structures

require very sensitive and accurate micro-tuning and have limited Q-factor and power

performance. Therefore, the application of evanescent-mode cavity con�gurations in

high-performance and high-power �exible systems is not favorable.

On the other hand, tunable �lters based on waveguide structure have received an

increasing attention due to their desirable features for next-generation agile telecom-

munication systems. High-power and high-performance mechanically recon�gurable

waveguide �lters were presented previously in di�erent empty-cavity, coaxial-, and

dielectric-loaded structures. In its simplest con�guration, tunable waveguide �lters

are realized using metallic plungers [3]. Unfortunately, more e�cient tuning means are

needed as such screw-based designs su�er from signi�cant performance deterioration.

Therefore, a couple of high-Q mechanically recon�gurable waveguide �lters were in-

troduced with special tuning mechanisms to minimize the Q-factor degradation while

tuning, as in [7]-[15]. A high-Q manually recon�gurable K-band dual-mode wave-

guide �lter was introduced in [7]. The proposed �lter is a �fth-order Chebyshev with

3.5% tunability at 26 GHz center frequency and an extreme narrowband of just 0.1%



6

fractional bandwidth (FBW). Adjustable sidewall cavities are utilized for frequency

recon�guration with enhanced Q-factor measures in comparison to the conventional

screws-based tuning method. The extracted e�ective Q-factor of the proposed recon-

�gurable �lter is 11200. A bellow-mounted technique was presented in [8] on wave-

guide cavities bringing the advantages of low-loss and stable tuning responses. A thin

�exible copper bellows are mounted on the cavity to control the frequency using a

manual micrometer driver. The �lter has a tuning window of 527 MHz at 11.95 GHz

with low loss < 2 dB and a stable 3.5% bandwidth variation. Similarly, in [9], a

movable metallic-end cap was employed for frequency tuning to o�er less degradation

across the whole tuning band and also a wide spurious-free range. The presented

�lter operates at 20 GHz K-band frequency with a stable 500 MHz tuning band, and

high unloaded Q-factor (15500 � 16000). An additional feature of 40 � 160 MHz

bandwidth tuning was also introduced through two cascaded pseudo-highpass and

pseudo-lowpass tunable �lters.

In [10], a screw-based manually frequency and bandwidth recon�gurable wave-

guide �lter was proposed using a tunable coupling resonator con�guration. The fab-

ricated �lter has 200 MHz tunability at center frequency 19.8 GHz and 54 � 72 MHz of

bandwidth tuning. Another tuning mechanism based on the use of rotating dielectric

perturbations to change the resonant frequency inside the cavity was demonstrated in

[11] and [12]. The key advantage of this con�guration is that there is no requirement

of electrical grounding as in the other tuning techniques, therefore, attributing a re-

duced complexity and stable performance. In [11], the measured frequency tuning

range is 9.92 � 10.12 GHz with a Q-factor of 1400 � 2150, while the �lter in [12]

operates at 19.36 � 19.7 GHz with a Q-factor between 2600 � 3100. Also, to o�er

more design �exibility, recon�gurable �lters using contactless tuning elements were

presented in [13]-[15]. In [13], a motorized special corrugated tuning plunger is de-

signed to maintain high-Q levels. The �lter has a tuning window of 19 � 19.48 GHz

with a constant absolute bandwidth of 54.5± 2.5 MHz and a high extracted unloaded

Q-factor of 9080. Another tuning approach was introduced in [14] using a single

tunable sidewall to reduce the tuning complexity. A Ku band recon�gurable �lter is

implemented with a constant 2% narrow bandwidth and 15% tunability. Recently,

Basavarajappa and Mansour presented a fourth-order recon�gurable dual-mode �lter

at 11.5 GHz with a constant narrow bandwidth of 50 MHz and 3.3% tunability using

a single linearly-displaced metallic tuning element [15].

Mechanically tunable coaxial �lters were reported in [16]-[19]. A re�ned manually
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tunable coaxial �lter was presented in [16]. The capacitive loading is changed through

a simpli�ed tuning mechanism composed of rotating cams controlled by a single com-

mon driving shaft covering a tuning range of 0.95 � 2.05 GHz and having a return

loss less than 11 dB. A tunable high-Q narrowband combline �lter was proposed in

[17] with a 70 MHz tuning range from 2.565 GHz to 2.635 GHz with a high Q-factor

of 2252 - 2914. Vertically-positioned tuning posts are utilized for frequency control

in upward and downward movement using piezomotor actuators. In [18], an angular

technique using rectangular tuning shafts was introduced to maintain high-Q mea-

sures in comparison with the conventional vertical tuning mechanism. The frequency

is tuned by changing the angle of the rectangular shafts using a miniature piezomotor

mechanism. A tuning range of 11.9% is achieved at 3.6 GHz with low insertion loss

better than 0.32 dB and nearly constant high-Q. A tunable high-Q coaxial �lter was

introduced using a reduced-complexity tuning mechanism in [19]. The tuning concept

is based on the rotational displacement of the coaxial resonators inside elliptically-

shaped cavities using a common single motorized tuning post. The measured results

show a 20% tunable low-loss �lter at 2.5 GHz with a small bandwidth variation of

± 10 MHz.

