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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-QQ 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 TMg;p-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 Qualitéatsfaktor fiir rekonfigurierbare Systeme und Anwendungen
mit hoher Leistung. Zunichst wird ein detaillierter Uberblick iiber die verfiigba-
ren Abstimmkonzepte und abstimmbaren Filter nach dem Stand der Technik ge-
geben. Dann wird eine neuartige sogenannte Inset-Resonator-Konfiguration fiir die
Anwendung von festen und abstimmbaren Koaxialfiltern vorgestellt. Das Entwurfs-
verfahren fir frequenzabstimmbare Filter mit konstanter absoluter Bandbreite wird
beschrieben, und es werden verschiedene abstimmbare Inset-Filter implementiert, die
viele wiinschenswerte Vorziige bieten, einschlieflich eines groffen Abstimmbereichs
und eines stabilen hohen Qualitdtsfaktors mit minimaler Abweichung. Fiir 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 Stormodenverhalten und einen grofseren Abstimmbereich als
die herkommlichen Mittel aus. Auferdem 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 Qualitéitsfaktor verwenden. Dariiber hinaus wird in dieser Dissertation eine
neuartige, auf Mikrofluidik basierende, ultrabreite Frequenzabstimmungstechnik fiir
dielektrische TMg;9-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. Schlielich beinhaltet die
Dissertation ein neuartiges Konzept zur Rekonfiguration der Bandbreite mit einer
Abstimmung {iber mehrere Oktaven mit einem einzigen Element fiir koaxiale Band-
passfilter. Dieser Mechanismus zeichnet sich durch zahlreiche Merkmale aus, darunter
schnelle Abstimmung, konstant hoher Qualitatsfaktor, intrinsische Abschaltung und

Rekonfiguration einer grofen 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 fixed 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 filter, is essential for future flexible communication
systems. These applications include multi-band transceivers, cognitive radio (CR)
systems, next-generation cellular communications, wideband RADARs and satellite
payloads, and flexible radio systems like software-defined radios (SDR). Generally

speaking, in view of performance and specification requirements, these classes of ap-



plications require low loss, better frequency spectrum utilization, more functionality,
smaller mass and volume, more efficient 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 reconfigurable RF front-end units have a difficult-awaiting tasks to pro-
vide high-performance capabilities. Similarly, as a key element of every RFFE unit,
tunable RF filters 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 efficient tuning mechanisms is

essential to meet those challenging characteristics more efficiently.

1.2 Research Objectives

The main goal of this PhD research is to investigate new tuning solutions and develop
tunable RF bandpass filters suitable for high-performance reconfigurable communi-
cation systems, employing novel high-Q compact coaxial and dielectric resonators
(single and multi-mode). Defining that the vast majority of the available state-of-art
tunable filter designs suffer from several drawbacks including the high loss, limited
tuning capabilities, bulky structures, and Q-factor deterioration with tuning, this dis-
sertation aims to:

e Develop miniaturized high-Q tunable bandpass filters.

e Propose simple, efficient novel tuning techniques that offer wide and extended tun-
ing ranges.

e Realize efficient tuning with minimal deterioration of high-Q reconfigurable RF fil-

ters.



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 filters.

In chapter 3, a novel coaxial inset resonator configuration is presented, and its
application to fixed /reconfigurable microwave filters is detailed. The first part of the
chapter describes the design procedure of the inset resonator, and present realizations
of quasi-elliptic fixed filters based on planar and inline longitudinal coupling config-
urations. In the second part of chapter 3, the employment of the inset resonators in
tunable filters design with constant absolute bandwidth (CABW) is discussed, and
various prototypes are implemented.

In chapter 4, widely tunable CABW dielectric combline bandpass filters are pre-
sented using a novel tuning technique of re-entrant caps.

Chapter 5 presents several miniaturized reconfigurable bandpass filters and diplex-
ers based on dual-mode TM-mode dielectric resonators. First, dual-band dual-mode
filters 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 reconfigurable filters are implemented with
constant ABW responses, having a reduced number of tuning elements using accurate
piezomotors for tuning.

Chapter 6 describes a novel microfluidic-based ultra-wide tuning technique for
TMjyi9-mode dielectric resonators and filters. Single resonator and second-order filter
examples are developed for proof and to verify the proposed concept.

In chapter 7, a novel bandwidth tuning technique for coaxial and dielectric filters
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.



Chapter 2
Literature Survey

This chapter includes a comprehensive review on the different tuning techniques and
means of microwave filters. First, the major tuning techniques (mechanical, electrical,
and magnetic-based) are explained in terms of operation mechanisms, advantages, and
limitations. Also, the different concepts and means utilized in the realization of the
available state-of-the-art tunable filters are provided focusing on tunable waveguide
filters, including tunable dielectric resonator (DR) filters, due to their more desirable
features and specifications 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 microfluidically reconfigurable filters.

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 filters. In this mechanism,
the resonant frequency is tuned by changing the field distribution in the filters’
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 filters have many advantages in
comparison with the other structures including the low insertion loss, high unloaded

quality factors (Q,), and also the capability of high-power handling. However, they



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 specifications of the various current and future
communication systems include the compact size and fast tuning speed, mechani-
cally tunable filters still attract attention due to their unbeatable power handling
capabilities and high-quality factors. The following subsection reviews and compares
the mechanically tunable filter designs presented in previous literature with different

tuning approaches.

Mechanically Tunable Filters

Mechanical tuning techniques have been realized in different 3-D filter structures
including evanescent-cavity and waveguide-based configurations [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 filters were reported based on capacitively-loaded
structures by changing the gap between the inner post and a flexible top cavity as
in [1] and [2]. A second-order tunable filter is realized in [1| using a piezoelectric
actuator mounted on a flexible 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 configurations in
high-performance and high-power flexible systems is not favorable.

On the other hand, tunable filters 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 reconfigurable
waveguide filters were presented previously in different empty-cavity, coaxial-, and
dielectric-loaded structures. In its simplest configuration, tunable waveguide filters
are realized using metallic plungers [3|. Unfortunately, more efficient tuning means are
needed as such screw-based designs suffer from significant performance deterioration.
Therefore, a couple of high-(Q mechanically reconfigurable waveguide filters were in-
troduced with special tuning mechanisms to minimize the Q-factor degradation while
tuning, as in [7]-[15]. A high-Q manually reconfigurable K-band dual-mode wave-
guide filter was introduced in [7]. The proposed filter is a fifth-order Chebyshev with
3.5% tunability at 26 GHz center frequency and an extreme narrowband of just 0.1%



fractional bandwidth (FBW). Adjustable sidewall cavities are utilized for frequency
reconfiguration with enhanced Q-factor measures in comparison to the conventional
screws-based tuning method. The extracted effective Q-factor of the proposed recon-
figurable filter 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
flexible copper bellows are mounted on the cavity to control the frequency using a
manual micrometer driver. The filter 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 offer less degradation
across the whole tuning band and also a wide spurious-free range. The presented
filter 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 filters.

In [10], a screw-based manually frequency and bandwidth reconfigurable wave-
guide filter was proposed using a tunable coupling resonator configuration. The fab-
ricated filter 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 configuration 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 filter in [12]
operates at 19.36 — 19.7 GHz with a Q-factor between 2600 — 3100. Also, to offer
more design flexibility, reconfigurable filters 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 filter 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 reconfigurable filter is
implemented with a constant 2% narrow bandwidth and 15% tunability. Recently,
Basavarajappa and Mansour presented a fourth-order reconfigurable dual-mode filter
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 filters were reported in [16]-[19]. A refined manually



tunable coaxial filter was presented in [16|. The capacitive loading is changed through
a simplified 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 filter 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-QQ 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 filter 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 filter 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 offer a high unloaded-Q
and have excellent temperature stability. The frequency tuning of dielectric resonator
filters was presented few-decades ago by Gil and Martinez in [20]. Also, Chen et al.
presented a temperature compensated manually reconfigurable four-pole hybrid-mode
HEH;; dielectric filter in [21]. A detailed temperature sensitivity optimization is
performed to the filter structure to obtain the proper dimensions for best tuning with
the least temperature variation. Double-resonator tuning configuration 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 filter 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 filter can be
tuned from 1930 to 1990 MHz and has an unloaded Q-factor of 22000 - 23000. The
DR tunable bandpass filter presented in [23] has displayed good tuning properties in
terms of the filter size and tuning range, but, the filter’s tuning speed is very slow

due to the large travel distance of the tuning element in the screw-like configuration.



Piezoelectric-based tuning technique was reported in [24]-[26| with various dielec-
tric resonator configurations. 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 different configurations 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 HEM;7; mode filter was introduced with a piezoelectric bimorph connected to
the metallic tuning discs to control its movement for frequency tuning. The filter is
designed with a tuning range of 2.24 — 2.45 GHz with 0.5% FBW and insertion loss
less than 1 dB. Another filter was also presented in [26] where a piezoelectric trans-
ducer is used to control the movement of a flexible sidewall to change the resonant
frequency of the cavity. A fourth-order dielectric TME mode filter 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 filters.
Yan et al. in [27], introduced a mechanically tunable TEy mode dielectric filter
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 filters still suffer 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

efficient 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 filters 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 different 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,



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 field
distribution, and thereby, tune the resonant frequency. Generally, electrically tunable
filters can be categorized into two main groups: discretely-switched filters where in
which the frequency is reconfigured between separated predefined individual tuning
states, and continuously tunable varactor-loaded filters where the filter can be tuned
freely at any frequency across a specified span. The following parts of this section
discuss various electrically-tunable filter designs realized based on various means of

both groups in different planar, hybrid, and waveguide structures.

Electrically Tunable Filters

Switched Reconfigurable Filters

With the increasing development in various multi-standard and multi-band com-
munication systems, the conventional fixed filters became an un-efficient solution.
Therefore, switch-based reconfiguration techniques were introduced to provide more
efficient and flexible 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 filters with different reconfiguration
responses [27]-[29]. The most common switching-elements used in reconfigurable fil-
ters design are solid-state REF' PIN diodes due to their advantages of wide market-
availability, low cost, and easy fabrication and integration. The use of PIN switches
in reconfigurable filters applications was firstly 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 filter
was presented. Six microstrip sections are switched by PIN diodes to reconfigure the
two frequency bands.

In spite of the various advantages of the PIN switches, their application in high-
performance frequency-agile filters 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 efficient
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) filter
was proposed using high-(Q capacitors connected in series with MEMS switches. Sim-
ilar planar and hybrid RF MEMS switched filters were also introduced on microstrip,
SIW, High-Temperature Superconductors (HTS), and evanescent-mode cavities [35]-
[38].

RF MEMS switches were also integrated with the different waveguide structures
to introduce high-Q tunable filters [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 off. Also, [40]| presented
a Ku-band two-channel reconfigurable waveguide filter 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 filter 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 filters were introduced by Pelliccia et al. with
three different configurations in [41]. In the first approach, the MEMS switches are
employed as current perturbation elements to control the distribution of the elec-
tromagnetic field. A two-pole K-band filter is designed with 160 MHz bandwidth
and Q-factor of 1000 and 500 for ON and OFF states, respectively. In the second
configuration, 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 filter 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 filter with 1.6% frequency tuning and an
expected Q of the order of 1000.

Another high-Q MEMS reconfigurable 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 filter is fabricated with a 2.503
— 2.393 GHz frequency range and 1.32 dB insertion loss. Also, a sixth-order filter 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 different configurations with di-
electric resonators to design high-Q tunable filters. In the first 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 effective length of
conductive strips will increase, and then the frequency will shift due to the change in
the current distribution. The implemented second-order filter is designed at 4.72 GHz
with a 160 MHz tuning window and Q-factor from 510 to 1200. In the second con-
figuration, 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 filters based on Vanadium Dioxide
(VO3) 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 filters.

Overall, switchable filters offer many advantages and functions in comparison with
the conventional fixed configurations as the reduced circuit size, lower cost, and more
flexible 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
configurations are quite popular in various microwave applications. Varactor diode is
defined 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 specifications 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 suffer 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
filters including the designs presented in [48]-[68], where various degrees of tuning
have been achieved with different structures. Notably, most of those varactor-tuned
implementations are of low-Q planar and hybrid bandpass filters [48|-[62], while the
conducted research on high-Q waveguide structures is very limited [63]-[68].

In general, research in tunable bandpass filters has been mainly focusing on the
realization of frequency tunable filters with some effort towards bandwidth control
and other tuning functions (e.g., input-output coupling, transmission zeros). Among
the different structures, planar microstrip filters 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 filters 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 reconfiguration [54]. Also, more
advanced tunable dual-band filters with independently tunable passbands were pro-
posed [55].

Most varactor-tunable filters employ commercially available semiconductor var-
actors, however, these varactors suffer 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 filter
designs as in [58] and [59].

Due to the limited Q-factor of the microstrip structures, higher-Q filters were
introduced using Substrate Integrate Waveguides (SIW) [60]-[61], and hybrid evanes-
cent cavities [62]. [61] introduced a compact tunable varactor-loaded SIW filter
with the advantage of wide stopbands. A hybrid 3-D printed varactor-based tunable
evanescent-cavity BPF was presented in [62] with flexibly tunable center frequency
and bandwidth.

In regards to varactor-tuned waveguide filters, only few publications based on
coaxial and dielectric resonators were reported [63|-[68]. Xu et al. reported a high-Q
tunable coaxial bandpass filter with constant absolute bandwidth and wide tuning
range in [63]. Three high-QQ GaAs varactors are mounted in parallel to offer 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 configurations of tunable varactor-loaded dielectric resonators and filters
were introduced in the previous literature [64]-[68]. The first 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 different position beneath
a TEg; mode resonator device. This configuration achieved 1.7% tunability and a
high Q-factor up to 8000. Although that high-Q factors are obtained, those con-
figurations have a major drawback of a very narrow tuning range. This is because
that the tuning circuits just control the available field around the DR, while most of
the field 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 TEg; 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
filters 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 field 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 filter 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 field distribution in the filter 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 filters were reported using YIG ferrites in different configurations
[69, 70, 71, 72,73, 74,75, 76, 77|. An example of a magnetically tunable bandpass filter
designed with yttrium iron garnet films 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 film is buried on another substrate of gadolinium
gallium garnet (GCG). The whole structure acts as a BPF filter whose ferromagnetic
resonance is tuned via a biased magnetic field. Another tunable low temperature
co-fired ceramics (LTCC) BPF using partially magnetized ferrite was introduced in
[77]. The proposed filter brought the benefits 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 filter structures |78, 79, 80]. A ferrite-loaded low-loss
tunable X-band waveguide bandpass filter was introduced in [78]. A magnetized
ferrite slab is placed inside TE;p; mode waveguide cavity using truncated pyramid-
shaped metallic inserts to tune the resonant frequency by changing the magnetic field
distribution. The implemented second-order filter 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 filter with high-power handling capabilities
in [79]. Magnetically-biased ferrite insert was loaded on the combline resonators to
change the magnetic field distribution and tune the frequency. The fabricated two-
pole filter 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 filter has the merit of handling high levels of power rated up to 800 Watts.

In [80], two second-order magnetically tunable dielectric filters were introduced us-
ing magnetized ferrites in axial and circumferential configurations. The implemented
filter 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 configuration, the
filter 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 filters [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 briefly introduced: ferroelectric-based

tuning, microfluidic-based tuning, and liquid crystal-based tuning.

Ferroelectric Tunable Filters

The application of ferroelectric materials in various emerging reconfigurable 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 filters [81]-[86].
The operating concept of self-tuned ferroelectric resonators is based on the direct
tuning of the resonator by applying a DC electric field to change the ferroelectric
material properties including the relative permittivity which accordingly shifts the

resonant frequency.