Dielectric resonators are broadly used in communication systems and components

due to their superior performance over other resonators. They o�er a high unloaded-Q

and have excellent temperature stability. The frequency tuning of dielectric resonator

�lters was presented few-decades ago by Gil and Martínez in [20]. Also, Chen et al.

presented a temperature compensated manually recon�gurable four-pole hybrid-mode

HEH11 dielectric �lter in [21]. A detailed temperature sensitivity optimization is

performed to the �lter structure to obtain the proper dimensions for best tuning with

the least temperature variation. Double-resonator tuning con�guration is employed

to eliminate the problem of severe Q-factor degradation caused by the conductor-

dielectric interface in the conventional tuning mechanisms. The measured tuning

range is 4.6 � 4.8 GHz with low insertion loss and high unloaded Q-factors of 5200

and 4700, respectively. A tunable dielectric-loaded �lter was presented in [23] with a

dielectric plug as a tuning element. A relatively-wide tuning range is achieved while

other features of the resonator are maintained over the whole range. The �lter can be

tuned from 1930 to 1990 MHz and has an unloaded Q-factor of 22000 - 23000. The

DR tunable bandpass �lter presented in [23] has displayed good tuning properties in

terms of the �lter size and tuning range, but, the �lter's tuning speed is very slow

due to the large travel distance of the tuning element in the screw-like con�guration.
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Piezoelectric-based tuning technique was reported in [24]�[26] with various dielec-

tric resonator con�gurations. The operation concept is based on the movement of a

resonator/plate attached to an electrically-induced piezoelectric element. First, the

concept was presented in [24] where a piezoelectric frequency adjusting unit is at-

tached in di�erent con�gurations to double dielectric resonators. The frequency is

tuned due to the change in the space between the resonator and the part attached to

the piezoelectric unit. Similarly, in [25], a piezoelectric-based tunable dielectric dual-

mode HEM11 mode �lter was introduced with a piezoelectric bimorph connected to

the metallic tuning discs to control its movement for frequency tuning. The �lter is

designed with a tuning range of 2.24 � 2.45 GHz with 0.5% FBW and insertion loss

less than 1 dB. Another �lter was also presented in [26] where a piezoelectric trans-

ducer is used to control the movement of a �exible sidewall to change the resonant

frequency of the cavity. A fourth-order dielectric TME mode �lter is implemented

with a frequency range of 4.97 � 5.22 GHz with an extracted Q-factor of 550.

Due to its desirable features, Micro Electro Mechanical Systems (MEMS) have

gained an increasing attention in a wide range of RF applications including �lters.

Yan et al. in [27], introduced a mechanically tunable TE01 mode dielectric �lter

using MEMS-based actuators. Similar to the piezoelectric-based tuning technique, the

proposed concept of tuning used MEMS thermal actuators to control the displacement

of the tuning discs.

In summary, despite the advantages of obtaining high Q-factors and high-power

handling capabilities, mechanically tunable �lters still su�er from one or more key

limitations as the narrow tuning window, large size, slow speed of tuning, high com-

plexity, and the high cost of implementation. Accordingly, the need for fast and more

e�cient tuning techniques is fundamental.

2.1.2 Electrical-Based Tuning

Electrical-based tuning is known as the most common technique all over the available

state-of-the-art tunable �lters because of its highly desirable and competitive features

in comparison with the other tuning approaches. These advantages include the high

tuning speed, low power consumption, low cost, and compact size. In addition to

all, it can be easily integrated and mounted on the di�erent printed-circuit boards

(PCBs). Therefore, it has been widely employed in the realization of tunable planar

and nonplanar structures [17, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44,
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45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68]

The operation concept of electrical tuning means is based on loading the res-

onator structure with lumped switching/tuning circuits to change the electrical �eld

distribution, and thereby, tune the resonant frequency. Generally, electrically tunable

�lters can be categorized into two main groups: discretely-switched �lters where in

which the frequency is recon�gured between separated prede�ned individual tuning

states, and continuously tunable varactor-loaded �lters where the �lter can be tuned

freely at any frequency across a speci�ed span. The following parts of this section

discuss various electrically-tunable �lter designs realized based on various means of

both groups in di�erent planar, hybrid, and waveguide structures.

Electrically Tunable Filters

Switched Recon�gurable Filters

With the increasing development in various multi-standard and multi-band com-

munication systems, the conventional �xed �lters became an un-e�cient solution.

Therefore, switch-based recon�guration techniques were introduced to provide more

e�cient and �exible front-end units. The centre frequency is controlled through a

switched loading element/network (e.g., transmission line, capacitor). Various elec-

trical switches were used to implement switched �lters with di�erent recon�guration

responses [27]-[29]. The most common switching-elements used in recon�gurable �l-

ters design are solid-state RF PIN diodes due to their advantages of wide market-

availability, low cost, and easy fabrication and integration. The use of PIN switches

in recon�gurable �lters applications was �rstly presented in [29] and expanded widely

in various designs introducing many desirable switching functions as can be seen in

[30]-[32]. In [30], for instance, a switchable WiFi/UMTS microstrip bandpass �lter

was presented. Six microstrip sections are switched by PIN diodes to recon�gure the

two frequency bands.

In spite of the various advantages of the PIN switches, their application in high-

performance frequency-agile �lters is still faced with major challenges especially at

higher frequencies> 2 GHz including the increasing losses, relatively high power con-

sumption, and increasing nonlinearities. Therefore, the introduction of more e�cient

RF switching solutions is highly required.

In recent years, MEMS switches got an increasing attention against PINs espe-

cially at higher bands because of the advantages of high Q factor, low loss, and very
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low power consumption [33]-[43]. In [34], a tunable coplanar-waveguide (CPW) �lter

was proposed using high-Q capacitors connected in series with MEMS switches. Sim-

ilar planar and hybrid RF MEMS switched �lters were also introduced on microstrip,

SIW, High-Temperature Superconductors (HTS), and evanescent-mode cavities [35]-

[38].

RF MEMS switches were also integrated with the di�erent waveguide structures

to introduce high-Q tunable �lters [17], [39]�[42]. Chan et al., introduced an ON/OFF

switchable iris waveguide BPF using an RF MEMS switchable planar resonator placed

inside the waveguide cavity. When the MEMS switch is turned on, the planar res-

onator resonates a suppressing notch frequency to the waveguide passband [39]. On

the other hand, the embedded tuning circuit will have a small impact on the wave-

guide resonant frequency when the MEMS switch is turned o�. Also, [40] presented

a Ku-band two-channel recon�gurable waveguide �lter using the same MEMS-based

detuning concept. Four operation states (dual-band, the lower band only, the upper

band only, and all-rejects) were successfully obtained through the MEMS switching

mechanism. The fabricated channel aggregation �lter operates at 14.25 and 16.5 GHz

channels with an insertion loss of less than 2 dB and a Q-factor> 800.