Two tunable ferroelectric filters were reported in the previous literature using disc-
shaped ferroelectric resonators [85], [86]. In [85], a tunable narrow-band BPF was
introduced using TM;;¢ 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 filter suffered from the increasing losses and
drastically decreasing Q-factor with the increase in the DC biasing field, which is a
common drawback in ferroelectric materials. The second tunable ferroelectric filter
was presented in [86] using a potassium titanate (KTO) resonator coated with a high
superconductive layer to increase the Q-factor. The fabricated filter operates at 0.5

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

As can be seen, those filters suffer 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 field is required for tuning (up to 1 kV) which is impractical for tuning
applications. A more promising application of ferroelectrics is in thin-film and thick-
film components as the loss effect 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 filter 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 fields 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 effective relative permittivity and tune the resonant frequency as shown
in [87]-[90]. Also, tunable waveguide liquid crystal filters were successfully introduced
in [91] and [92]. Liquid crystal containers were placed into the cavity to change the
orientation of the fields inside the filter and tune the frequency. A 20 GHz tunable
liquid crystal filter was introduced in [91] using a conventional waveguide structure
with 2.3% tunability and insertion loss of 6 dB. In [92|, a 60 GHz filter 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 filter
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-fluidics have been explored as promising switching and recon-
figuration candidates [93]-[102], mainly because of their linear properties, low loss,
and high-power handling capabilities. Many fluidic-based planar and nonplanar re-
configurable/tunable filters were introduced using different fluids [94]-[102]. Various
tunable microstrip filters were proposed using intermediate or top-placed microflu-
idic tubes (e.g., distilled water, dielectric liquids, metallic liquids) for frequency and
bandwidth control [95]-[99]. For example, [95] introduced a microfluidic frequency
and bandwidth tunable microstrip filter using microfluidically movable surface metal-
ized plates (SMPs). Also in [98], water-filled tubes were placed beneath the microstrip
resonator to tune the resonant frequency by changing the overall effective dielectric
constant (e, ).

Another fluidic tuning approach was introduced with both planar and 3-D cavity
structures by filling the inner posts with fluids to reconfigure the resonant frequency
[100]-[102]. Sara, et el., reported a switchable dual-band C-band SIW filter using
liquid metal actuation through reconfiguring the inner posts [100]. The proposed
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filter works in four different reconfiguration states: all-pass, lower passband, upper
passband, and all-reject. Also, in [102], a rectangular waveguide filter was loaded
by water-filled tuning posts to control the resonant frequency. Additionally, tun-
able tri-band filters were presented with independent passband reconfiguration on
TE101/TEo11/TMp11 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 different state-of-the-art tuning
means of microwave filters. 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 specifications, advantages and limita-
tions. The different implementation methods of tunable filters 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 microfluidic-based tuning.
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Chapter 3

Inset Resonators and Their
Applications in Fixed/Reconfigurable

Microwave Filters

In this chapter, a novel so-called “inset” resonator configuration is presented for fixed
and tunable coaxial microwave filter applications. The proposed configuration 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 first 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
filters in planar and longitudinal coupling configurations, respectively. The first takes
the form of a folded four-pole 2.93 GHz filter with two symmetrical transmission ze-
ros. The fabricated filter has a compact structure of 29.76 cm?, 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-fy. The second inset-type quasi-elliptic filter is realized in a longitudi-

nal inline arrangement. An example of a 2.53 GHz three-pole filter is presented with



19

a closely-positioned transmission zero, wide spurious-free band (/3. f,), and a very
compact structure of 55.7x33x33 mm?.

In the second half of this chapter, a new class of compact, high-Q, tunable coaxial
filters is presented based on the novel inset resonator structure. The tuning con-
cept is based on the displacement of movable resonators inside a properly modified
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 first designed and measured showing
distinctive results of a 43% tuning range, stable high-Q of 4100+4%, spurious-free
band up to 3.8-fy, 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 filters is then presented, and two different tunable in-
set filters are designed and implemented. Firstly, a manually tunable four-pole filter
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 filter 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 f.
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 filters 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 filters 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



20

them an unfavorable option, except in very specific applications such as [19] and
[103]. In [19], freely movable resonators were required to design a frequency-tunable
coaxial filter. Whereas in [103], A/2 dielectric resonators were employed to satisfy
a high-Q requirement for satellite multiplexer applications. According to our own
knowledge, these two coaxial filters are the only available examples in the literature
based on A/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 filters research due to their compact structures
with mid-high-Q and wide spurious-free bands (>3- f;). Similarly, as more compact-
ness and volume-saving are always required, various miniaturized combline filters
were presented with good spurious performance based on different configurations
[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 filter 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 filters employs multiple interlaced compact re-
entrant resonators as demonstrated in [110]-[112]. These filters 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 filters 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 flexible

resonators types.

Besides miniturization and good spurious responses, coaxial filters often require
transmission zeros (TZs) at one or both stopbands to meet rejection specifications.
Commonly, coupling probes and folded configurations 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 configurations where the input and
the output are on opposite sides. Therefore, [118] and [119] presented inline cross-
coupled combline filters 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 filters 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 flexibility
of the TZs. Considering the above-mentioned drawbacks, we can conclude that the
introduction of inline coaxial filters with easy creation and flexible control of TZs is
greatly appreciated.

In this section, the design and analysis of the inset resonator are presented in
detail, and various fixed coaxial inset filters are designed and implemented. The
proposed inset resonator configuration provides many desirable advantages including
the compact structure, good spurious performance, comparably high Q-factor, and
efficient self-tuning. First, detailed modeling and analysis procedure of the inset-type
resonator is provided, and different design parameters are investigated. Next, two pos-
sible filter setups are introduced in horizontal and vertical arrangements with flexibly
controllable transmission zeros providing enhanced stopband rejection characteristics.
A two-pole Chebyshev and a folded 4-pole quasi-elliptic filters are implemented in pla-
nar coupling configuration, and the measured results are reported. Furthermore, the
inline longitudinal coupling configuration of the proposed resonator is presented in
detail. The capability of obtaining quasi-elliptic responses with flexibly-controllable
TZs is explained, and different examples are provided. The implementation feasibility

is explored, and a prototype is manufactured for verification.

3.1.2 Inset Resonator Design and Analysis
Inset Resonator Structure

Fig. 3.1 depicts a 3D view of the proposed inset resonator configuration. It is com-
prised of a coaxial resonator inserted partially inside modified 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, offering 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 coefficient of thermal expansion (CTE) (e.g., Teflon, 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 field resonates in the middle of the resonator as-
sembly, and the electrical field 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 configuration, 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 field patterns to the conventional \/2
resonators [19], [103]. However, the inset configuration can advantageously provide
substantial size miniaturization and enhanced spurious responses due to the dual ca-
pacitive loading effects at both ends of the coaxial resonator caused by the modified

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 field resonates mainly at the bottom of the cavity while the electrical
field 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-field 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 affecting the power
handling capabilities of the combline structure. On the contrary in the inset res-

onator, since the majority of the field 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 field
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 sacrifice of
quality factor. Here, it should be noted that in the inset resonator, similar to the
other configurations, the designer should be aware that the quality factor is usually
traded off for reduced mass, size, and complexity. One of the key novelties of the inset
resonator structure is the efficient (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 configuration 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 A/2 uniform impedance resonator (UIR) as depicted in Fig. 3.2(a). The
resonator has a uniform impedance Z; and a total electrical length 0, = 2 - (6; +
05) = 7, where 2-0; is the height of the metallic housing (Hy ) and Z; 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]:

60 Hw /2
Zy = 2L (1079 2W/2
! n Rp/2

NG

where €, is the relative permittivity (equals 1 in vacuum mediums), Hy, is the square

) (3.1)

metallic housing width, and Rp is the coaxial resonator diameter. The next spu-
rious resonance of the UIRs normally appears at 2-f; (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 to 2 - 0. The loaded lumped-element capacitors (C) can be extracted
(in Farad) thru [123]:

Cl . tan 92

_ 3.2
7 o (3:2)

where wy is the angular resonant frequency (= 2 -7 - fy), and 0y = 7/2 — ;. Here,
(1 capacitors represent the cap sections including the inserted parts of the coaxial
resonator inside them, while 2 - #; and Z; 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 flexibility and degree
of freedom [123], [125]. Similarly, the inset resonator can be modeled as a SIR with
two different impedances Z; (the metallic housing part) and Z, (the caps sections).
Whereas Z; is known from (3.1) similar to the UIR and L-UIR models, Zs can be
found (in Ohm) using [123], [124]:

60 Cp/2

To= —— -1

) (3.3)

where C'p is the diameter of sidewall caps. From this point, the equivalent electrical
length of the cap sections 65 (and accordingly the overall SIR length 67 = 2 (6, + 63)

can be calculated based on the impedance ratio Zgr (Z5/Z;), and 6; as follows:
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ZR
tan 03 = A4
anvs tan 01 (3 )
Also, the SIR total length 67 can be extracted from [125]:
Or 1 Zr
tan; =17, (tan91 + tan6;) (3.5)

From this equation, it can be seen clearly the dependence of resonator length on the
impedance ratio. When Zr = 1, this is the UIR case where 67 = w. Then, the
smaller the impedance ratio than 1 (Zy < Z;), 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 (Cy) shortens the inset resonator further by a length of
2. (05 — 04) where 03 is known from (4), and 6, is the length of the inserted part
of the coaxial resonator inside the sidewall caps ((Ry — Hy)/2). Similar to (3.2), Cy

(in Farad unit) can be expressed as:

B tan(fs; — 04)

C
2 Zy - wo

(3.6)

Besides the contribution to the inset resonator length adjustment, the impedance ratio
also incorporates in controlling the frequency ratio of the first spurious (fs/fo) 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].

Is 7r

T e V7 (37)

The simplified equivalent electrical circuit of the inset resonator is provided in
Fig. 3.3. The resonant frequency (fy) can be found based on the cavity inductance

(L1) and the total capacitance (Cr) as follows:
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Figure 3.3: Simplified equivalent electrical circuit of the inset resonator.

1
~ 3.8
™ VLo (3:8)

The inductance of the caps sections is relatively small and can be neglected, for
simplification. On the other hand, the total capacitance depends on the resonator-

housing capacitance (C7) and the series loading capacitances of the two sidewall caps
(027 037 047 05):

Cr =~ C1+ ((C2 + C3) || (Cy+ C5)) (3.9)

where C5 and C} represent the resonator-cap capacitance at each side and Cs5, 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:

1

Q.W.\/Ll-(cl‘f‘(%)

for (3.10)

For simplicity, we assume that the two cap sections are symmetrical, and accordingly,
Cy=C4, C3=C5. Then, the inductance (L1), and the different capacitance components
can be found (in Henry unit) as follows [123], [126]:

Lim——— J® 1079 H 3.11
v TRV Ry (3:11)
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S21 (dB)

Frequency (GHz)

Figure 3.4: Transmission coefficient 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 (Z; = 59.54 Q, 6, = 63°,
0y = 58.5°). Violet line: loaded-uniform impedance resonator (C; = 1.75 pF). Green
line: stepped impedance resonator (Zs = 7.066 €2, 5 = 10.99°). Red line: loaded-
stepped impedance resonator (0, = 6°, Cy = 0.787 pF). Blue line: equivalent electrical
circuit (L; = 4.153 nH, C; = 0.59 pF, Cy, Cy = 0.472 pF, C3, C5 = 0.222 pF).

2.7 H

Oy ~ L - (3.12)
6108 /1 In (1.079 - /2y

2.7-P

Cy, Oy ~ T T (3.13)

6108 /1 In (222)
EO'W'(RD/2)2
Cs, Cs ~ 3.14
3, Vb OH—PH ( )

To further validate and confirm the aforementioned conceptualization and models
of the proposed inset resonator configuration, a single resonator example is designed,
and its different 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 different models in both the reso-
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physical dimensions are in Table 3.1.
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Figure 3.6: Fundamental frequency, 1st spurious resonance, and unloaded quality
factor with respect to resonator height (Ry). 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 configurations. The chosen metal for all components is
copper (o = 5.8x107 S/m). As is shown, the inset resonator yields a better spurious
performance (3.2 - fj), up to more than 60% volume-saving, and a comparable high
Q factor with the best @, /volume ratio. Next, the different 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 (Hy) and resonator

length (Rp), respectively. When the Hpy is reduced, this means more parts of the
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diameter (Cp). The corresponding physical dimensions are in Table 3.1.
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Figure 3.10: Fundamental frequency and unloaded quality factor variation with re-

spect to inset resonator displacement. The corresponding physical dimensions are in
Table 3.1 (Cy = 8 mm).

resonator will be inserted into the sidewall caps. Consequently, the corresponding ca-
pacitance components will increase (Cy, C3, Cy, Cs) and move the resonant frequency
lower based on equation (3.10). Besides, an improvement in the spurious separation
can be noticed. The same happens when the resonator is elongated as can be seen
in Fig. 3.6. In both cases, this will be accompanied by a variation in the quality
factor. The sidewall caps are the most important part of the inset resonators and
should be designed properly based on the desired requirements. Fig. 3.7 describes the
impact of the caps’ diameter (Cp) on the frequency and the Q factor. The smaller
the gap between the cap and the resonator, the smaller the corresponding impedance
Zsy (refer to equation (3.3)) will be. Consequently, based on equations (3.5) and (3.7),
the resonant frequency will be shifted downwards, and the spurious performance will
improve. Fig. 3.8 relates the frequency and quality factor to the change in the caps’
height (Cy). Since the contained fields inside the caps are relatively small, we can
see that the resonant frequency and the Q-factor remain almost constant and stable.
This feature is particularly useful for the design of tunable inset structures where
the caps are designed based on the required room for the movable inset resonators
to obtain the desired tuning, as will be explained in the second part of this chapter.
Apart from that, the resonant frequency can still be decreased by further reducing the
capacitive gap between the resonator and the caps, and increasing the corresponding
capacitances C3, C5. Since relatively small gaps are needed between the resonator
and the caps (i.e. 0.5 mm) for higher miniaturization, some worries might be raised
regarding the power handling capabilities of the proposed inset resonator configu-

ration. Therefore, we have investigated this using the Sparks3D tool in CST with
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Table 3.1: Comparison of the inset resonator with the conventional half-wavelength
and combline resonators at 2.5 GHz.

Structure Half- Combline Inset
wavelength
fo (GHz) 2.5 2.5 2.5
fs (GHz) 5.0 7.4 8.0
Qu 4733 3591 3536
Volume (cm?) 24 12 8.9
Q. /Volume (cm™3) 197.2 299.25 397.3

Dimensions (in mm): Half-wavelength: Hy = 20, Hy, = 20, Hy = 60, Ry = 50, Rp = 8. Combline: Hy = 20,
H;, =20, Hy = 30, Ry = 25, Rp = 8. Inset: Hy = 20, Hy, = 20, Hy = 21, Ry =25, Rp =8, Cyg = 4, Cp = 9.
The material of all metallic parts is copper.

different gaps sizes between the caps and the resonator. It is evident in Fig. 3.9 that
the resonator can handle power levels of more than 2000 W while the gap size is of
only 0.5 mm. It can be further improved up to 6000 W by increasing the gap size.
Additionally, it was shown in [128] that lamination with a dielectric material (e.g.,

Teflon) can further enhance the power handling capabilities.

One of the key advantages of the inset resonator configuration is the ability to tune
the resonant frequency through the displacement of the coaxial resonator without the
need for any additional tuning elements. As mentioned earlier this so-called “self-
tuning” simplifies the tuning process and is able maintain a stable Q-factor. Fig. 3.10
shows the tuning capabilities of the presented inset resonator. Here, we extended
the height of the caps by 4 mm (Cy=8 mm) to offer more room for the resonator
displacement and provide higher tunability. When the resonator is displaced from
the center, the resonant frequency will increase due to the change in the loading
capacitances at both ends (refer to Fig. 3.3, egs. (3.9) and (3.10)). For post-tuning
of microwave filters, we normally require fine-tuning elements for a small frequency
range. Therefore, the designer can move the resonator slightly to adjust the resonant
frequency (e.g., within the shaded gray box at Fig. 3.10, where the resonator is inside
both caps). Of course, further tuning can be obtained as can be seen, which is
useful for tunable filter applications as explained in the following section. The most
interesting feature of this tuning mechanism is that the Q-factor remains stable with

minimum variation throughout the tuning window.

For verification and validation purposes, a 2.33 GHz single inset resonator struc-
ture is implemented, assembled, and measured. The resonator dimensions (in mm
unit) are: HH - 15, HW - 30, HL - 30, RH — 20, RD - 10, RDi - 3, CH = 8,
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Figure 3.11: The fabricated inset resonator prototype. (a) Disassembled and (b) as-
sembled.

6.4 GHz (3.8 1)
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Figure 3.12: Measured S21 response.

Cp = 11. Both the metallic cavity and the resonator were manufactured using brass
alloy and then coated with silver to achieve higher quality factor results. The fab-
ricated prototype and the measured results are depicted in Fig. 3.11 and Fig. 3.12,
respectively. The resonator operates at 2.32 GHz with a quality factor of approxi-
mately 3910 and a spurious-free band that approaches 3.8 fy. Also, the inset resonator
structure has a compact size of 15.02 em?, offering up to 50% and 25% volume-saving

in comparison with the conventional half-wavelength and combline resonators.
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Figure 3.13: 3D view of the proposed two-pole inset BPF.

3.1.3 Inset Bandpass Filters
Inset Filters in Planar Configuration

Fig. 3.13 illustrates a 3D schematic of a two-pole bandpass filter using the proposed
inset resonator. The filter is designed to have a Chebyshev response and operates
at a center frequency of 2.45 GHz with an absolute bandwidth of 50 MHz. Firstly,
the corresponding coupling matrix is extracted and optimized following the standard
synthesis process in [129]. Then, the required physical coupling coefficients (K5 and
external quality factor Q) are calculated and realized. The extracted Q-factor is
3000 when considering copper metal. Photographs and measured S parameters of the
implemented filter are depicted in Fig. 3.14 and Fig. 3.15, respectively. Measurements
agree very well with simulations. This prototype was manufactured out of brass metal
and then silver-plated to get higher Q,. The filter prototype operates at a frequency
of 2.51 GHz with 53 MHz bandwidth and extracted Q, of ~2000. The filter has a
wide spurious-free band up to 8.63 GHz (3.44-f,) as can be seen in Fig 3.15(b).

Next, a compact fourth-order coaxial inset filter is designed also in a planar cou-
pling configuration with folded topology to realize a cross-coupling and create trans-
mission zeros. Fig. 3.16 shows a perspective view of the quasi-elliptic four-pole filter
designed to operate at 2.8 GHz with a bandwidth of 75 MHz, @Q,, of 3100 (with cop-
per), and two symmetrical transmission zeros. It is worth to remark that this filter
is also designed for tunable applications, but, will not discuss it here as we are only
interested in its fixed version (for tunable responses, please refer to the following sec-
tion). Based on the specifications, the corresponding coupling matrix is extracted

following the standard synthesis procedure [129]:
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Figure 3.14: The fabricated two-pole inset bandpass filter. (a) Disassembled and
(b) assembled.
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Next, the required physical input-output (I0) and inter-resonator couplings are real-
ized. As shown in Fig. 3.16, the IO couplings are obtained using inductive coupling
posts fed through Sub-Miniature version A (SMA) connectors. Similarly, the required
physical inter-resonator couplings are realized by properly adjusting the dimensions of
the iris sections. A capacitive coupling probe is used to realize a source-load coupling
path introducing two symmetrical transmission zeros. A prototype is then manufac-
tured and assembled as depicted in Fig. 3.17 and Fig. 3.18, respectively. The metallic
housing is made of aluminum, while the coaxial resonators are milled out of brass
metal. The resonators are positioned using Polyetheretherketone (PEEK) screws at
one end (which are more durable than the Teflon screws) with the aid of Teflon posts
at the other end. The overall volume of the filter prototype is 54x52x35 mm?.

The simulated and measured results of the proposed folded filter are presented
in Fig. 3.18 with and without the capacitive coupling probe (i.e., with and without
TZs). The filter is centered at 2.93 GHz with a mid-band insertion loss better than
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Figure 3.15: The fabricated two-pole inset bandpass filter. (a) Measured S-parameters
and (b) wideband response.

Figure 3.16: 3D structure of the proposed folded 4th-order coaxial inset filter. All
dimensions are in mm unit.

0.73 dB, a return loss higher than 18 dB, and extracted quality factor of 1000. It
is worth mentioning that no tuners are employed. A 4.6% increase is noticed from
the simulated operating frequency (2.8 GHz). This is mainly due to manufacturing
tolerances, particularly in the caps’ sections which are the most sensitive parts. Hence,
the simulations were optimized to resemble the measurements through decreasing the
gap between the coaxial resonators and the caps by 0.08 mm. To compensate for this
increase in frequency, tuning screws can be introduced, however, this is not a favorable
option in many applications as discussed earlier. Alternatively, it is more convenient
for designers to consider the manufacturing tolerances in advance to get an excellent
agreement. For example, a second version of this filter can be designed at a 4.6% lower

frequency (= 2.67 GHz). Then, if a further up-tuning is required, the resonators can



36

- - - - Measured, without TZs| |
—— Measured, with TZs
------ Simulated

------- Re-simulated

204 8

S Parameters (dB)

Frequency (GHz)

Figure 3.18: Simulated and measured results of the folded 4th-order inset filter.

be displaced accordingly. In this manner, the need for additional tuning screws (to
decrease the resonant frequency) can be eliminated. Another possible option since
that the coaxial resonators are separated components, they can be simply replaced by
longer ones (could save cost and time). The wideband response of the implemented
filter is demonstrated in Fig. 3.19. The next spurious frequency is at 3.5- f(, while the
iris resonances can be noticed at ~3-fy, which can be redesigned to suppress their

unwanted resonances.

Inset Filters in Longitudinal Configuration

As we earlier discussed, there is a fundamental need for inline coaxial filter configu-
rations that are able to introduce TZs with flexible positioning. With regard to this,
another possible setup of the inset resonator filters is the inline longitudinal configu-

ration. Besides to the more compact structures, compared with the aforementioned
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Figure 3.19: Wideband response of the four-pole inset filter.

planar topology, the longitudinal inset configuration has the capability of obtaining
quasi-elliptic responses in inline arrangements. For instance, Fig. 3.20 illustrates a
3rd-order inset filter that operates at 3.08 GHz with a bandwidth of 56 MHz and
unloaded quality factor about 2720 (with copper). The couplings between the adja-
cent resonators (inter-resonator couplings) are magnetic-based (inductive) couplings.
In addition, there is a transmission zero that can be seen relatively far away from
the passband at 2.55 GHz. This TZ is created through a relatively weak electrically
dominant (capacitive) coupling path between the nonadjacent resonators (1 and 3).
This TZ can be moved closer to the passband by increasing the electrical coupling
strength between the resonators. Referring to Fig. 3.1, we know that the E-field is
mainly focused at the ends of the inset resonators. Consequently, the E-field coupling
strength can be increased effectively by: 1) making central openings in the irises,
so, the adjacent resonators’ ends face each other directly, and then, 2) moving the
resonators closer. Simultaneously, the irises and the resonant frequency of each cav-
ity must be re-optimised to provide the same operating frequency and bandwidth.
Fig. 3.21(a) presents a design example which has similar passband specifications to
the above filter (i.e., fy=3.08 GHz, BW=56 MHz), but, the TZ is moved and posi-
tioned very close to the passband at 2.98 GHz. Additionally, the TZ can be flexibly
shifted to the upper side by simply changing the sign of any inter-resonator cou-
pling pair (mjy or mag). This is realized by rotating the respective coupling iris by
180° angle as can be seen in the filter-2 example in Fig. 3.21(b). This advantage of
introducing flexibly controllable TZs distinguishes the proposed inset configuration
from similar longitudinally-coupled loaded-waveguide filters available in the litera-
ture [113], [115], [130], [131], and [132]. While the inline coaxial filter in [113] and
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Figure 3.20: Third-order inset filter in a longitudinal configuration. (a) 3D structure

(in mm unit) and (b) simulated (solid black line) and optimized coupling matrix
(dashed red line).
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Figure 3.21: Longitudinal inset filters with similar frequency and bandwidth of the
previous example in Fig. 3.20. (a) Filter-1: Close transmission zero at the lower
stopband. (b) Filter-2: Close transmission zero at the upper stopband.

the electrically-coupled TM-mode dielectric filters in [130]-[132] cannot introduce TZs,
the TZ controllability was not demonstrated in the additively-manufactured combline
filter in [115].

Regarding the realization of the longitudinal inset filters, a common dielectric
support element can be used to fix all resonators in their required positions, simul-
taneously. Alternatively, side support elements can be used to fix each resonator
independently as it shown in Fig. 3.20(a). The support element is preferably to
be positioned at the middle of the resonator where the E-field is minimum (almost
zero). Accordingly, the side support will have a minimum impact on the resonant
frequency and the quality factor, and can be either dielectric or metallic. This could

allow for monolithic additive manufacturing which helps in reducing the assembly-
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Figure 3.22: 3D structure of the proposed longitudinal three-pole coaxial inset filter
at 2.69 GHz. All dimensions are in mm unit.

Figure 3.23: The fabricated longitudinal inset filter. (a) Disassembled parts. (b) Final
assembled prototype.

related errors and losses. This would be even more beneficial as frequency tuning is
more challenging in longitudinal configurations than in the planar ones, because the

resonators cannot be displaced independently.

To experiment the feasibility of implementing such structures using the conven-
tional CNC machining, a 3rd-order filter is designed and manufactured. The filter
shown in Fig. 3.22 is designed to operate at 2.69 GHz with a bandwidth of 81 MHz
and a lower transmission zero at 2.48 GHz with a 50 dB rejection level. The simulated
quality factor is around 2820 when using copper metal (¢ = 5.8x107 S/m) and 1470
with brass (0 = 1.59%x10” S/m). The resonators are fixed in their positions using M3
Teflon screws from one side, while metallic M3 screws are introduced at the other side
for tuning purposes. Unlike the filter example in Fig. 3.20(a) with single-sided irises,

slots are made here at two sides to increase the inter-resonator coupling strength for
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Figure 3.24: Measured vs. simulated results of the implemented three-pole inset filter.

a wider bandwidth. The filter prototype parts were manufactured using brass alloy
and then assembled as exhibited in Fig. 3.23. The filter prototype has a compact
volume of 55.7x33x33 mm?. The measured results in Fig. 3.24 show that the filter
is centered at 2.53 GHz with a BW of 120 MHz, a midband insertion loss better than
0.45 dB, and a return loss higher than 12.5 dB. The estimated unloaded quality factor
is around 800 (54% of simulated-Q). Also, a 60 dB lower stopband transmission zero
is introduced at ~ 2.11 GHz. A 160 MHz frequency decrease from simulated results
is noticed due to the manufacturing and assembly tolerances, mainly at the caps
sections (re-simulations estimate caps’ radii smaller by 0.09 mm). As result, the elec-
trical coupling decreases (hence, the TZ is pushed further), and the inter-resonator
(magnetic) couplings increase (thus, the BW becomes wider). The response can be
conveniently recovered similar to the earlier prototype in the above sub-section. Be-
sides, silver-plated M3 screws were added to provide additional tuning. The next
spurious resonance frequency is noticed at 7.43 GHz (&3:fy); it can be suppressed

further up to 8.89 GHz (/3.5 fo) with proper design procedure.

A comparison between the proposed inset filters and similar quasi-elliptic coaxial
BPFs is summarized in Table 3.2. As apparent, the inset-based designs provide the
merits of volume miniaturization and enhanced spurious performance, in addition to
the capability of obtaining flexibly controllable quasi-elliptic responses. The first pla-
nar configuration follows the common folded topology to realize a cross-coupling and
create TZs, similar to [108], [112], [116]. Also, as the inline structure is favourable in
many applications, [118] and [119] used orthogonal combline resonators to introduce
TZs. Nevertheless, these designs are complex in manufacturing and have a degraded

spurious performance. Whereas in [115], the compact vertical combline structure
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Table 3.2:
Comparison of the Proposed Quasi-Elliptic Inset Filters with Similar State-of-The-
Art Designs.

. o BW IL Q- fs Size
Ref. Configuration (GHz) Order (MHz) TZs (dB) factor (CHz) (A
[108] folded SIR 258 4 08 3 025 2900 NA  0.012
combline
[1g) [folded recentrant o, o g 49 2 086  NA  234f, 0.105
combline
[115) niine longitudinal =y g gy 1 >000 2461 3.13f, NA
combline
[116] folded combline  2.0175 4 15 2 0.65 NA NA 0.074
(1g) e orthogonal =y g ygg 2 NA 4400 27f,  0.039
combline
[11g)  [mline orthogonal =y g 60 2 NA NA  22f,  0.043
combline
This
work- folded inset 2.93 4 82 2 0.73 1000 3.5fp 0.029
1
This inline
work- longitudinal 2.53 3 120 1 0.45 800 3fo 0.016
2 inset

Ref.= reference, fo— resonant frequency, IL= insertion loss, fs= spurious frequency, A;= guided
wavelength at the operating frequency.

allowed the cross-coupling between the non-adjacent resonators to happen and gen-
erate a single TZ. However, it has a major limitation in controlling the TZ position.
Contrary, in the presented longitudinal inline configuration of the inset filters, trans-

mission zeros can be adjusted flexibly and effectively.

3.2 Tunable Coaxial Bandpass Filters Based on Inset

Resonators

3.2.1 Introduction

Propelled by the exponential development in the telecommunication industry and the
escalating demand for more efficient and adaptable multi-channel multi-standard sys-
tems, tunable microwave filters are constantly gaining ground as they are playing a
pivotal role in frequency-agile RF front-ends and payloads. The tunable filter market

is expected to have an annual growth of more than 10%, crossing USD 148 million by
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2025 [133], driven mainly by major industrial sectors including RADAR systems, test
and measurement instruments, and software-defined radios. These evolving applica-
tions have stringent requirements for high-performance tunable filters with regard to
volume and mass, high unloaded quality factor (Q,), and wide tuning capabilities with
efficient tuning mechanisms. Looking in the available literature, tunable filters have
been realized in planar and 3-dimensional structures using a variety of different elec-
trical, magnetic, and mechanical tuning means [134]. While the majority of research
is based on simple, compact, and low-cost planar tunable microstrip filters which uti-
lize fast electrical tuning elements (e.g., varactor diodes) [135], their high losses and
poor power performance hinder their employment in high-performance applications.
On the other hand, the use of waveguide filters, despite their high Q-factor and ability
to handle high power levels, usually have bulky structures, as well as slow and narrow
tuning capabilities (i.e., <5% tuning) [28], making hollow waveguide tunable filters an
unfavorable solution; especially at lower frequency bands less than 10 GHz. Consid-
ering the drawbacks of the aforementioned technologies, loaded-waveguide structures
have attracted more attention in tunable filters applications due to being much more
compact when compared with hollow waveguide designs, while still providing com-
parably high quality factors. Accordingly, various loaded-waveguide tunable filter
designs were presented based on dielectric resonators, conventional metallic half-
wavelength, and combline configurations using different mechanical tuning means
[28, 19, 136, 5, 27, 17, 26, 16, 137, 138, 139, 140, 141, 142, 43, 63, 79]. A 2.5 GHz
tunable \/2 coaxial filter was presented in [19] with a 20% tuning range by using
a common element which rotates all of the resonators simultaneously inside an el-
liptical cavity, providing a means of tuning the operation frequency. However, this
mechanism of tuning has limited tuning capabilities since it functions only within
a specific range of the cavity (0° - 90°). Furthermore, the filter experiences a no-
ticeable deterioration in the Q-factor (=20%) when the resonators are rotated closer
to the cavity, which ultimately increases the losses. The large size, and degraded
spurious responses are further drawbacks of this half-wavelength configuration. Ac-
cording to the authors’ knowledge, this is the only tunable filter available in the
literature based on the conventional A/2 resonators. On the other hand, several
combline-based tunable filters were presented using different tuning elements and
means [136, 5, 27, 17, 26, 16, 137, 138, 43, 63, 79]. A straightforward approach
is by using mechanically, vertically movable tuning screws, disks, or sidewalls in