Another MEMS tunable waveguide �lters were introduced by Pelliccia et al. with

three di�erent con�gurations in [41]. In the �rst approach, the MEMS switches are

employed as current perturbation elements to control the distribution of the elec-

tromagnetic �eld. A two-pole K-band �lter is designed with 160 MHz bandwidth

and Q-factor of 1000 and 500 for ON and OFF states, respectively. In the second

con�guration, the cavity sidewall is made virtually movable to change the resonant

frequency. MEMS switched conductive lines were utilized to create virtual change in

the cavity. The fabricated fourth-order �lter showed 3.2% tunability with a Q-factor

of 500 at the ON states and 650 at the OFF-states. Switchable strips are loaded in

an E-plane waveguide cavity for frequency tuning in the third implementation. The

simulation results demonstrated a 4th-order �lter with 1.6% frequency tuning and an

expected Q of the order of 1000.

Another high-Q MEMS recon�gurable BPF was successfully proposed using coax-

ial combline resonators in [17], where the tuning disks are loaded by MEMS capacitor

banks for frequency tuning. A second-order tunable �lter is fabricated with a 2.503

� 2.393 GHz frequency range and 1.32 dB insertion loss. Also, a sixth-order �lter is

implemented with a tuning frequency of 2.59 � 2.63 GHz and an insertion loss of 2.5

� 4.25 dB.
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In [43], RF-MEMS were also employed in two di�erent con�gurations with di-

electric resonators to design high-Q tunable �lters. In the �rst mechanism, MEMS-

switched conductive strips are placed in the inner hole of the dielectric resonator to

control the resonant frequency. When the MEMS is turned on, the e�ective length of

conductive strips will increase, and then the frequency will shift due to the change in

the current distribution. The implemented second-order �lter is designed at 4.72 GHz

with a 160 MHz tuning window and Q-factor from 510 to 1200. In the second con-

�guration, the MEMS-switched conductive strips were replaced by MEMS capacitor

banks. This approach has a wider tuning range from 5.02 to 5.20 GHz with a Q-factor

of 550 � 800.

In recent years, RF switches based on Phase Change Materials (PCM) were also

introduced in a couple of tunable planar and hybrid �lters based on Vanadium Dioxide

(VO2) and germanium telluride (GeTe) switches [44]-[47]. Nevertheless, the perfor-

mance of these switching solutions must be enhanced to qualify the requirements of

low-loss and high-performance switchable �lters.

Overall, switchable �lters o�er many advantages and functions in comparison with

the conventional �xed con�gurations as the reduced circuit size, lower cost, and more

�exible passbands. However, some limiting drawbacks also clearly appear in contrast,

including the slow tuning speed, increased complexity and loss, limited Q and power

handling capabilities.

Varactor-Based Tunable Filters

For many of the current and future frequency-agile systems, it is required to have

a compact, low-cost and reduced-complexity tuning circuitry with high tuning speeds

> 1 GHz/microseconds. To meet these fundamental requirements, varactor tuning

con�gurations are quite popular in various microwave applications. Varactor diode is

de�ned as a special kind of PN�junction diode in which its capacitance is varied with

the applied reverse voltage. As the applied reverse-biasing voltage increases, the PN

junction gets narrower and the junction capacitance then decreases, and vice-versa.

A more detailed explanation of the varactor diodes operation can be found in [49].

Semiconductor varactor diodes are widely commercially available in a broad range

of speci�cations and packages. It is available in two main types: abrupt and hyper-

abrupt junction varactors which are constructed based on either silicon or Gallium

Arsenide (GaAs) materials. Generally, silicon varactor diodes have a relatively larger

capacitance range but su�er from lower Q-factors. Due to that, they are only used at

low microwave frequencies up to a few GHz at max. While the GaAs varactors have
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less capacitances, they have higher Q and can be applied at higher frequency bands.

Extensive research has been made on the design of varactor-tuned microwave

�lters including the designs presented in [48]-[68], where various degrees of tuning

have been achieved with di�erent structures. Notably, most of those varactor-tuned

implementations are of low-Q planar and hybrid bandpass �lters [48]-[62], while the

conducted research on high-Q waveguide structures is very limited [63]-[68].

In general, research in tunable bandpass �lters has been mainly focusing on the

realization of frequency tunable �lters with some e�ort towards bandwidth control

and other tuning functions (e.g., input-output coupling, transmission zeros). Among

the di�erent structures, planar microstrip �lters are the most broadly presented in

the literature as in [48]-[58] due to their desirable advantages of low-cost, simple fab-

rication, and easy integration of lumped tuning components. For example, compact

frequency tunable varactor-loaded microstrip �lters with the feature of constant abso-

lute bandwidth (CABW) were presented using dual-mode resonators [50], miniatur-

ized corrugated transmission lines [51], and shorted folded resonators with improved

linearity [52]. Some papers had also proposed additional features of bandwidth and

external Q-factor tuning [53], and transmission zeros recon�guration [54]. Also, more

advanced tunable dual-band �lters with independently tunable passbands were pro-

posed [55].

Most varactor-tunable �lters employ commercially available semiconductor var-

actors, however, these varactors su�er from limited linearity performance and not

suitable for high power applications. Therefore, other promising alternatives as fer-

roelectric and MEMS varactors were successfully presented in many tunable �lter

designs as in [58] and [59].

Due to the limited Q-factor of the microstrip structures, higher-Q �lters were

introduced using Substrate Integrate Waveguides (SIW) [60]-[61], and hybrid evanes-

cent cavities [62]. [61] introduced a compact tunable varactor-loaded SIW �lter

with the advantage of wide stopbands. A hybrid 3-D printed varactor-based tunable

evanescent-cavity BPF was presented in [62] with �exibly tunable center frequency

and bandwidth.

In regards to varactor-tuned waveguide �lters, only few publications based on

coaxial and dielectric resonators were reported [63]-[68]. Xu et al. reported a high-Q

tunable coaxial bandpass �lter with constant absolute bandwidth and wide tuning

range in [63]. Three high-Q GaAs varactors are mounted in parallel to o�er larger

loading capacitance and also to minimize the overall parasitic resistance. The mea-
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sured frequency tuning range is 30.7% at 700 � 960 MHz with 1.58 � 3.97 dB insertion

loss and a Q-factor of 173 � 418.