the vicinity between the combline resonators and the top part of the metallic cav-
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ity [136, 5, 27, 17, 26]. For example, [5] introduced an 18% reconfigurable S-band
combline filter using dielectric tuning posts controlled by a common tuning plate.
Also in [17], a 2.6 GHz A/4 tunable coaxial combline filter was implemented using
metallic tuning discs controlled by individual piezomotors with a very small tuning
range (~70 MHz). A third example employing a piezoelectrically-actuated flexible
sidewall was presented in [26]. A four-pole C-band tunable dielectric combline filter
is implemented with 4% tunability and unloaded Q-factor of less than 550. In this
regard, it is clear that this category of vertically movable tuning elements suffers from
severe deterioration in the Q, as the tuning elements approach closer to the combline
resonators, with additionally risking the possibility of generating unwanted spurious
resonances. Excellent electrical contact must be guaranteed between the top part of
the cavity and the tuning elements (i.e., using nuts), otherwise, the Q-factor will be
impacted negatively and the tuning range will decrease. Besides, the volume of such
filters is relatively large since the height of the cavity must be increased to provide
room for the tuning screws/disks inside of the housing. Another group of tunable
coaxial combline filters is employing horizontally sliding and /or rotational metallic or
dielectric elements mounted on a common tuning post [16, 137, 138|. For instance, an
L-band tunable \/4 combline filter was introduced in [137| with an 11% tuning range
using rotational elliptical metallic loadings. In comparison with the aforementioned
group of vertically movable tuning elements, this configuration features an easier tun-
ing process. However, the frequency tuning windows of these means are very narrow
since less EM-field can be perturbed. Hence, larger elements must be used to in-
crease the tuning capabilities. Unfortunately, this increases the size and weight of the
filter and also unwanted spurious resonances might appear. Recently, we presented
tuning concepts based on TM-mode dielectric resonators featuring compact struc-
tures and wide tuning capabilities >90% [139, 140, 141, 142|. Unfortunately, they
also experience noticeable deterioration in the ), with the tuning process. Besides
the above mechanical-based tuning technique which is the most favorable, couple of
loaded-waveguide filters were introduced using electrical and magnetic tuning ele-
ments to attribute fast tuning speed [43, 63, 79]. For example, the authors in [43]
presented reconfigurable 2nd-order dielectric filters using tuning circuits loaded with
MEMS and GaAs varactors. The filters show tuning windows up to 3.5% with an
unloaded quality factor ranging from 170 to 1220. Similarly in [63], 30% varactor-
tuned combline filters were implemented with a quality factor of 173 to 418. Also,

a two-pole L-band ferrite-loaded tunable combline filter was introduced in [79] with
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41% tunability and a Q, varies from 1223 to 2425. It can be shortly said that both
electrical and magnetic tuning means still need more development to be employed ef-
fectively in tunable waveguide filters and compete with the mechanical-based tuning
techniques. Many major challenges must be addressed further including the losses,
power handling capabilities, and integration complexity.

Given all these aforementioned limitations and challenges of the various state-of-
the-art designs, the introduction of more efficient tuning mechanisms and tunable fil-
ter structures is thoroughly required. This section presents new tunable filter designs
based on our novel inset resonator configuration. In addition to their earlier-discussed
merits, inset resonators can be employed effectively in designing tunable filters and
components with wide, extended frequency tuning capabilities while maintaining a
stable Q, that have only minimal deterioration over the specified tuning range.

In the following, the tunable inset resonator configuration is first introduced and
detailed. Then, the design procedure of tunable filters with constant absolute band-
width (CABW) is discussed, and tunable inset filters are designed and implemented
using different realization setups. Measurements are discussed and a detailed com-
parison with similar state-of-the-art tunable filters is provided with a discussion and

followed by a conclusion.

3.2.2 Tunable Inset Resonator Configuration and Operating

Principle
Structure and Setup

The inset resonator setup is depicted in Fig. 3.25. It comprises a metallic or dielectric
resonator inserted partially inside a metallic housing with modified sidewalls (caps).
The resonator is positioned within the cavity using a support made of a low-loss
material (e.g., Teflon, Rexolite) and has neither electrical nor mechanical contact
with the metallic housing. As shown in earlier, the inset resonator configuration
has highly desirable advantages in comparison with the conventional half-wavelength
and combline structures, including more compactness, better spurious performance,
and comparably high Q-factor with the best Q,/volume ratio. As can be seen in
Fig. 3.26, the inset resonator initially operates using the fundamental TM-mode with
a half-wave field distribution similar to the conventional A/2 structures. Here, due
to the capacitive load at both cap-ends, the length of the resonator can be shortened

substantially (i.e., >50%). The dominant magnetic field is mainly resonating in the
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Figure 3.25: Perspective view of the inset resonator configuration. Tunable responses
are obtained through the displacement of the movable resonator inside modified parts
of the cavity (caps). The resonant frequency is the lowest when the resonator in
centred (D=0) and increases gradually when |D| > 0.

middle, while the electric field is maximum at the ends of the resonator and mini-
mum in the middle. Accordingly, the current density is minimum at the ends of the
resonator and a relatively low current density is present along the housing sidewalls.
This advantageously results in a higher Q-factor for the overall resonator assembly.
Furthermore, the sidewall caps are designed to contain the lowest field intensities,
therefore, the high Q-factor can be maintained even when there is a close proximity
between the resonator and sidewall caps. It is also worth mentioning that in addition
to the configuration in Fig. 3.25, other shapes of resonators and sidewall caps can be
used (e.g., conical), and alternative arrangements can be realized following the same

concept of the design but have different performance characteristics [143].

Operation Principle

By looking back at the available literature, it can be concluded that there are three
major challenges that tunable filter designers are concerned with:

e how to design compact tunable structures that are able to provide wide tuning
ranges,

e how to have a tunable structure without the need for auxiliary tuning elements
(e.g., screws, disks),

and

e how to maintain a high, yet stable quality factor with minimum variation over a

wide window of frequencies.
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Figure 3.26: Fields distribution inside the inset resonator at the extreme ends of the
tuning range. (a) H-field, (b) E-field at the lowest tuning state. (c¢) H-field, (d) E-field
at the highest tuning state.

Through the proposal of the tunable inset resonator structure, we aim to provide
a tuning mechanism that covers these stringent requirements efficiently. Fig. 3.27
shows a tunable inset resonator and its simplified equivalent circuit. The tuning prin-
ciple is based on the displacement of the resonator to change the resonant frequency
while maintaining high Q-factor without the need for additional tuning means. When
the resonator is centered: this is the reference (fixed) case where the resonant fre-
quency is the lowest. Here, the resonant frequency (f,) can be calculated based on
the corresponding inductance (L,;) and total equivalent capacitance (Cr) using:
1

. R 3.16
f 2.7 Lph'CT ( )
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Figure 3.27: Tunable inset resonator and its simplified equivalent circuit.

Where Cr comprises three main components: the capacitance between the movable
inset resonator and (a) the housing (C,), (b) the top sidewall cap (C}.), and (c) the
bottom sidewall cap (Cj.):

CT ~ Cph + (th ” Cbc) (317)

Then, the tunable resonant frequency of the inset resonator can be re-expressed as:

(3.18)

T‘
th Cbc
R \/Lph Con + (G5e)

Moving the resonator up or down will displace it away from one sidewall cap and closer
to the other sidewall end. When the resonator moves downwards, C;. will decrease and
the resonant frequency will move upwards with reference to the top sidewall and also,
simultaneously shift down with reference to the bottom side (Cy. tends to increase). In
general, this is correct, but due to the fact that the contained EM fields in the sidewall
caps are minimal, the up-shift in the frequency caused by the displacement away from
the top sidewall (C}. decrease) is larger than the frequency down-shift caused by the
displacement towards the opposite side inside the bottom cap (the increase due Cj,
is comparably small and negligible). Therefore, the net result is that the resonant
frequency is always shifted upwards to higher frequencies when compared to its center
(fixed) state. As previously mentioned, the sidewall caps are designed to have the
lowest field densities. When considering the rapid decay of the EM fields, this allows
designers to increase the inset-cap heights, providing further room for the movement

of the resonators (hence, more tuning can be obtained) without causing any change
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Figure 3.28: Operating frequency and unloaded Q-factor in relation to the resonator
displacement over the range of D=0 mm - 5.2 mm.

in the reference (lowest) resonant frequency (Cj. and Cj. are fixed). Besides, since
there are a small amount of fields in the caps’ areas, this also means that the Q-factor
will not be much affected by the tuning process, unlike what happens in most of the
conventional tuning concepts. With reference to Fig. 3.26, the EM fields resonate
as half-wavelength waves at the lower tuning states where the resonator is inserted
partially at both sidewall caps. Then, the distribution of fields becomes more similar
to the combline configuration at the higher tuning states where the resonator is more
displaced from the first top sidewall and inserted only in the second bottom sidewall
cap. Here, the electric field propagates mainly in the vicinity between the first sidewall
and the resonator. In these quasi-combline cases, the Q-factor should remain stable
as the resonator is not close to the top side of the housing. Another key advantage
of the proposed configuration is that there is no requirement for electrical contact to
the metallic cavity, contrary to the combline-based tuning concepts where excellent
electrical contact is required, otherwise, both the tuning capabilities and the Q-factor

will severely deteriorate.

To validate the above claims of the inset-type tuning concept, a single inset res-
onator example is investigated using the Eigen-mode solver in CST Microwave Studio
and then manufactured and measured. Copper metal is considered in simulation for
the metallic housing and resonator (electrical conductivity o = 5.8 x 107 S/m). The
corresponding dimensions in (mm) are: cavity height = 15, cavity width = 30, cavity
length = 30, resonator height = 20, resonator outer diameter = 10, resonator inner
diameter = 3, caps height = 8, caps diameter = 11. Fig. 3.28 demonstrates the simu-

lated frequency and unloaded Q-factor in relation to the resonator displacement. As
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Figure 3.29: Measured results of the tunable inset resonator. (a) The tuned response
over D = 0 mm - 5.0 mm. and (b) Relationship between the measured Q, of the
tunable inset resonator and the tuning window of operating frequencies.

shown, the frequency is reconfigured from 2.3 GHz (D=0) to 3.6 GHz (D=5.2 mm),
providing a wide tunability of 44%. Additionally, the configuration has maintained a
high Q, of 4400+6.5% with minimum variation throughout the tuning window. To
confirm the concept and simulation results, the tuning capabilities of the prototype in
Fig. 3.11 are measured as depicted in Fig. 3.29. The results demonstrate a wide fre-
quency tuning range of 43% from 2.32 GHz to 3.59 GHz, and a stable Q, of 41004+4%
across the whole tuning window. These excellent results confidently validate the pro-
posed tuning mechanism of the inset-type resonators in designing high-performance
tunable filters and components. In the following subsection, the design procedure of
constant bandwidth frequency tunable filters is explained, and different tunable inset

filters are designed.

3.2.3 Tunable Inset Filters
Design Procedure of Tunable Filters with Constant Absolute Bandwidth

In frequency tunable filters, it is essential to maintain a constant operation bandwidth
at all different frequencies within the tuning window. However, this is not easy in
practice, especially when designing tunable filters with relatively wide tuning ranges
(i.e., tunability >20%). To maintain a constant bandwidth response, the variation
of physical inter-resonator couplings (K; ;) and input-output couplings (@).) should

be adjusted and balance the change in the centre frequency (fy) as can be concluded
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from:
ABW - M, ;
K;; = " (3.19)
fo
B fo
Qe = ABW - I3, (3.20)

where ABW is the absolute bandwidth, Mg, and M;; are the normalized coupling
values, which are fixed at all frequency tuning states. Accordingly, similar to [14],
the design procedure of constant bandwidth tunable filters can be formulated in three
main steps as follows:

a) Extract the corresponding coupling matrix using the standard synthesis method
[129] based on the desired ABW and other specifications.

b) From (3.19), and taking into account that ABW and M, ; are fixed and known
from (a), the following relation must be satisfied for the required physical inter-

resonator couplings (K ;) at every given frequency (f,) in the tuning range:

K, ;- fn = constant = ABW - M, ; (3.21)

where the required K, ; is realized through the iris sections between the adjacent

resonators and can be calculated as described in [129] using:
B
TR+ A

c¢) For the required input-output couplings of the CABW tunable filter: the exter-

(3.22)

nal quality factor (Q).) can be expressed in terms of the peak reflection group delay
(T'a(n)) as:

fn . fn : Td(n)
.= — 3.23
@ ABW - M%I 2 ( )
We can then extract that:
2
Ty(n) = constant = (3.24)

- ABW - M?%,
where ABW and Mg, are fixed for all tuning states and known from step (a). Ac-
cordingly, the reflection group delay should be adjusted through the input feeding

structure (can be extracted as explained in [129]) in order to obtain constant BWs at
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Figure 3.30: 3D view of the proposed four-pole tunable inset BPF. The direction of
resonators’ displacement D is downwards. All dimensions are in mm unit.

all tuning states.
In the following, two constant bandwidth tunable inset filters are designed based
on this procedure and then implemented with two different possible control mecha-

nisms; manually and automated motor-based setups.

Manually Tunable Inset Filter

Fig. 3.30 shows a perspective view of a four-pole inset filter. In this design, the re-
quired specifications include a wide tunability of 43% from 2.54 GHz to 3.94 GHz
and a constant absolute bandwidth of 108 MHz. The desired coupling matrix is syn-

thesized as:

S 1 2 3 4 L
S 0 1.03% 0 0 0 0
1 1035 0 091 0 0 0
2 0 091 0 070 0 0 (3.25)
30 0 070 0 091 0
4 0 0 0 091 0 1.035
L 0 0 0 0 103 0

Then, the physical inter-resonator couplings must satisfy the following relations from
(3.21) for all tuning states of frequency f, (2.54 GHz — 3.94 GHz):

Ky frn=ABW -myy = 0.108 x 0.91 = 0.098 (3.26)

Kos - fr,=ABW -mgy3 = 0.108 x 0.7 = 0.076 (3.27)
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Figure 3.31: Inter-resonator couplings and bandwidth variation in relation to the

frequency tuning, realized through the proposed iris structures shown in Fig. 3.30.

Even though further tuning elements can be added to obtain the required inter-
resonator couplings (e.g., screws) of various states, this solution is unfavorable, es-
pecially in tunable filters, because it makes the tuning process more complex, very
slow, and also increases the losses. Alternatively, a more suitable method can be em-
ployed is by properly designing the coupling irises to provide balanced inter-resonator
couplings and maintain a constant bandwidth throughout [19], [137]. Similarly in
this filter, rectangular irises (in Fig. 3.30) have been designed and the corresponding
couplings satisfy (3.26) and (3.27), as can be seen in Fig. 3.31. When the filter is
tuned to higher frequencies, this accordingly means that the inter-resonator couplings
should decrease in a balancing manner to keep the bandwidth constant. Referring
to Fig. 3.26, as the resonators are moving downwards, the magnetic field will tend
to move towards the bottom of the cavity. Therefore, we positioned the irises at the
top of the cavity, so, when the frequency is tuned up, the resonators move down, the
magnetic field moves to the bottom, the inter-resonator couplings decrease, and a

constant bandwidth can be obtained allover the tuning window.

Similarly, the required peak reflection group delay for a constant ABW can be
calculated using (3.24) as:

9
Ty(n) = —5.7nS 3.98
(") = 108 10° - 1,035 " (3.28)

As shown in Fig. 3.30, the input feeding structure is realized using 0.9 mm inductive
wires through coaxial Sub-Miniature (SMA) connectors. Especially for designs with
wide tuning ranges, it is convenient to introduce screws to adjust the input and

output coupling strengths since only two elements are needed for any filter order. In
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Figure 3.32: Reflection group delay at the lowest, median, and highest tuning states
of the filter, realized through the proposed input-feed structure shown in Fig. 3.30.
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Figure 3.33: Variation of the simulated S-parameters for the 4th-order tunable in-
set filter. The frequency is tuned from 2.54 GHz - 3.94 GHz with a CABW of
109 MHz £+ 3 MHz.

the proposed 10 feeding configuration, the IO coupling strength increases with the
increase in the tunable frequency (the downwards movement of the inset resonators).
Hence, two metallic M3 screws are used to decrease the IO coupling strengths with
tuning, and maintain a constant reflection group delay. Fig. 3.32 shows the adjusted
reflection group delay at the lowest, median, and highest tuning states, effectively
satisfying equation (3.28).

A model of the filter is then designed and optimized. The simulated S-parameter
responses are demonstrated in Fig. 3.33 at different tuning states. As shown, the filter
meets the desired specifications with a constant absolute bandwidth of 109+ 3 MHz
and a wide tunability of 43%.
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Figure 3.34: The fabricated four-pole tunable inset filter. (a) Disassembled and
(b) assembled.
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Figure 3.35: Measured S-parameter results of the implemented four-pole tunable inset
filter. Frequency range: 2.66 GHz to 3.96 GHz, tunability: 39.3%.

A prototype is then manufactured and assembled as depicted in Fig. 3.34. The

filter has a compact volume of 49.28 cm3

. All parts including the resonators were
milled using copper metal. 20 mm M3 Teflon screws (dielectric constant = 2.1, loss
tangent = 0.0002) were used to control the displacement of the resonators inside
the housing. Measurements agree very well with simulations, allowing the design
procedure to be verified. The measured S-parameter responses in Fig. 3.35 exhibit a
1.3 GHz frequency tuning range from 2.66 GHz to 3.96 GHz with constant bandwidth
of 116 MHz+6%, return loss > 13.5 dB, and steady insertion loss averaging at 0.4 dB,
as shown in Fig. 3.36. This resembles a stable Q-factor of 1820+6% throughout
the 39.3% tuning window. This Q-factor corresponds to around 50% of simulated

version and can be enhanced further by silver plating, similar to the earlier presented
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Figure 3.36: Measured bandwidth (116 MHz+6%) and insertion loss response
(0.39 dB - 0.44 dB) over the frequency tuning window.
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Figure 3.37: Measured wideband response of the proposed four-pole inset filter’s S-
parameters.

resonator prototype. Furthermore, the filter has a wide spurious-free rejection band
of more than 4.3 GHz, as shown in Fig. 3.37. It can be noted that each of these
responses was obtained effectively without the use of any tuning screws (including
the IO tuners), advantageously featuring easier and faster tuning process which tracks
across a wide frequency range.

Besides the presented inline all-pole filter, folded structures can be designed for
the realization of cross-couplings which create transmission zeros that improve the
rejection characteristics. For example, Fig. 3.38 demonstrates a fourth-order tunable
inset filter in a quadruplet configuration with an alternative 2 mm input-feed setup to
the one detailed in Fig. 3.30, and a capacitive probe between the source and the load

to create two transmission zeros around the passband. The filter is designed similar to
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Figure 3.38: (a) 3D view of a folded four-pole tunable inset BPF. The direction of
resonators’ displacement D is downwards. All dimensions are in mm unit. (b) Varia-
tion of the simulated S-parameters for the 4-pole tunable quadruplet inset filter. The
frequency is tuned from 2.8 GHz - 4.2 GHz with a CABW of 77 MHz + 3 MHz.

the earlier example and has a tuning range of 1.4 GHz and operates from 2.8 GHz to
4.2 GHz with a constant bandwidth of 77 MHz +3 MHz, as exhibited in Fig. 3.38(b).
The measured tunable responses of the fabricated prototype are provided in Fig. 3.39,
whereas the fixed version of the filter was presented earlier in the above section (see
Fig. 3.17 - Fig. 3.19).

Beside the use of metallic inset resonators, tunable inset filters can be designed also
using dielectric resonator to feature higher Q-factor results. For example, Fig. 3.40
shows a tunable CABW inset filter using low-loss dielectric Alumina resonators (Dk
= 9.8, loss tangent = 0.0001), with frequency tuning range from 4.6 GHz to 5.9 GHz, a
CABW of 654+5% MHz, and stable high-Q of 3500£7%. It should be remarked that
designers need to carefully consider the spurious resonances when using dielectric
resonators, especially those with high Dk, as they might limit the tuning range if

they were close to the desired tuning band.

Automatically Tunable Inset Filter

In future flexible telecommunication systems (e.g., next generation satellites), the
frequency bands must be remotely and automatically adjustable. Therefore, it is im-
portant to present tunable filter designs with efficient tuning techniques suitable for
remote tuning. The tuning mechanism should be stable, fast, and have a long-life of
usage. Unfortunately, the available motorized screw-based tunable filters like [136]

and [17] always need special arrangements for good electrical contact between the tun-
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Figure 3.39: Measured S-parameter results of the fourth-order quasi-elliptic CABW

tunable inset filter.
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Figure 3.40: (a) 3D structure, and (b) tunable responses of a 4-pole dielectric inset
filter.

ing elements and metallic housing in order to reduce the loss and prevent the leakage
of radiation. This results in complex and unstable structures, having a short-life with
increased losses. In contrast, the proposed contact-less inset resonator tuning concept
effectively overcomes all these drawbacks and can be efficiently employed in remotely
tunable designs. To validate this, a 3-pole tunable inset filter (Fig. 3.41) is designed
and implemented in this section using pizomotors. The filter is designed to operate
from 2.54 GHz to 3.96 GHz with a CABW of 102 MHz and a tunability of 43%. The
design procedure is similar to the presented four-pole example. The required ks - f,
= 0.11 and T4(n) = 5.5 nS are calculated and then realized as shown in Fig. 3.42(a)
and Fig. 3.42(b), respectively. Then, the filter model is constructed and optimized to
provide the required responses. Fig. 3.43 exhibits the simulated S-parameters of the
filter satisfying the design specifications with a 43% tunability and a CABW varying
from 102 MHz to 91 MHz. Then, a copper prototype is implemented and assembled as
depicted in Fig. 3.44 using high-accuracy LL06 piezomotors from PiezoMotor [144].
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Figure 3.41: 3D view of the proposed 3rd-order tunable inset BPF. The direction of
resonators’ displacement D is downwards. All dimensions are in mm unit.

The filter has a compact size of 37.86 cm®. A 3D-printed fixture is manufactured
to properly hold the piezomotors. Here, the Teflon screws are used as posts which
results in a smoother and faster tuning process, in addition to the longer usage life
than the manual screw-based tuning where the Teflon material corrodes easily. The
measured S-parameter responses of the fabricated filter are demonstrated in Fig. 3.45
with good agreement to the simulations. The filter is tuned over a 1.3 GHz window
from 2.65 GHz to 3.95 GHz with a constant bandwidth of 114 MHz+8%. The filter
features a return loss > 15 dB, and a stable insertion loss from 0.26 dB to 0.35 dB
as presented in Fig. 3.46. Furthermore, the proposed filter has a good spurious per-

formance better than 2.8 - fy as shown in Fig. 3.47.
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Figure 3.42: (a) Inter-resonator couplings and bandwidth variation in relation to the
frequency tuning, realized through the proposed iris structures in Fig. 3.41. (b) Re-
flection group delay at the lowest, median, and highest tuning states of the filter,
realized through the proposed input-feed structure shown in Fig. 3.41.
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Figure 3.43: Variation of the simulated S-parameters for the three-pole tunable in-
set filter. The frequency is tuned from 2.54 GHz - 3.96 GHz with a CABW of
96.5 MHz + 5.7%.

3.2.4 State-of-the-art Comparison

Table 3.3 summarizes a comparison of the presented tunable inset structures with
similar CABW tunable loaded-waveguide filters available in the literature. As can
be seen, the tunable inset components show very competitive results including the
distinctive wider tuning ranges than the other designs, and demonstrate high-Q mea-
surements with stable performance throughout the window of tuning. In addition to
these highly desirable merits, the inset components also offer more volume-saving and
enhanced spurious performance (up to 3.8-fp). The proposed inset filters eliminate the
need for any auxiliary tuning components which advantageously increases the tuning
speed, reduces the losses, weight, cost, and the complexity of the tuning process.
The filters have N tuning elements (which are the movable coaxial inset resonators)
with two (optional) tuning elements for adjusting the IO coupling. Additionally, a
mechanism of tuning using a single element can be adopted effectively using similar
setups to [145] and [146], with more design effort needed for the required 10 cou-
pling, and maybe sacrificing some of the tuning range. With regard to the number of
tuning elements, while we can see that the majority of designs need N independent
tuning elements, the filters of [19], [5], and [137], interestingly, have a single tuning
element. This provides a fast tuning feature at one side, but on the other hand, it

is challenging to sustain stable and well-matched responses for the different states
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Figure 3.44: The fabricated four-pole tunable inset filter. (a) Disassembled, and
(b) assembled.
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Figure 3.45: Measured S-parameter results of the third-order tunable inset filter.
Frequency range: 2.65 GHz to 3.95 GHz, tunability: 39.4%.

in the tuning window. Therefore, for practical applications, many designers would
prefer to have independent frequency tuning elements (N), unless there is a specific
need for a faster tuning process. Another comparison aspect between the different
state-of-the-art designs is the tuning mechanism. For many of the mechanically tun-
able filters as [136] and [17], it is crucial to have a good electrical contact between
the movable tuning elements and the filter cavity. Therefore, additional components

are needed (e.g., nuts, elastomer, conductive ball bearings), which results in a re-
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duced usage-life, slower tuning speed, and higher loss. Whereas the authors in [5]
utilized dielectric tuners to avoid these issues, the proposed inset tuning mechanism
uses freely movable contact-less resonators, similar to [19], having no requirement of
any electrical contact with the cavity. It can also be noted that dielectric resonators
can be used instead of metallic ones, providing more volume-saving and enhanced
quality factor (see Fig. 3.40 example). This is a currently on-going research activity

and will published in a future-coming article.

160 1

1.4
1401
1.2
120+ . .%‘-
¥ \. 108
% 100 | S
= 0
£ 80 —=— Bandwidth (MHz) 089
3 —=— Insertion Loss (dB) s
g 06 €
2 60 :
@ c
40 P Lo4
-/' L}
20 Lo2
0 0.0

T T T T T T T T
26 28 30 32 34 36 38 40
Frequency (GHz)
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Table 3.3:
Comparison of the Proposed Tunable Inset Filters with Similar State-of-The-Art De-
signs.

f Tunability ABW IL Q- Volume  Q-factor /
Ref. Structure (GHz) Order (%) (MHz) (dB) factor (em?®)  Volume (™)
alf- 5
[19] Waii‘eligth 222777‘)5 4 19.8%  106.5£9% < 0.4 > 4850 275.65 > 17.6F 1
[136] ii{ﬁbll)‘;i i')lg’% 4 17.2%  230+3.9% < 0.6 1500 NA NA 2N
_ 1.81- . _ 2000-
[5] Combline 917 5 18.1% 25 <18 9500 NA NA 1
Dielectric- o - - 421-
[27] TE 15.6-16 3 2.5% 150 L5-45 o NA NA N
_ 2.565- , 2252-
[17]  Combline 9 634 6 2.7% NA 0.9-2.3 9914t NA NA N
[26] iilfglt;z i%; 4 49%  66£1.5% 3.349 536-548  NA NA N
[137]  Combline %67% 4 111%  112489% 0809 > 5800F 2291.625 > 2.53' 1
Dual-mode 479
[141]  dielectric- 2 154%  50+10%  0.2-0.9 540-1100 3.456 318.29 N/2
™ 551
. 0.707- N ., 158
[63]  Combline 0.963 3 30.7%  27.54+2.5% 3.97 173-418  94.067 4.44 N
This 939
work-  Inset o - 43% - - 410044%  15.02 283.89 -
1 .
This 2.65 0.26
work-  Inset o 3 39.4% 114+8% “o~ 1660+6.6% 37.86 46.74 N+2
5 3.95 0.35
This
work-  Inset 2.66- 4 30.3%  11646% 000 182046% 49.28 39.15 N+2
5 3.96 0.44

fBased on simulated Q-factor. TBased on the measurements of a single-cavity resonator. N
represents the filter order. #: Number of tuning elements.

3.3 Summary

e The design and analysis of a novel inset resonator configuration are presented in the
first section of this chapter for coaxial filter applications. The inset configuration has
several desirable characteristics including the miniaturized size, high-quality factor,
ability to handle relatively high levels of power, and very good spurious performance
(>3-fo). Furthermore, the inset resonator structure has a distinct feature of self-
tuning without the need for any auxiliary tuning elements, attributing stable high-
Q performance with minimum variation. Different coaxial inset filters are reported
using planar and longitudinal coupling configurations with the capability of obtaining

quasi-elliptic responses in inline structures and flexible control of transmission zeros.
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All these competitive merits promote the new inset configuration in a wide range of
coaxial filter applications (e.g., cellular base stations and tunable filters).

e This chapter also presented in its second part a new tuning technique and
several tunable coaxial filters based on novel compact inset resonators. The operation
principle is explained and a tunable inset resonator structure is implemented for proof-
of-concept. The measured results demonstrate a wide tuning range of 43% with a
stable Q-factor of 4100+4% and a wide spurious-free band up to 3.8 - fy. A design
procedure for constant bandwidth tunable filters was introduced, and two widely
tunable inset filters were designed, manufactured, and measured. A manually tunable
four-pole inset filter was presented featuring a frequency tuning range of 39.3%, a
CABW of 116 MHz+6%, and a Q-factor of 1820+6%. Also, an automatically tunable
three-pole inset filter was built to incorporate piezomotors for highly accurate and
remote tuning. Similarly, the filter is demonstrated with a 1.3 GHz tuning window
over the range of 2.65 GHz to 3.95 GHz with a CABW of 114 MHz+8% and a
stable Q-factor of 1660+6.6% throughout the tuning window. In comparison with
all available state-of-the-art loaded-waveguide CABW tunable filters demonstrated in
the literature, the presented tunable inset filters provide the widest tuning ranges and
the most stable performance in Q-factor. These distinctive advantages, in addition to
the added benefit of compact structures and excellent spurious performance, strongly
promote the proposed tuning concept for a wide range of high-performance tunable

filter applications.
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Chapter 4

Widely Tunable TM-Mode Dielectric
Filters With Constant Absolute
Bandwidth Using Re-Entrant Caps

This chapter reports on octave tunable dielectric combline bandpass filters with con-
stant absolute bandwidth (CABW) using a novel re-entrant cap tuning technique.
The resonant frequency is tuned by a hollow re-entrant cap penetrating into the fil-
ter cavity as an envelope around the dielectric resonator. This mechanism of tuning
provides wider tuning capabilities and better spurious performance than the conven-
tional screw-based tuning. Also, the cap tuners can be employed effectively to tune
the input-output and inter-resonator couplings simultaneously with the frequency re-
configuration, enabling a CABW over a wide frequency tuning window. For proof of
concept purposes, a single widely tunable resonator is presented with octave tuning
ratio of 2.64:1, high quality factor from 1705 to 5480, and spurious-free band up to
3.44-f,. Afterwards, two octave tunable re-entrant cap filters are designed, fabricated,
and tested. The first filter is a 78% widely tunable two-pole filter with a CABW of
43.5+12% MHz, low insertion loss equals to 0.2840.03 dB, and a compact volume of
39 cm®. The second design is a four-pole octave tunable bandpass filter from 2.96 GHz
to 1.36 GHz with a constant 694+13% MHz bandwidth, low insertion loss better than
0.6 dB, return loss higher than 16 dB, and a compact 62 cm? structure. According to
our own knowledge, thanks to the proposed tuning mechanism, the presented designs
are the first CABW octave tunable high-Q) waveguide-based filters, having the widest

tuning ranges over all similar state-of-the-art-designs.
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4.1 Introduction