Couple con�gurations of tunable varactor-loaded dielectric resonators and �lters

were introduced in the previous literature [64]-[68]. The �rst implementation was

proposed in [64] where two tuning varactors connected using semi-circuited patches

and positioned on top of the DR with low-loss quartz spacer in between. The mea-

surements showed a 0.75% tuning range with a Q-factor maintained above 1000.

Following in [65], a similar varactor PCB was placed in a di�erent position beneath

a TE01 mode resonator device. This con�guration achieved 1.7% tunability and a

high Q-factor up to 8000. Although that high-Q factors are obtained, those con-

�gurations have a major drawback of a very narrow tuning range. This is because

that the tuning circuits just control the available �eld around the DR, while most of

the �eld is focused inside the resonator body. Accordingly, [66] proposed an invasive

tuning technique in which the varactor is directly embedded on a customized slot

in a TE01 mode resonator structure. The measured tuning window is 7.1% at 4.7

GHz center frequency with a comparable Q-factor due to the direct integration of

the tuning varactor on the dielectric resonator. Varactor-tuned TME mode dielectric

�lters were also introduced in [67] and [68]. In [67], a tuning structure composed of

a varactor-loaded conductive strip is placed in the inner hole of the disk resonator

to change the �eld distribution and tune the resonant frequency. The measurements

demonstrate a tuning range of 4.87 � 4.97 GHz with 170 � 660 of Q-factor. While

in [68], a TME mode resonator was connected in series with a top-positioned tuning

varactor circuit. The �lter is implemented with a 4.98 � 5.28 GHz frequency tuning

range and Q-factor from from 303 to 576.

2.1.3 Magnetically-Based Tuning

In spite of the large complex structures, magnetic-based tuning is still favorable in

some military and commercial applications due to its advantages of low insertion

loss and high-power handling capabilities. The magnetic tuning operation principle

is based on changing the magnetic �eld distribution in the �lter structure using fer-

rite materials to tune the resonant frequency. Yttrium iron garnets (YIG) are the

most common ferrites used in tunable microwave and high-frequency devices because

of their low magnetic and dielectric losses, and moderate saturation magnetization

values.
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Magnetically Tunable Filters

Many tunable planar �lters were reported using YIG ferrites in di�erent con�gurations

[69, 70, 71, 72, 73, 74, 75, 76, 77]. An example of a magnetically tunable bandpass �lter

designed with yttrium iron garnet �lms was presented in [69]. The design is based

on a T-shaped microwave transducer with a compact coupling structure to reduce

the insertion loss. Then, a YIG �lm is buried on another substrate of gadolinium

gallium garnet (GCG). The whole structure acts as a BPF �lter whose ferromagnetic

resonance is tuned via a biased magnetic �eld. Another tunable low temperature

co-�red ceramics (LTCC) BPF using partially magnetized ferrite was introduced in

[77]. The proposed �lter brought the bene�ts of size miniaturization and low biasing

requirements due to the use of partially magnetized YIG ferrites.

Ferromagnetic tuning techniques were also limitedly presented in the waveguide,

coaxial, and dielectric-loaded �lter structures [78, 79, 80]. A ferrite-loaded low-loss

tunable X-band waveguide bandpass �lter was introduced in [78]. A magnetized

ferrite slab is placed inside TE102 mode waveguide cavity using truncated pyramid-

shaped metallic inserts to tune the resonant frequency by changing the magnetic �eld

distribution. The implemented second-order �lter operates at 8.74�9.63 GHz with

9.7% tunability and unloaded Q-factor of 380 � 396. Acar et al. introduced a low-loss

ferrite-loaded continuously tunable coaxial �lter with high-power handling capabilities

in [79]. Magnetically-biased ferrite insert was loaded on the combline resonators to

change the magnetic �eld distribution and tune the frequency. The fabricated two-

pole �lter exhibited a tuning range of 41% from 744 MHz to 1024 MHz with a low

insertion loss of less than 3 dB and a high-Q factor of 1223 � 2425. Additionally, the

proposed �lter has the merit of handling high levels of power rated up to 800 Watts.

In [80], two second-order magnetically tunable dielectric �lters were introduced us-

ing magnetized ferrites in axial and circumferential con�gurations. The implemented

�lter with the axially magnetized ferrites demonstrated a 20 MHz bandwidth tuning

at 2.22 GHz center frequency with insertion loss less than 1.5 dB and a high Q-factor

above 2500. While in the circumferentially magnetized ferrites con�guration, the

�lter operated at 2.35 GHz with 28 MHz tunability and a Q-factor higher than 3500.

2.1.4 Other Tuning Means of Microwave Filters

In addition to the above three common tuning techniques, there are few other means

reported for the design and realization of tunable �lters [81, 82, 83, 84, 85, 86, 87,
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88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102]. In the following, three

increasingly interesting tuning approaches are brie�y introduced: ferroelectric-based

tuning, micro�uidic-based tuning, and liquid crystal-based tuning.

Ferroelectric Tunable Filters

The application of ferroelectric materials in various emerging recon�gurable radios

applications is catching an increasing attention because of their highly desirable and

promising properties [81]. These features include the high-power handling capabilities,

good Q-factor, and the realization of a wide variety of compact variable components.

Ferroelectrics are employed either as tuning elements (varactors, variable capacitors),

as discussed earlier, or as intrinsically-tunable bulk resonators and �lters [81]-[86].

The operating concept of self-tuned ferroelectric resonators is based on the direct

tuning of the resonator by applying a DC electric �eld to change the ferroelectric

material properties including the relative permittivity which accordingly shifts the

resonant frequency.

Two tunable ferroelectric �lters were reported in the previous literature using disc-

shaped ferroelectric resonators [85], [86]. In [85], a tunable narrow-band BPF was

introduced using TM110 dual-mode ferroelectric strontium titanate (STO) resonators.