Tunable RF filters are expected to play a crucial role in many evolving frequency-
agile applications including multi-band cellular base stations and flexible satellite
payloads [147, 16, 148, 28|. However, to replace the current fixed filter banks, tun-
able filters must provide similar capabilities fulfilling the stringent requirements of
the various frequency-adaptable applications. With regard to this, the achievable
tuning range and the ability to maintain a constant absolute bandwidth are two
challenging characteristics of frequency tunable filters in addition to the high quality
factor. While many widely tunable planar and evanescent-mode cavity filters were
reported in the open literature as [149, 1, 150, 151, 152, 124, 153, 154, 155, 156,
157, 101, 158, 159|, few of them were able to maintain constant ABW responses
[160, 161, 162, 163, 164, 165, 166, 167, 168, 169]. For example, the authors in [161]
introduced a two-pole 25 MHz constant ABW tunable evanescent-mode filter with
a 56.5% tuning window and a relatively low quality factor varies from 310 to 225.
Also, [164] presented a second-order L-band varactor-tuned microstrip filter with a
constant 3-dB bandwidth over a wide 54.2% tuning range. The majority of these de-
signs are based on low-order filters (i.e., 2nd-order). This implies that for higher-order
filters, the design of constant ABW will more complicated, and the tuning mecha-
nism associated losses will increase. Consequently, the achievable tuning range will
be impacted. Furthermore, planar and evanescent-mode structures are not suitable
for high-performance applications of tunable filters due to their low quality factor and
limited high-power handling capabilities. On the other hand, CABW reconfigurable
filters based on hollow-waveguides suffer from bulky structures and very narrow tun-
ing windows (i.e., < 5%) despite their superior Q-factor and ability to handle high
levels of power [28|. For instance, a 4-pole 180 MHz K-band reconfigurable TEgq;
waveguide filter was presented in [12] with 1.74% of frequency tuning and a Q-factor
from 3100 to 2600 using dielectric plates. To this end, coaxial and dielectric-loaded
waveguides have gained more interest in many tunable filter applications due to their
advantages of miniaturized structures, high-Q, and good power handling capabilities
[148, 5,170, 17,171, 18, 19, 63, 137, 172, 173, 136, 174, 175, 21, 23, 27, 176, 26, 43, 141].
For example, a CABW tunable coaxial filter was reported in [148] for future agile 5G
Base Transceiver Stations (BTSs). The filter operates from 942.5 MHz to 737.5 MHz
(24.4%) with a CABW of 23 MHz+8% and a quality factor ranges from 2900 to 2300.
Also in [174] and [175], our group recently presented 40% tunable CABW coaxial fil-
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ters with the least variation of Q-factor over the tuning window using inset resonators.
To provide more compactness and a higher-Q factor than the coaxial filters, a couple
of tunable dielectric resonator (DR) filters were proposed |21, 23, 27, 176, 26, 43, 141].
A four-pole 65 MHz C-band tunable dielectric combline filter was reported in [26] with
a tuning window of 4.9% and a Q-factor of 548 to 536. Also, [141] introduced a com-
pact tunable dual-mode C-band filter based on TM-mode dielectric resonators. The
filter has a tuning range of 15.4% with a CABW of 50 MHz+10% and a Q-factor
varies from 1100 to 500. Despite that this group of loaded-waveguide constant ABW
tunable filters features good tuning capabilities of up to 40%, the introduction of new
designs that cover wider octave tunable ranges and maintain a CABW is still highly

desirable.

In [140], we introduced a novel tuning technique for TM-mode dielectric resonators
using re-entrant caps. In this chapter, widely octave-tunable TM-mode DR filters with
constant absolute bandwidth are presented based on re-entrant caps. The proposed
tuning mechanism has the key advantages of simple configuration, high-Q, improved
spurious performance, and the ability to achieve wide tuning ranges while maintaining
constant ABW responses. First, the design requirements of octave tunable CABW
filters are discussed. Then, the unique employment of re-entrant caps in widely tun-
able CABW filters design is detailed and compared with the conventional tuning
mechanism using screws. Finally, two BPF examples are designed, implemented, and

compared with similar state-of-the-art filters.

/

. jacement ()
Re-entrant Cap &D‘s‘)‘a

Figure 4.1: Tunable dielectric combline resonator with a re-entrant cap.
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Figure 4.3: Spurious measurements at the lowest and highest tuning frequencies.

4.2 Tuning Concept and Design Principles

4.2.1 Tunable TM-Mode Dielectric Resonator

Fig. 4.1 illustrates a perspective view of TM-mode dielectric resonator with a re-
entrant cap for frequency tuning. The chosen configuration is the dielectric combline
resonator, which has high quality factor and good spurious performance, combining
the merits of the dielectric-loaded resonators and metallic coaxial resonators [129].
The operation mode is the fundamental TM-mode TMg;s where the E-field is fo-
cused in the middle of the resonator and the H-field resonates mainly in the DR
surroundings [140]. The movable re-entrant cap tunes the resonant frequency by two
means, simultaneously: 1) the part which intrudes the cavity around the DR, and 2)
the part outside the cavity which functions as a movable sidewall. As result, wider

tuning ranges (i.e., > 90%) can be obtained in comparison with the traditional screw-
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based tuning [140]. Besides, the proposed technique has the advantage of improved
spurious performance over tuning [140], unlike in the other screw/disk-based designs
where unwanted spurious resonances could appear at lower states due to the tun-
ing elements. To verify the aforementioned features, a single resonator prototype is
implemented and measured as depicted in Fig. 4.2 and Fig. 4.3, respectively. The
TM-mode dielectric resonator (length= 20 mm, inner diameter= 3 mm, outer diame-
ter= 10 mm) has a dielectric constant of 44, and a loss tangent of 4 x 10 @ 3.5 GHz.
The metallic housing (30 x 30 x 22 mm?) and re-entrant cap (length= 21 mm, inner
diameter= 11 mm, outer diameter= 14 mm) were milled from copper metal. The DR
is soldered in the metallic cavity, and the resonator prototype is then assembled and
tested. As can be seen in Fig. 4.2(b), the resonator has a wide 90% octave-tuning
window from 2.9 GHz to 1.1 GHz with a high unloaded quality factor ranging from
5480 to 1705. Also, the resonator has a good spurious-free band of 520 MHz at the
highest tuning frequency, and improves gradually up to 3.44- f, at the lowest tuning
state, as shown in Fig. 4.3. It is worth mentioning that excellent electrical contact is
always needed between the re-entrant cap and the cavity (e.g., using nuts), similar to
the screw/disk-based designs. Besides, it is advised to have a relatively thin contact
area to reduce the related losses (e.g., the chosen lid thickness here is 2 mm). Alter-
natively, the designer can use dielectric caps where no electrical contact is required,

however, at the cost of narrower tuning ranges.

4.2.2 Design Guidelines of Octave Tunable Filters With Con-
stant Absolute Bandwidth

It is known from chapter 3 ([175]) that the physical inter-resonator (IR) and input-
output (IO) couplings should also change with the frequency tuning to maintain a
constant ABW and a stable return loss level. In practice, keeping this harmony is a
very challenging task, especially for broad tuning ranges. This is mainly because the
design process and IR/IO tuning elements’ capabilities (e.g., varactor diode capaci-
tance, tuning screw penetration) cannot cover such wide ranges of required coupling
variations. For this reason, we can see that the majority of CABW tunable filters
cannot provide octave tunable ranges (tuning ratio > 2:1), while the few reported
octave tunable filters are not able to maintain a CABW allover the operation fre-
quencies. To overcome these limitations and enable octave frequency tuning with

CABW, the solution is by employing the frequency tuning elements to also tune the
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IR and IO couplings in a way that the required IR and IO couplings to maintain a
CABW can be obtained with (or without) the IR and IO tuning elements. In most of
the available tuning techniques, when the frequency is tuned downwards, the IR and
IO couplings will either decrease or remain fixed. Therefore, the IR and IO tuners
cannot provide the required coupling over a wide range, and the ABW becomes nar-
rower with the frequency tuning as can be noticed in [151] and [157], for example.
Contrary, in the proposed re-entrant cap tuning technique, when the caps intrude the
filter housing, they mainly cut the E-field in the area around the resonators (close
to the irises and IO feeding structure), resulting in an increase in the (magnetic) 10
and IR couplings. This advantageously reduces the required coupling adjustment for
a CABW, allowing the desired IR and IO couplings to be obtained effectively over a
wide tuning window. In the following section, a second-order CABW octave-tunable
BPF is designed using the proposed tuning mechanism, and compared with another

design using the conventional tuning screws.

4.3 Tunable CABW Two-Pole Bandpass Filter: Re-
Entrant Caps Vs. Tuning Screws

To validate to proposed tuning concept, a two-pole bandpass filter is designed and
tuned over a wide frequency span using re-entrant caps and tuning screws for com-
parison, as presented in Fig. 4.4 and Fig. 4.5, respectively. First, both filters are
designed at 2.67 GHz with 20-dB bandwidth of 42.3 MHz. The required physical

inter-resonator coupling (Kj2) for both filters is realized using a simple inductive iris,

Figure 4.4: Second-order tunable dielectric combline filter using re-entrant caps.
(a) Perspective view. (b) Top view. All dimensions in mm unit.
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Figure 4.5: Second-order tunable dielectric combline filter using tuning screws. All
dimensions are similar to the first filter except the cavity height= 22.1 mm, and iris

width—

19.7 mm.
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while the IO feeding is obtained using an inductive loop wire. Initially, we investi-
gated the variation in the IR and IO couplings due to the frequency tuning elements of
both designs (caps and screws) as depicted in Fig. 4.6(a) and Fig. 4.6(b), respectively.
As can be seen in Fig. 4.6(a), the IR coupling (Kj2) increases with the frequency de-
crease when using re-entrant cap tuners, whereas it decreases with frequency when
using screws to tune the operation frequency. Similarly, in Fig. 4.6(b), we can see
that the IO coupling strength (represented in form of external quality factor) in-
creases with the frequency tuning in the re-entrant cap example, while it decreases
with the frequency decrease in the tuning screws design. These observations of the

IR and IO couplings confirm the proposed tuning mechanism and allow the design
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Figure 4.9: (a) Simulated S-parameters of the two-pole re-entrant cap widely tunable
BPF. Tuning ratio: 2.28:1, 20-dB CABW: 38.5 MHz+10%. (b) Simulated results of
the two-pole screws-based tunable filter. Tuning ratio: 2.28:1, 20-dB BW: varies from
42.3 MHz to 15.5 MHz.
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of re-entrant cap frequency tunable filters while maintaining a CABW over a wider
tuning range than the conventional tuning screws. It is also worth to remark that
tuning disks generally behave similarly to the tuning screws. Also, they are not a
favorable option as more vicinity is needed inside the cavity to obtain more tuning
which results in large, bulky structures. Then, in this part, we explore the tuning
capabilities of the two presented filters. The desired design is an octave tunable filter
from 2.67 GHz to 1.17 GHz (tuning ratio 2.28:1) with a constant 20-dB bandwidth of
38 MHz. Following the design procedure of CABW tunable filters detailed in chapter
3, the required Kjox f product and reflection group delay are calculated as 0.063 and
11.2 nS, respectively. Then, one M5 tuning screw and two M2 tuning screws were
introduced at both filters to obtain the desired IR and IO couplings, respectively. As
can be seen in Fig. 4.7, the reflection group delay is stable over the tuning window
(the 1O coupling is increasing with frequency tuning) in the re-entrant filter, while it
increases noticeably in the screw-based design (the IO coupling is decreasing with fre-
quency tuning). This tells that the M2 screws can effectively adjust the IO coupling
in the re-entrant cap filter, and will not be able to obtain the desired IO coupling in
the screws-tuned filter. Also, Fig. 4.8 shows that the re-entrant cap design, with the
aid of the M5 tuning screw, fulfills the required IR coupling requirement, while the
screw-tuned filter cannot provide the required IR coupling, even with the M5 tuning
screw. The simulated S-parameter responses of the two tunable filters are exhibited
in Fig. 4.9(a) and Fig. 4.9(b), respectively. It can be seen clearly that the re-entrant
cap filter maintains a CABW response of 38.5 MHz+10%, while the bandwidth de-

mm ] 3
ol (it

(b)

Figure 4.10: The fabricated second-order tunable dielectric filter with re-entrant caps.
(a) Disassembled parts. (b) Assembled prototype.
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Figure 4.11: Measured results of the implemented two-pole CABW octave tunable
filter. (a) S-parameter responses compared to their associated coupling matrices (20-
dB BW = 38 MHz, Q, = 4000): frequency tuning range: 2.67 GHz to 1.17 GHz,
tunability: 78.13%. (b) Bandwidth and insertion loss variation over the tuning win-
dow.

creases significantly in the screw-based design from 42.3 MHz at 2.67 GHz to only
15.5 MHz at 1.17 GHz and cannot be recovered. Then, a prototype is manufactured
and measured to validate the designed octave-tunable CABW re-entrant cap filter.
The disassembled parts and the final prototype, made of copper metal, are depicted
in Fig. 4.10. The measurements in Fig. 4.11 show that the filter can be tuned over
a wide range of 78.13% from 2.67 GHz to 1.17 GHz with a constant ABW of 43.5
MHz+12% (at S11 = -15 dB), low insertion loss of 0.28 dB 4+0.03 dB, and return loss
higher than 15.6 dB. The estimated unloaded quality factor varies from 1350 to 850.

4.4 Tunable CABW Four-Pole Bandpass Filter

Fig. 4.12 depicts a 3-D structure of a fourth-order octave tunable BPF with con-
stant ABW. The filter is designed to operate from 2.86 GHz to 1.34 GHz with a
constant 20-dB bandwidth of 71 MHz. Similar to the previous example, the design
procedure begins from the desired reflection group delay (8.3 nS) and IR couplings
(K(12,30 % f= 0.066, Ky3x f= 0.05) calculation based on [175]. Next, the required
reflection group delay is realized through the 10 feeding structure with the aid of two
M3 tuning screws as shown in Fig. 4.13(a). As can be seen, the IO tuning screws are
used at the lower tuning states to decrease the IO coupling strength and maintain
the reflection group delay at the desired peak. For the design of the inter-resonator

irises, one can use simple inductive irises with tuning screws similar to the earlier
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Figure 4.12: Fourth-order CABW tunable dielectric combline filter using re-entrant
caps. (a) Perspective view. (b) Top view. All dimensions in mm unit.

two-pole design. However, another way is used here by optimizing the position and
dimensions of the iris to provide the required coupling variation for a CABW over the
tuning range, eliminating the need for the IR tuning screws, as explained in [19] and
[175]. Therefore, we can see that the used IR coupling layout here is distinct from the
conventional inductive iris in Fig. 4.4 filter. However, due to the wide tuning window,

one M3 tuning screw is still needed to tune Kbz at a couple of states. As shown in
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Figure 4.13: (a) Peak reflection group delay over the frequency tuning window of the
designed four-pole octave tunable filter. (b) Inter-resonator couplings and bandwidth

variation in relation to the frequency tuning in the proposed four-pole octave tunable
filter.
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Figure 4.14: Simulated S-parameters of the designed four-pole re-entrant cap octave
tunable BPF. Tuning ratio: 2.13:1, 20-dB CABW: 72 MHz+10%.

Fig. 4.13(b), the designed irises successfully provide the required IR couplings of the
different states within the tuning range. The simulated S-parameter responses are
demonstrated in Fig. 4.14 with a CABW of 72 MHz+10% over a wide tuning range
of 1.52 GHz (tuning ratio 2.13:1). The simulated unloaded quality factor ranges
from 5900 to 1670 using copper metal. A prototype is then fabricated and tested as
depicted in Fig 4.15 and Fig. 4.16, respectively. The filter has a wide 74% tuning
window from 2.96 GHz to 1.36 GHz with a CABW of 69 MHz+13%, low insertion
loss of 0.5 dB 4+ 0.08 dB, and return loss better than 16 dB. The extracted unloaded
quality factor varies from 2000 to 750, where degradation can be noticed compared
with simulations, which could be due to the metal properties and imperfect contact
between the caps and the metallic housing. It is worth noting here that despite the 10

tuning screws were considered in the prototype, they were not employed in obtaining
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Figure 4.15: The fabricated four-pole octave tunable dielectric combline filter. (a) Dis-
assembled and (b) assembled.
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Figure 4.16: Measured results of the implemented four-pole CABW widely tunable
filter. (a) S-parameter responses compared to their associated coupling matrices (20-
dB BW = 72 MHz, Q, = 4000): frequency tuning range: 2.96 GHz to 1.36 GHz,

tunability: 74%. (b) Bandwidth and insertion loss variation over the tuning window.
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Figure 4.17: Measured results of the proposed filter using screws to tune the operation
frequency instead of re-entrant caps (caps are fixed at the lid of filter cavity).

the measured results. For curiosity, the filter is tuned with silver-plated M2 tuning
screws instead of the re-entrant caps as exhibited in Fig. 4.17. As expected, there
is an obvious variation in the absolute bandwidth, confirming the advantage of the
presented tuning technique. The wideband response of the implemented filter using
re-entrant caps and tuning screws is provided in Fig. 4.18, at the lowest and highest
tuning states. As shown, the spurious performance is being improved with frequency
tuning in the re-entrant caps filter up to 4.5 GHz at the lowest tuning state, while it

remains fixed at around 3.4 GHz when using tuning screws.
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Figure 4.18: Wideband response of the fabricated 4th-order tunable filter with re-
entrant caps (Fig. 4.15 filter) and tuning screws (Fig. 4.17 filter) at the extreme ends
of tuning window.

4.5 State-of-the-art Comparison

Table 4.1 provides a comparison between the proposed re-entrant cap tunable filters
and similar state-of-the-art designs with constant absolute bandwidth. As evident,
the re-entrant cap designs have the widest tuning capabilities providing up to 90%
of tunability and octave 2.64:1 tuning ratio with a high-QQ up to 5480. Besides, they
feature a stable return loss level better than 15.5 dB and low insertion loss with a
maximum +0.08 dB of variation allover the broad band of tuning. All these advan-
tages are added to the compact structures, simple tuning configuration, and improved
spurious performance over tuning. Concerning the number of tuning elements, the
proposed technique requires a least N tuning elements (N is the filter order), which
must be in excellent electrical and mechanical contact with the cavity. Accordingly,
this attributes a slower tuning speed than the designs which use a single tuning
mechanism as [5], or contactless tuning like [174]. Hence, further research and un-

conventional solutions that enable faster tuning processes are still needed.
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Comparison of the Proposed Octave CABW Tunable Filters with Similar State-of-

The-Art Designs.

Structure
(tuning f Tunability ABW RL Q- Volume
Ref. mecha- (GHz) Order (%) (MHz) IL (dB) (dB) factor (cm?) 7
nism)
[161] Er‘fij;efc(%t 08143 2 56.5%  2540.27% 1.6-3.1  >10 225310 NA 6
[164] ngp 017386 2 542%  103£58% 1.6829 >13  NA 2032 2
Hollow
[12]  waveguide 19.36- 4 174%  18141.66% <18  >11 2000 NA 4
o) 19.7 3100
Combline 1.81- o 2000-
[5] M) 517 5 18.1% 25 <18 >Uu o0 NA 1
Combline 2.565- > 2252-
[17] o 5 634 6 2.7% NA I NA 6
Half- 9975
[19]  wavelength ~ ” 4 19.8%  106.5£9% <04  >75 >4850" 27565 1
(M) ‘
[63] COI(IE’)hnC %?673 3 30.7%  27.542.5% 1.58-3.97 > 14 173-418  94.067 3
[137] CO?&%me %6786 4 11.1%  11.2489% 0809  >12 > 5800 2291.625 1
Combline- 9.15
[136]  dual-post 1087 4 17.2%  230+3.9% <06  >12 1500 NA 8
(M) '
2.66- . > .
[175]  Inset (M) 396 4 39.3%  116+6% 039044 . 1820+6% 4928 4
Dielectric- o 421-
[27] TE (M) 15.6-16 3 2.5% 150 1545 >8 o NA 3
Dielectric- 497
26 combline ) 4 4.9% 66+1.5% 3.9-4.4 > 10 536-548" NA 4
5.22
Dual-mode 470
[141]  diclectric- Sel 2 15.4%  50+10%  0.2-09 > 18 540-1100  3.456 2
T™ (M) '°
This  Dielectric- 1705
work-  combline 1.1-2.9 - 90% - - - 5 480' 198
1 (M)
This  Dielectric- 117 <
work-  combline ' 2 78.13%  43.54+12% 0.2840.03 850-1350  39.06 5
0 M) 2.67 15.6
This  Dielectric- 1.36-
work-  combline 506 4 4%  69+13% 0.5+0.08 > 16 750-2000 62.034 5
3 (M) :

iBased on simulated Q-factor. TBased on the measurements of a single-cavity resonator. #:
Number of tuning elements. E: Electrical tuning. M: Mechanical tuning.
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4.6 Summary

Octave CABW frequency tunable TM-mode dielectric filters were presented in this
chapter using a novel re-entrant cap tuning technique. First, a single resonator is
implemented providing a wide 90% tuning range from 2.9 GHz to 1.1 GHz and a
spurious-free band up to 3.44-fy. Then, the design guidelines of widely tunable BPFs
with CABW are discussed, and octave tunable filters are designed, manufactured, and
measured. The fabricated filters have the merits of wide tuning ranges (tuning ratio
> 2:1), high-Q, compact structure, good spurious performance, and simple tuning
mechanism. All these highly desirable features strongly promote the proposed tuning
technique and tunable components in a wide range of frequency-agile systems and

applications.
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Chapter 5

Compact and Reconfigurable

Bandpass Filtering Components
Using Dual-Mode TM-Mode

Dielectric Resonators

In this chapter, a new class of compact inline dual-band bandpass filters using TM-
mode dielectric resonators in planar configuration is first presented for tunable filters
applications. Thanks to the employment of the dielectric-loaded TM-mode wave-
guide configuration and the dual-mode T'Mi99 and T'Ms19 resonances, substantial
size miniaturization and volume saving (> 70%) can be obtained in comparison with
conventional waveguide technology. Additionally, the planar topology of the presented
concept offers highly desirable advantages for industry and mass production includ-
ing the ease of manufacturing, assembly, and tuning. Furthermore, the resonating
doublets and the nonresonating TMj;9 mode are effectively utilized to introduce and
control both inter-band and outer-band transmission zeros, advantageously increas-
ing the isolation between the two passbands and enhancing the outer-band rejection
regions. The general design procedure of the proposed filter is discussed in detail.
Two-pole and three-pole dual-band dual-mode TM dielectric filters are designed, im-

plemented, and measured with the investigation of their tuning capabilities.

A very compact in-line C-band diplexer is reported in section 5.2 based on dual-
mode dielectric TM-mode resonators in planar coupling configuration. In addition to

the advantages of substantial volume-saving and easy assembly, the proposed diplexer
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features high quality factor, enhanced spurious performance, high-power handling,
and efficient tuning process with independent control of each passband. For verifi-
cation purposes, a C-band diplexer is designed, implemented, and tested. The final
assembled diplexer unit has a compact overall volume of 43x40x15.9 mm3. It oper-
ates at 4.73 GHz and 5.03 GHz with same bandwidth of 24 MHz, an insertion loss
better than 0.9 dB, and a return loss higher than 21 dB. Additionally, high-power
breakdown analysis shows that the introduced diplexer can handle high levels of in-
put power up to 5200 watts. Furthermore, the reconfiguration capabilities of the
fabricated diplexer are reported, and a 3rd-order tunable diplexer design example is
presented using a single tuning element.

In the final part of this chapter, compact reconfigurable C-band pseudo-elliptic
bandpass filters for the applications of next-generation flexible satellite systems are in-
troduced. The first is a fully-reconfigurable 2nd-order filter realized using a dual-mode
TM-mode dielectric resonator, attributing ultra-high miniaturization and volume sav-
ing > 70%. A wide 790 MHz tuning window is obtained from 4.72 — 5.51 GHz with
a constant bandwidth of 50 MHz. Additionally, two independently reconfigurable
transmissions zeros are introduced through the use of a doublet configuration and
non-resonating modes. A piezomotor-based fixture is utilized for accurate fine-tuning.
The measured results show good agreement with simulations. The prototype filter
has demonstrated high-Q measurements across the whole tuning band (> 500) while
maintaining a low insertion loss of less than 1 dB and return loss higher than 18 dB.
Similarly, the second design is a 4th-order compact reconfigurable quasi-elliptic filter

using a single tuning element with stable TZs positioning.

5.1 Miniaturized Dual-Band Dual-Mode TM-Mode

Dielectric Filters in Planar Configuration

5.1.1 Introduction

The current rapid development of multi-channel /multi-standard RF and satellite com-
munications have urged the demand for more efficient, compact, and lightweight
multi-band payloads and subsequent filtering units. Often, those essential require-
ments cannot be effectively fulfilled using the conventional single-band filter struc-

tures, and more efficient multi-band designs are needed [177]. Accordingly, various
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dual-band bandpass filters were introduced in the literature using different technolo-
gies and configurations [178, 179, 180, 181, 182, 183, 184, 185, 186, 187, 188]. Whereas
the majority of the presented dual-band bandpass filters are developed using compact
planar microstrip and SIW structures as presented in [178] and [179], they are not
favorable in satellite and high-performance communications due to the high losses
and limited power handling capabilities. Therefore, high-() and high-power compati-
ble waveguide cavities have gained more interest in the implementation of dual-band
BPFs [180]-[182]. For example, [180] introduced a new class of waveguide dual-band
bandpass filters in an in-line configuration using dual-mode TE;¢; /TEqg;; modes for
size reduction. However, a special milling machining is required to realize such struc-
tures, and cross-couplings cannot be introduced to generate additional transmission
zeros (TZs). Folded side-coupled dual-band dual-mode TEj;,, mode elliptical cav-
ity filters were presented in [181] to facilitate the cross-coupling and TZs’ creation.
Nevertheless, the proposed filters suffer from many unwanted spurious resonances
and inflexibility in controlling the transmission zeros’ positions. In addition to the
aforementioned limitations of empty-cavity waveguide dual-band filters, more size re-
duction and lighter weight are still required. This motivated the introduction of more
compact dual-band coaxial and dielectric-loaded waveguide filters [183]-[188]. Work
performed by [185| presented a 3rd-order dual-band filter using an open-circuited-
stub-loaded quarter-wavelength coaxial resonator. The bandpass filter operates at
0.9 GHz and 2 GHz bands with a single uncontrolled inter-band transmission zero. A
third-order dual-band filter was introduced in [186] using dielectric resonators to offer
a more compact size and higher QQ, than the other configurations. However, specially
customized dielectric resonators and assembly processes are needed to implement the
filter. Besides, the filter suffers from close spurious modes and limited selectivity due
to the difficulty in the introduction and control of transmission zeros. All of these
drawbacks limit the extension of the proposed dual-band DR filter to higher orders

and also to use in industry.

TM mode dielectric resonators are particularly favorable in filter applications due
to their substantial size miniaturization, mechanical stability, high Q,, and wider
spurious-free band [189]. To take the advantage of all these desirable features with
considering the limitations of the aforementioned dual-band filter structures, the au-
thors in [187] introduced a new highly compact dual-band dual-mode TM mode di-
electric filter with more than 90% reduced volume than the conventional waveguide

structures. The dual-band response is realized through properly modifying the trans-
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verse doublet structure. Additionally, the coupling scheme is adjusted to move at least
one transmission zero between the two passbands to enhance the inter-band isolation.
However, this transversal configuration has many drawbacks including difficult tun-
ing, sensitivity to TZs locations, and precise selection of iris locations. Additionally,
since the filter is built out of separated transversal blocks, this leads to more assem-
bly time and cost, and can also increase the related losses. Therefore, alternative
dual-band TM-mode dielectric-loaded configurations are required to benefit from the
TM mode DR advantages and overcome the challenges of the transversal topology.
A new miniaturized C-band dual-band dual-mode TM-mode dielectric filter is
presented in this section. The filter is designed in planar coupling configuration for
the purposes of easy tuning, manufacturing, and assembly. Additionally, enhanced
inter-band isolation and outer-band rejection are achieved through flexibly positioned
transmission zeros. The following subsections discuss the design procedure of the
proposed topology and report the measured results of a three-pole dual-band dual-

mode TM-mode dielectric resonator filter.

5.1.2 Concept and Design

Dual-Response Dual-Mode TM-Mode Dielectric Resonator
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Figure 5.1: Dual-band TM-mode DR cavity. (a) Perspective view and top view. Both
modes TM;iyg, TMs1g are excited equally through input probe with angle §; = 45° and
output probe with angle 8, = -45°. (b) frai20, framero change in relation to the change
in the cavity width (Cw) while the cavity length is kept unchanged (Cp, = 26 mm).
The TM-mode dielectric resonator has outer diameter D = 8 mm, inner diameter
d = 4 mm, height = 6 mm, and dielectric constant ¢, = 45.
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The basic doublet block was introduced earlier in [190] and employed to design
a dual-mode dielectric filter using TE-mode dielectric resonators in [191]. Similarly,
dual-mode TM-mode DR configurations were introduced in planar topology for minia-
turized single-band fixed and tunable filters applications. For instance, in [192], a
dual-mode filter is designed using the two orthogonal degenerate modes TM;i9y and
TMs; in a single resonator structure. The resonant frequencies of the orthogonal
modes are adjusted primarily through the cavity length (Cr) and width (Cyw) where
each mode is mainly propagating and more sensitive in a corresponding dimension.
Herein, the cavity length and width are set equal in order to obtain the desired
dual-mode passband (C, & Cy). Alternatively, the dual-mode configuration can be
altered to a dual-passband response by shifting any of the degenerate resonant fre-
quencies away from the other one as depicted in Fig. 5.1. This is basically done by
changing the respective dimension of any of the resonant modes (Cr, # Cy). As can
be seen in Fig. 5.1(b), both TM;5 and TMas;o resonate at the same central frequency
(4.58 GHz) when Cp, = Cw = 26 mm, while fry2;9 increases and moves away from
fruiso with the reduction of the cavity width creating a dual-band response. The
separation of the two passbands is proportionally related to the ratio between the
cavity length and width (Cp/Cyw). Similar to conventional doublet configurations
[191], the input and output feeding probes are rotated to excite both modes with
angles #; = 45° and 0y = -45°, respectively. If the rotation equals to 45°, then the
IO probes are coupled to both orthogonal TM;5y and TMsg modes equally. If 6 is
less than 45°, then the 10 probes are more coupled to TMs;o while in contrary, they
will be more coupled to TM199 when @ is larger than 45°. 6; and 05 are related to the

coupling coefficients using:

M
tan 6, = Vo tanf, = (5.1)

The angular distance between the dielectric resonator and the IO probes (D)
controls the coupling strength to both modes. Fig. 5.2 demonstrates a dual-response
cavity using a dual-mode TM-mode dielectric resonator with three different coupling
routes and S parameter responses. The H-fields of the resonating TMi9g, TMs1g, and
nonresonating TM;;o modes are also included. The cavity length is set larger than the
width to move frye;9 away from fra99, therefore, creating a dual-band response at
4.98 GHz and 4.66 GHz, respectively. Based on (5.1), the input probe is positioned at
an angle ¢; = 45° (Mgs = Mg ), and the output pin is rotated to an angle 6, = -45°
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Figure 5.2: S-parameter responses of three different dual-band configurations and
their corresponding coupling routes (black, red, blue) realized by proper excitation
and orientation of the 10 feedings. Dual-band response is obtained through Cw # Cp,
(fraiz0 = 4.66 GHz, frpe:0 = 4.98 GHz). Blackline: Chebyshev responses (Mg, = Mgy,
My, = -Mg1, Mo, = Mga, Mg, = 0). Redline: inter-band TZ is introduced (sign change
of Mgy, causing a phase reversal at the output with respect to the input). Blueline: 2
TZs are introduced by the mean of the nonresonating TM;;9 mode bypass source-load
coupling (NRM) (Mg, < 0). The TM-mode dielectric resonator has outer diameter
D = 8 mm, inner diameter d = 4 mm, height = 6 mm, and dielectric constant ¢, =
45. Cw = 14 mm, Cy, = 26 mm.