The experimental results showed 8% tunability at 0.5 GHz center frequency with

2% fractional bandwidth (FBW). The �lter su�ered from the increasing losses and

drastically decreasing Q-factor with the increase in the DC biasing �eld, which is a

common drawback in ferroelectric materials. The second tunable ferroelectric �lter

was presented in [86] using a potassium titanate (KTO) resonator coated with a high

superconductive layer to increase the Q-factor. The fabricated �lter operates at 0.5

GHz center frequency with 1.5% fractional bandwidth and a 5% tuning span.

As can be seen, those �lters su�er from the high losses which are mainly related to

the ferroelectric material properties and also to the additionally induced losses under

the DC biasing. Therefore, such applications of ferroelectrics cannot be expanded

further without reducing the material losses. Another additional drawback is that a

very high DC �eld is required for tuning (up to 1 kV) which is impractical for tuning

applications. A more promising application of ferroelectrics is in thin-�lm and thick-

�lm components as the loss e�ect is minimized and the required biasing is enormously

reduced [81].
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Liquid Crystal Tunable Filters

Liquid crystal polymers (LCP) are other functional materials that have recently re-

ceived increasing attention in tunable �lter applications to overcome the high loss lim-

itation in the conventional ferroelectrics, especially at high frequencies above 10 GHz

[87]-[92]. The tuning principle is based on applying external biasing �elds to change

the orientation and the relative permittivity of the liquid crystal molecules which will

cause a change in the resonant frequency. Various liquid crystal-based tunable planar

microstrip and SIW BPFs were presented where an intermediate LC layer is inserted

to change the e�ective relative permittivity and tune the resonant frequency as shown

in [87]-[90]. Also, tunable waveguide liquid crystal �lters were successfully introduced

in [91] and [92]. Liquid crystal containers were placed into the cavity to change the

orientation of the �elds inside the �lter and tune the frequency. A 20 GHz tunable

liquid crystal �lter was introduced in [91] using a conventional waveguide structure

with 2.3% tunability and insertion loss of 6 dB. In [92], a 60 GHz �lter was realized

using an open nonradiative dielectric waveguide structure to provide more space for

the integration of the biasing electrodes. The fabricated three-pole Chebyshev �lter

has a 2.5% tuning range with 96 - 141 of Q-factor and an insertion loss of 4.9 - 6.2 dB.

Fluidic-Based Tunable Filters

Recently, various micro-�uidics have been explored as promising switching and recon-

�guration candidates [93]-[102], mainly because of their linear properties, low loss,

and high-power handling capabilities. Many �uidic-based planar and nonplanar re-

con�gurable/tunable �lters were introduced using di�erent �uids [94]-[102]. Various

tunable microstrip �lters were proposed using intermediate or top-placed micro�u-

idic tubes (e.g., distilled water, dielectric liquids, metallic liquids) for frequency and

bandwidth control [95]-[99]. For example, [95] introduced a micro�uidic frequency

and bandwidth tunable microstrip �lter using micro�uidically movable surface metal-

ized plates (SMPs). Also in [98], water-�lled tubes were placed beneath the microstrip

resonator to tune the resonant frequency by changing the overall e�ective dielectric

constant (� r ).

Another �uidic tuning approach was introduced with both planar and 3-D cavity

structures by �lling the inner posts with �uids to recon�gure the resonant frequency

[100]-[102]. Sara, et el., reported a switchable dual-band C-band SIW �lter using

liquid metal actuation through recon�guring the inner posts [100]. The proposed
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�lter works in four di�erent recon�guration states: all-pass, lower passband, upper

passband, and all-reject. Also, in [102], a rectangular waveguide �lter was loaded

by water-�lled tuning posts to control the resonant frequency. Additionally, tun-

able tri-band �lters were presented with independent passband recon�guration on

TE101/TE 011/TM 011 modes with less than 3% tunability in all three bands and a low

Q-factor of less than 30.

2.2 Summary

This chapter provided a comprehensive review of di�erent state-of-the-art tuning

means of microwave �lters. The major tuning techniques: mechanical tuning, electri-

cal tuning, and magnetic tuning, were investigated and discussed in various aspects

including the operation concepts, features and speci�cations, advantages and limita-

tions. The di�erent implementation methods of tunable �lters under each of these

tuning groups were also discussed. The chapter also highlighted some of the new and

promising tuning components and means as the PCM switches, ferroelectric capaci-

tors and resonators, LCP and micro�uidic-based tuning.
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Chapter 3

Inset Resonators and Their

Applications in Fixed/Recon�gurable

Microwave Filters

In this chapter, a novel so-called �inset� resonator con�guration is presented for �xed

and tunable coaxial microwave �lter applications. The proposed con�guration has

many attractive advantages in comparison with conventional structures, including

miniaturized size, enhanced spurious performance, and wide tuning capabilities with

the least deterioration in unloaded quality factor throughout the tuning window.

In the �rst section of this chapter, the design and analysis of the inset resonator

are discussed in detail and accurately modeled as a capacitively-loaded stepped-

impedance half-wavelength resonator featuring more compactness, high quality factor,

and enhanced spurious responses in comparison with conventional half-wavelength

and combline resonators. Additionally, the operating frequency can be tuned intrin-

sically through the displacement of the coaxial resonator, eliminating the need for any

additional tuning elements and maintaining a stable quality factor. For validation,

various prototypes are implemented including two quasi-elliptic inset resonator type

�lters in planar and longitudinal coupling con�gurations, respectively. The �rst takes

the form of a folded four-pole 2.93 GHz �lter with two symmetrical transmission ze-

ros. The fabricated �lter has a compact structure of 29.76 cm3, a midband insertion

loss better than 0.73 dB, a return loss higher than 18 dB, and a wide spurious-free

band up to 3.5�f 0. The second inset-type quasi-elliptic �lter is realized in a longitudi-

nal inline arrangement. An example of a 2.53 GHz three-pole �lter is presented with
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a closely-positioned transmission zero, wide spurious-free band (� 3�f 0), and a very

compact structure of 55.7Ö33Ö33 mm3.

In the second half of this chapter, a new class of compact, high-Q, tunable coaxial

�lters is presented based on the novel inset resonator structure. The tuning con-

cept is based on the displacement of movable resonators inside a properly modi�ed

metallic housing which features wide tuning capabilities and stable high Q-factor

performance with minimum variation throughout the tuning window. Various pro-

totypes are designed and implemented to demonstrate and validate the proposed

concept. A single tunable inset resonator is �rst designed and measured showing

distinctive results of a 43% tuning range, stable high-Q of 4100± 4%, spurious-free

band up to 3.8�f0, and volume-saving up to 50% when compared to the conventional

combline and half-wavelength structures. The design procedure for constant absolute

bandwidth (CABW) tunable �lters is then presented, and two di�erent tunable in-

set �lters are designed and implemented. Firstly, a manually tunable four-pole �lter

is demonstrated with the merits of a wide 39.3% tuning range, while maintaining

a constant bandwidth of 116 MHz± 6%, and a stable high-Q of 1820± 6%. Next,

an automatically tunable 3rd-order inset �lter is designed and measured using high-

accuracy piezomotors. Similarly, the measured results exhibit a wide 1.3 GHz tuning

range from 2.65 GHz - 3.95 GHz with a stable insertion loss that is less than 0.35 dB,

a return loss that is better than 15 dB, and a good spurious performance up to 2.8�f0.

To our own knowledge, the proposed tuning technique and tunable components rep-

resent state-of-the-art tuning range and stable high-Q with minimal variation when

compared with similar loaded-waveguide designs.

3.1 Design of Compact Quasi-Elliptic Bandpass

Filters Based on Coaxial Inset Resonators

3.1.1 Introduction

Compact coaxial microwave �lters with high-Q and excellent spurious rejection perfor-

mance are essential components for a broad range of evolving applications including

cellular base stations and satellite payloads. In common, coaxial �lters are real-

ized using half-wavelength and combline resonators. However, from one side, the

large bulky structures and poor spurious performance of the�= 2 resonators make
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them an unfavorable option, except in very speci�c applications such as [19] and

[103]. In [19], freely movable resonators were required to design a frequency-tunable

coaxial �lter. Whereas in [103], �= 2 dielectric resonators were employed to satisfy

a high-Q requirement for satellite multiplexer applications. According to our own

knowledge, these two coaxial �lters are the only available examples in the literature

based on�= 2 resonators. It is worth noting that both designs have bulky struc-

tures and poor spurious performance, as expected. On the other hand, combline

resonators widely dominate coaxial �lters research due to their compact structures

with mid-high-Q and wide spurious-free bands (> 3�f 0). Similarly, as more compact-

ness and volume-saving are always required, various miniaturized combline �lters

were presented with good spurious performance based on di�erent con�gurations

[104, 105, 106, 107, 108, 109, 110, 111, 112, 113, 114, 115]. Several of these de-

signs have employed stepped-impedance resonators (SIRs) where the top end of the

combline post is enlarged to increase capacitive loading, providing more miniaturiza-

tion and increasing the band separation to the next spurious resonance [104]-[109].

However, this class of �lter must take into account weak inter-resonator couplings,

manufacturing complexity, and the added weight of the enlarged parts. The sec-

ond group of miniaturized combline �lters employs multiple interlaced compact re-

entrant resonators as demonstrated in [110]-[112]. These �lters also have relatively

complex structures, limited high-power handling capabilities, and increased losses.

Recently, 3D printing was used to fabricate non-conventional geometries of compact

combline �lters in vertical alignments [113]-[115]. Looking at all of these aforemen-

tioned combline-based designs, we can see that there is a appreciable space for the

exploration of alternative designs to enable easier manufacturing, and more �exible

resonators types.

Besides miniturization and good spurious responses, coaxial �lters often require

transmission zeros (TZs) at one or both stopbands to meet rejection speci�cations.

Commonly, coupling probes and folded con�gurations are needed to realize the cross-

coupling required for TZs' creation, such as the designs in [116] and [117]. However,

these probes can resonate and create unwanted spurious resonance close to the pass-

band. Moreover, many applications require inline con�gurations where the input and

the output are on opposite sides. Therefore, [118] and [119] presented inline cross-

coupled combline �lters using an orthogonal resonator arrangement without the need

for any coupling probes. Here, it can be noted that the manufacturing of such or-

thogonal combline structures is complex and costly. Another method of introducing
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TZs in inline combline �lters uses strongly coupled doublets and triplets as demon-

strated in [120] and [121]. Unfortunately, this mechanism has many design challenges

including unwanted spurious resonances, decreased Q-factor, and limited �exibility

of the TZs. Considering the above-mentioned drawbacks, we can conclude that the

introduction of inline coaxial �lters with easy creation and �exible control of TZs is

greatly appreciated.

In this section, the design and analysis of the inset resonator are presented in

detail, and various �xed coaxial inset �lters are designed and implemented. The

proposed inset resonator con�guration provides many desirable advantages including

the compact structure, good spurious performance, comparably high Q-factor, and

e�cient self-tuning. First, detailed modeling and analysis procedure of the inset-type

resonator is provided, and di�erent design parameters are investigated. Next, two pos-

sible �lter setups are introduced in horizontal and vertical arrangements with �exibly

controllable transmission zeros providing enhanced stopband rejection characteristics.

A two-pole Chebyshev and a folded 4-pole quasi-elliptic �lters are implemented in pla-

nar coupling con�guration, and the measured results are reported. Furthermore, the

inline longitudinal coupling con�guration of the proposed resonator is presented in

detail. The capability of obtaining quasi-elliptic responses with �exibly-controllable

TZs is explained, and di�erent examples are provided. The implementation feasibility

is explored, and a prototype is manufactured for veri�cation.

3.1.2 Inset Resonator Design and Analysis

Inset Resonator Structure

Fig. 3.1 depicts a 3D view of the proposed inset resonator con�guration. It is com-

prised of a coaxial resonator inserted partially inside modi�ed portions (sidewall caps)

of a metallic housing with the aid of support elements. The resonator can be either

metallic for lower cost and excellent spurious performance, or dielectric, o�ering higher

Q and more compactness. This research work deals mainly with metallic resonators

as they are more common in applications and also simpler in modeling. The sup-

port component is preferably of a low-loss dielectric material with decent strength

and acceptable coe�cient of thermal expansion (CTE) (e.g., Te�on, Rexolite). The

resonator is centered at the middle of the structure with equal insertion inside both

(symmetrical) sidewall caps. This position is for the lowest operational frequency, and

it increases with either up or down displacement of the resonator, simultaneously. As
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Figure 3.1: Inset resonator structure.

shown in Fig. 3.1, the operating mode is the fundamental transverse-magnetic (TM)

mode where the dominant magnetic �eld resonates in the middle of the resonator as-

sembly, and the electrical �eld propagates at the top and bottom ends of the resonator

where its minima approaches zero at the middle. Hence, despite that any type of res-

onators can be used in the proposed inset con�guration, the TM-mode resonators are

particularly the most suitable ones (resonator length> resonator diameter [122]). It

can be seen that the inset resonator has similar �eld patterns to the conventional�= 2

resonators [19], [103]. However, the inset con�guration can advantageously provide

substantial size miniaturization and enhanced spurious responses due to the dual ca-

pacitive loading e�ects at both ends of the coaxial resonator caused by the modi�ed

sidewall caps.

In comparison with the TEM combline resonators, the inset resonators can feature

more compactness with comparable electrical performance. In combline resonators,

the magnetic �eld resonates mainly at the bottom of the cavity while the electrical

�eld is maximum at the vicinity (capacitive gap) between the combline post and the

top side of the cavity. Normally, to make the combline structure more compact, the

capacitive gap is reduced to increase the capacitive loading and push the resonant

frequency lower. Unfortunately, this also leads to a noticeable deterioration in the

quality factor due to the high intensity of the E-�eld in smaller areas which increases

the related surface currents and losses. Furthermore, the use of tuning screws will

be more critical causing additional ohmic losses and seriously a�ecting the power

handling capabilities of the combline structure. On the contrary in the inset res-

onator, since the majority of the �eld is in the middle of the cavity, a relatively
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Figure 3.2: Transmission line models of the inset resonator. (a) Uniform Impedance
Resonator (UIR), (b) Loaded-Uniform Impedance Resonator (L-UIR), (c) Stepped
Impedance Resonator (SIR), (d) Loaded-Stepped Impedance Resonator (L-SIR).

low current density is present along the walls of the housing resulting in a higher

Q-factor. Besides, the sidewall caps are properly designed to contain the lowest �eld

densities. Accordingly, small capacitive gaps (i.e., 0.5 mm) between the caps and the

inset resonator can be used, attributing more miniaturization with less sacri�ce of

quality factor. Here, it should be noted that in the inset resonator, similar to the

other con�gurations, the designer should be aware that the quality factor is usually

traded o� for reduced mass, size, and complexity. One of the key novelties of the inset

resonator structure is the e�cient (intrinsic) tuning through the displacement of the

coaxial resonator without the need for any auxiliary tuning elements (e.g., screws).

Thus, unlike the combline structures, the quality factor remains very stable, as will

be shown in the following sub-section.

Inset Resonator Model

Looking at Fig. 3.2, it can be shown that the inset resonator con�guration can be

accurately described as a capacitively-loaded stepped-impedance half-wavelength res-

onator. To extract the equivalent transmission line model, we begin with an equivalent

conventional �= 2 uniform impedance resonator (UIR) as depicted in Fig. 3.2(a). The

resonator has a uniform impedanceZ 1 and a total electrical length � T = 2 � (� 1 +

� 2) = � , where2� � 1 is the height of the metallic housing(HH ) and Z 1 is the charac-

teristic impedance of the coaxial resonator structure excluding the cap sections and
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can be calculated (in Ohm) using [123], [124]:

Z 1 =
60

p
� r

� ln (1:079�
HW =2
RD =2

) (3.1)

where� r is the relative permittivity (equals 1 in vacuum mediums),HW is the square

metallic housing width, and RD is the coaxial resonator diameter. The next spu-

rious resonance of the UIRs normally appears at2�f0 (refer to upcoming equation

(3.7)). Then, the length of the open-end�= 2 UIR can be shortened and the spurious

performance can be enhanced using lumped-element capacitors as depicted in Fig.

3.2(b). Here, the capacitor-loaded UIR (L-UIR) is more compact than the UIR by a

length equal to2 � � 2. The loaded lumped-element capacitors(C1) can be extracted

(in Farad) thru [123]:

C1 =
tan � 2

Z1 � ! 0
(3.2)

where ! 0 is the angular resonant frequency (=2 � � � f 0), and � 2 = �= 2 � � 1. Here,

C1 capacitors represent the cap sections including the inserted parts of the coaxial

resonator inside them, while2 � � 1 and Z1 remain unchanged. Alternatively, as the

lumped-element capacitors are not convenient for frequencies above 1 GHz, they can

be replaced by equivalent transmission line sections representing a stepped impedance

resonator (SIR) as can be seen in Fig. 3.2(c). The SIRs are commonly favorable in a

wide range of applications due to their distinct advantage of adjusting the resonator

length (hence, frequency), and the spurious resonances with high �exibility and degree

of freedom [123], [125]. Similarly, the inset resonator can be modeled as a SIR with

two di�erent impedances Z1 (the metallic housing part) and Z2 (the caps sections).

WhereasZ1 is known from (3.1) similar to the UIR and L-UIR models,Z2 can be

found (in Ohm) using [123], [124]:

Z 2 =
60

p
� r

� ln (
CD =2
RD =2

) (3.3)

whereCD is the diameter of sidewall caps. From this point, the equivalent electrical

length of the cap sections� 3 (and accordingly the overall SIR length� T = 2 � (� 1 + � 3)

can be calculated based on the impedance ratioZR (Z2/ Z1), and � 1 as follows:



25

tan � 3 =
Z R

tan � 1
(3.4)

Also, the SIR total length � T can be extracted from [125]:

tan
� T

2
=

1
1 � ZR

� (
ZR

tan � 1
+ tan � 1) (3.5)

From this equation, it can be seen clearly the dependence of resonator length on the

impedance ratio. WhenZR = 1, this is the UIR case where� T = � . Then, the

smaller the impedance ratio than 1 (Z2 < Z 1), the shorter will be the resonator. In

addition to the SIR model, the inset resonator can be represented more thoroughly as

a loaded SIR (Fig. 3.2(d)) where the caps sections and the inserted parts of the coaxial

resonator can be regarded as a capacitively-loaded combline posts. Accordingly, the

capacitance gap at both ends (C2) shortens the inset resonator further by a length of

2 � (� 3 � � 4) where � 3 is known from (4), and � 4 is the length of the inserted part

of the coaxial resonator inside the sidewall caps ((RH � HH )/2 ). Similar to (3.2), C2

(in Farad unit) can be expressed as:

C2 =
tan(� 3 � � 4)

Z2 � ! 0
(3.6)

Besides the contribution to the inset resonator length adjustment, the impedance ratio

also incorporates in controlling the frequency ratio of the �rst spurious (f S/ f 0) and

improving the spurious performance. This relation can be seen clearly in equation

(3.7) below which tells that the frequency ratio increases with the decrease of the

impedance ratio [123], [125].

f S

f 0
=

�
2 � tan� 1

p
ZR

(3.7)

The simpli�ed equivalent electrical circuit of the inset resonator is provided in

Fig. 3.3. The resonant frequency (f 0) can be found based on the cavity inductance

(L1) and the total capacitance (CT ) as follows:
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Figure 3.3: Simpli�ed equivalent electrical circuit of the inset resonator.

f 0 �
1

2 � � �
p

L1 � CT
(3.8)

The inductance of the caps sections is relatively small and can be neglected, for

simpli�cation. On the other hand, the total capacitance depends on the resonator-

housing capacitance (C1) and the series loading capacitances of the two sidewall caps

(C2, C3, C4, C5):

CT � C1 + (( C2 + C3) k (C4 + C5)) (3.9)

whereC2 and C4 represent the resonator-cap capacitance at each side andC3, C5 are

the loading capacitances of the gap between the resonator and the top and bottom

surfaces of the caps, respectively. Then, equation (3.8) can be re-written as:

f 0 �
1

2 � � �
q

L1 � (C1 + ( (C2+ C3 )�(C4+ C5 )
C2+ C3+ C4+ C5

)
(3.10)

For simplicity, we assume that the two cap sections are symmetrical, and accordingly,

C2= C4, C3= C5. Then, the inductance (L1), and the di�erent capacitance components

can be found (in Henry unit) as follows [123], [126]:

L1 �
1

6 � � � 108
�
r

� 0

� 0
� ln (1:079�

HW =2
RD =2

) � HH (3.11)
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Figure 3.4: Transmission coe�cient responses of various inset resonator TL models
and equivalent electrical circuit at 2.5 GHz. The corresponding physical dimensions
are in Table 3.1. Black line: uniform impedance resonator (Z1 = 59.54
 , � 1 = 63o,
� 2 = 58.5o). Violet line: loaded-uniform impedance resonator (C1 = 1.75 pF). Green
line: stepped impedance resonator (Z2 = 7.066
 , � 3 = 10.99o). Red line: loaded-
stepped impedance resonator(� 4 = 6o, C2 = 0.787 pF). Blue line: equivalent electrical
circuit ( L1 = 4.153 nH,C1 = 0.59 pF,C2, C4 = 0.472 pF,C3, C5 = 0.222 pF).

C1 �
2 � � � HH

6 � 108 �
q

� 0
� 0

� ln (1:079� H W =2
RD =2 )

(3.12)

C2; C4 �
2 � � � PH

6 � 108 �
q

� 0
� 0

� ln ( H W =2
RD =2 )

(3.13)

C3; C5 �
� 0 � � � (RD =2)2

CH � PH
(3.14)

To further validate and con�rm the aforementioned conceptualization and models

of the proposed inset resonator con�guration, a single resonator example is designed,

and its di�erent parameters are investigated in detail. The resonator is designed to

operate at a resonant frequency of 2.5 GHz. An EM-based model is built and analyzed

using the Eigenmode solver in CST microwave studio, while the various transmission

line (TL) models and equivalent electrical circuit are calculated using the provided

equations and then implemented in ADS circuit simulation environment. The results

in Fig. 3.4 show quite well agreement between the di�erent models in both the reso-
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Figure 3.5: Dependence of the fundamental frequency, 1st spurious resonance, and
unloaded quality factor on the height of the metallic housing (HH ). The corresponding
physical dimensions are in Table 3.1.

Figure 3.6: Fundamental frequency, 1st spurious resonance, and unloaded quality
factor with respect to resonator height (RH ). The corresponding physical dimensions
are in Table 3.1.

nant frequency at 2.5 GHz and the next spurious resonance at around 8 GHz. The

inset resonator is then compared with the conventional combline (reported in [127])

and half-wavelength resonators as summarized in Table 3.1. The coaxial resonator

length is 50 mm (� �= 2) in the half-wavelength resonator case, and 25 mm (� �= 4)

in the combline and inset con�gurations. The chosen metal for all components is

copper (� = 5.8� 107 S/m). As is shown, the inset resonator yields a better spurious

performance (3:2 � f 0), up to more than 60% volume-saving, and a comparable high

Q factor with the best Qu/volume ratio. Next, the di�erent design parameters (the

housing, resonator, and sidewall caps) of the presented inset resonator are studied.

Fig. 3.5 and Fig. 3.6 depict the variation in the resonant frequency, 1st spurious reso-

nance, and unloaded Q-factor with respect to the housing height (HH ) and resonator

length (RH ), respectively. When theHH is reduced, this means more parts of the
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