(My, = -Mjp,). The first path S-1-L corresponds to the lower channel (fra199) and the
second route S-2-L represents the upper band (fraei0). The blackline represents the
basic dual-response configuration with Chebyshev characteristics (Mgy = Mgy, Myp
= -Ms1, Mo, = Mgz, Mg, = 0). Also, both inter-band and outer-band TZs can be
easily introduced and flexibly controlled which provides high isolation between the
two bands and also improves the out-of-band rejection level. The appearance of an
inter-band transmission zero in the second case (redline) is due to phase reversal of
the orthogonal modes at the output port with respect to the input side (Mg = Mgy,
My, = -Mgy, My, = -Mgy, and Mgy, = 0). This is realized by rotating the output probe
to an angle 3 = -135° to change the sign of Myr,. While in the third case (blueline),
the bypass coupling caused by the nonresonating mode (NRM) TM;;o mode creates a
pair of outer-band transmission zeros (Mgy = Mgy, My, = Mgy, Mo, = -Mga, Mgp, < 0)
[187], [190]. In this case, the output pin is rotated to an angle 6, = -225°. All of these
interesting capabilities of the proposed concept can be effectively applied to filter’s

configurations and will be discussed in the following sub-section.
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Figure 5.3: Generalized coupling scheme of the proposed dual-band dual-mode TM
mode DR filters. N corresponds to the filters’ orders. Each orthogonal degenerate
mode creates an individual channel (f;, f2). In some cases, the nonresonating TM;;o
mode (NRM) is excited and creates a S-L coupling path introducing outer-band trans-
mission zeros.

Dual-Band Dual-Mode TM-Mode Dielectric Filters

The generalized coupling mechanism of the proposed miniaturized dual-band dual-
mode TM-mode DR filters is depicted in Fig. 5.3. It is comprised of two coupling
paths that are composed of directly coupled doublet blocks. Each doublet block
exhibits two orthogonally resonating modes (TMjgy, TMajo) at two different frequen-
cies which create a dual-passband response. Also, in particular configurations, the
nonresonating fundamental TM;;y mode is employed to create a bypass source-load
coupling path that introduces additional transmission zeros [193|. The general design
procedure begins with the synthesis and extraction of the corresponding coupling
scheme and parameters of each passband individually which has been then optimized
and applied to the overall dual-band response and any additional transmission zeros
[194]. The coupling matrices in this paper are extracted following simple steps:

e A good start point is by using the standard synthesis method to extract the cou-
pling matrix of every single passband individually (f;, ABW;), (fs, ABW,) with an
order of N /2 for each band.

e Normalize both channels to a single-band N-order filter using the pre-synthesized
values from the first step. The 1, 2, 3,....N/2 resonators from the first and second
single-band filters represent 1, 3, 5,.....N-1 path and 2, 4, 6,....N channel, respec-
tively, and constitute the initial coupling coefficients of the overall matrix (Mz,j 0).
The chosen channel has a centre frequency fy = (fi+/2)/2, and an absolute bandwidth
ABW, = ABW,. Note that f,, ABW,, and normalized coupling coefficients can also

be chosen arbitrarily [194]. The mutual and self-couplings are calculated using:
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Where Qex: 1 and Qey; 2 are the calculated external quality factors from the coupling
matrices of the single-band filters from the first step. Next, the required physical
coupling coefficients (K) and external quality factors (Qex) for the lower passband
(f;) and higher passband (fz) are calculated using the corresponding f; and bandwidth
(ABW),) as follows:

. ABWO X Mz,j

Ki,j ’izl,?), ..... ,N—?), j22+2 (57)
fo
ABWy x My 5 . o
Kiorju1 = 0 >} TLitl 43 N—3, j—i+2 (5.8)
0

fo fo
ex - ; ex - 5.9
Qeat 1 ABW, x Mg,> Qear 2 ABW, x Mgy (59)

Afterward, the dual-band bandpass filter is realized using the presented dual-mode
TM-mode dielectric resonators. Figures 5.4 to 5.16 show two design examples of sec-
ond and third-order dual-band TM mode DR filters based on the proposed planar
topology, respectively. SMA connectors are used for the I/O feeding and a compact
TM mode DR (outer diameter = 8 mm, inner diameter = 4 mm, height = 6 mm)
is also employed with a high dielectric constant of 45 to provide more volume re-

duction. Considering the fields’ coupling nature of the two orthogonal modes, the
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Figure 5.4: Coupling scheme, optimized coupling matrix (redline), and simulted S-
parameters (blackline) of the proposed 2nd-order dual-band dual-mode TM-mode DR
filter in aligned 1O configuration.

required dual-band response cannot be obtained with conventional coupling irises
configurations because they cannot provide the required isolation between the two
modes. Therefore, inductive rectangular posts are effectively employed to obtain the
required inter-resonator couplings and provide bands’ isolation and separation. The
IO feedings are rotated to excite both orthogonal modes at the same time as dis-
cussed earlier. Fig. 5.4 and Fig. 5.5 demonstrate a 2nd-order dual-band filter of the
proposed structure operates at 4.65 GHz and 4.79 GHz with a narrow bandwidth of
12 MHz at both passbands. The coupling topology and optimized matrix are pro-
vided in Fig. 5.4 following the aforementioned procedure. The simulated S-parameter

responses are also included in Fig. 5.4 with excellent agreement with the required

-

e ity

Figure 5.5: Second-order dual-band dual-mode TM-mode DR filter in aligned 1O
configuration. (a) Perspective view. (b) Top view. All dimensions in mm unit.
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Figure 5.6: Relationship between the physical coupling coefficients of T'M99 and
T M31p modes and (a) side posts length Lg, and (b) central post length Lp.

specifications. The simulated (), for the first passband is 3440 and 3330 for the
higher band. Fig. 5.5 shows the realized dual-band BPF using dual-mode TM-mode
DR in planar configurations. The T'M15 mode constructs the lower passband (f;)
while the higher channel (f5) is formed by the orthogonal T'Ms19 mode. As shown
earlier, the separation between the resonant frequencies of the two modes is mainly
controlled by the cavity length/width ratio. In this example, the two channels are
closely-spaced with 140 MHz separation. The required inter-resonator couplings of
both passbands (K13, Ko4) are realized using common inductive irises with side and
central inductive posts. The relation between the coupling coefficients (K) of T'M 59
(K13), TMa19 (K24) channels and the central and side posts is depicted in Fig. 5.6.
The inter-resonator coupling of the first passband is more controlled by the side posts
(Lg) since the T M5 mode resonates mainly in sides and it is less distributed in
the centre of the cavity (see Fig. 5.1(b)). In contrast, the coupling bandwidth of the
upper passband is more related to the central post (Lp) as the T'M519 mode is more
distributed in the centre of the cavity than the sides. Furthermore, as the central post
is located close to the maximum of the T'M3;9 mode, the post width (Wp) can be
altered to push the T'M19 channel further away from the T'M 59 mode passband as
can be seen in Fig. 5.7. All these capabilities advantageously provide a more relaxed
degree-of-freedom to the designers towards getting different/similar bandwidths at
the two passbands with extended spacing. Tuning screws can be introduced easily

and utilized effectively in this planar structure to compensate for various tolerances
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and retain the required response. The inter-resonator couplings of both passbands
can be tuned through T4 and T5, while T1 is used to tune the resonant frequency of
both bands at the same time (frequencies will move up with tuning [141]). Further-
more, T2 and T3 can be employed to tune the lower (T'M9y) and upper (T'Maqo)
bands independently (frequencies will decrease with tuning). Similarly, T6 can be

added to control the 10 coupling.
The desired external quality factors Qeze 1 (TM120), Qeat 2 (T'Mayo) are realized

using inductive probes rotated with an angle 6. The dependence of Qe 1 and Qesr 2
on the rotation angle of the IO probe is presented in Fig. 5.8. As shown, Qe 1 of
T'M 39 increases with smaller angles whereas Qc.¢ 2 of T'M3;¢ is decreasing, and vice

versa.

The introduced dual-band filter has Chebyshev outer-band response and inter-
band isolation at 22 dB level. These two aspects need to be enhanced for high-
performance applications. Therefore, the introduction of inter-band and outer-band
TZs is importantly needed to improve the isolation between the two channels and
the outer-band selectivity. [195] presented a detailed overview of the TZs’ generation
in multi-path coupling structures. Similarly, [196] showed that a TZ can be created
between the passbands through the proper orientation of the feeding waveguides to
cause a phase reversal between the signals traveling through different paths. The
same concept can be employed effectively and more flexibly in the proposed dual-band
TM-mode DR filter configuration. In the original structure in Fig. 5.5, the input and

output probes are in aligned configuration with the same angle (6 = 6;). The phase
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Figure 5.8: External quality factors of T'M 5 and T M,y modes in relation to the
rotation of the IO probe.

change diagram of the presented filter is demonstrated in Fig. 5.9. All couplings are
inductive with reference to the corresponding coupling topology in Fig. 5.4. As can
be seen in Table 5.1, the signals of both bands are in-phase to each other, hence,
no inter-band transmission zero can be introduced. An inter-band TZ is generated
if the output probe is rotated by 90° for phase reversal between the two modes.
Fig. 5.10 depicts the phase-reversed IO configuration of the presented filter with its
corresponding coupling route and simulated S parameters. As can be seen, inter-band
transmission zero is effectively generated. As the output probe is rotated by 90°, the
sign of M 31, changes to negative causing the two channels to be coupled out-of-phase
as shown in Table 5.1. Thus, a transmission zero is introduced between the two
passbands enhancing the isolation to more than 50 dB. In addition to the creation

of the inter-band transmission zero, the 90° rotation of the output probe also excites

-90° -90°

-90°
+90° +90°
-909 (:)__-90" @ 7900

Figure 5.9: Phase shift diagram of the presented two-pole dual-band dual-mode filter
in in-phase configuration (Fig. 5.4).
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the non-resonating fundamental T'M ;9 mode creating a source-load (S-L) coupling
path (Mgp, = -0.0004) introducing two asymmetrical transmission zeros below and
above the filter passbands at 4.1 GHz and 5.1 GHz, respectively. The introduction
and control process of the transmission zeros due to the nonresonating modes are
well explained in [197] at transversal TM-mode structures. In principle, multiple
inter-band and outer-band transmission zeros can be introduced and controlled in
the proposed planar configurations. However, this is practically challenging since
the IO probes will need to be rotated close to/inside the coupling irises unlike the
transversal configurations [187] where the IO feedings can be rotated freely 360°. This
limits the flexibility of controlling the outer-band transmission zeros in the presented
filter. Fig. 5.11 shows the dependence of the transmissions zeros on the feeding
angle (0). As can be seen, both transmission zeros are controlled towards the same
direction [197|. Referring also to Fig. 5.8, when 6 decreases, Mg;/Mg, increases
and Mgy /Mg, decreases resulting-in a decrease in the zeros’ frequencies and vice
versa. To locate both TZs closer to the passbands, the transferred energy through
the nonresonating T'M ;9 mode should increase with respect to the coupling of the
resonating T M9, T Moo modes [193]. A possible straight-forward option is by
pushing the nonresonating 7'M 19 mode to a higher frequency closer to the resonating
T Ms9, T Mo1g modes. This can be done at the first design steps with the selection

of the DR and its dimensions.

Another design example of a three-pole dual-band TM-mode DR filter is demon-

- -A - Aligned 10 configuration
—— Phase-reversed |0 configuration

-20 4
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-60 4

S parameters (dB)

-80 1

-100 T T T
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Figure 5.10: Second-order dual-band dual-mode TM-mode DR filter in phase-reversed
configuration. Inter-band transmission zero is introduced (Mg, = -Mgy, My, = Mgy),
and outer-band transmission zeros are created (Mg, < 0 = -0.0004).
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Table 5.1: Total Phase Shifts for the Two Paths of the Two-Pole Dual-Band Filters.

Filter Phase shift at the transmission
zero’s frequency
1% filter Lower passband _900_900_900_900_900 :_900
with no (Resonators 1, 3)
inter- 1 Upper passband | _90°,.90°90°+90°-90° =-90°
band TZ | (Resonators 2, 4)
Result In-phase
2“d filter Lower passband _900_900_900_900+90° :_2700
with (Resonators 1, 3)
inter- 1 Upper passband | _90"490°.90°+90°-90°=-90"
band TZ | (Resonators 2, 4)
Result Out-of-phase

strated in Fig. 5.12 to Fig. 5.16. The filter here is designed to operate at 4.77 GHz and
5.11 GHz with fractional bandwidths of 1.1% and 1.3%, respectively. The generalized

corresponding coupling matrix is stated below in (5.10).

N o A N Gl w o~ W
—
N}
33

1 3 5
1.08 0 0
7.0 1.03 0
1.03 6.87 1.03

0 1.03 7.0

0 0 0

0 0 0

0 0 0

0 0 1.08

2 4 6 L
1.25 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1.08
—6.5 1.37 0 0
1.37 —6.37 1.37 0
0 1.37 —-6.5 1.25
0 0 1.25 0

(5.10)

Structures and corresponding responses of the phase-reversed and in-phase con-

figurations are demonstrated in Fig. 5.13 and Fig. 5.15, respectively. Here in these



94

S parameters (dB)

i () [

100 \f@] L i) IQ@”\'
1004 < P 'l ‘ > i

A= + =+
120 ,
40 45 5.0 55 6.0

Frequency (GHz)

Figure 5.12: Coupling scheme, optimized coupling matrix (redline), and simulted S-
parameters (blackline) of the proposed third-order dual-band dual-mode TM-mode
DR filter in aligned IO configuration with an inter-band transmission zero (Ms;, =
Ms1, Mg, = Ms2), and no outer-band transmission zero (Mgp, = 0).

36— ———————
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Fo————————

Figure 5.13: Third-order dual-band dual-mode TM-mode DR filter in aligned 10
configuration. (a) Perspective view. (b) Top view. All dimensions in mm unit.

designs, the cavity length/width ratio is set larger than in the previous two-pole
examples to obtain wider spacing between the two passbands (350 MHz). The simu-
lated unloaded-Q for the lower passband is 3200, while in the upper passband is 3000.
Similar to the two-pole designs, inter-band and outer-band TZs can be positioned ef-
fectively by controlling the I/O orientation. Fig. 5.13 depicts one configuration of the
proposed third-order dual-band filter with an inter-band transmission zero having a

high isolation level > 70 dB. As discussed earlier, the appearance of this TZ is due
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Figure 5.14: Phase shift diagram of the presented 3rd-order dual-band filter in phase-
reversed configuration (Fig. 5.12).

Table 5.2: Total Phase Shifts for the Two Paths of the Three-Pole Dual-Band Filters.

Filter

Phase shift at the transmission

zero’s frequency

1* filter
with
inter-

band TZ

Lower passband
(Resonators 1, 3, 5)

90°-90°-90°-90"-90°-90°-90° =270

Upper passband 90"+90°-90'+90"-90"+90-90" =-90"
(Resonators 2, 4, 6)
Result Out-of-phase

2™ filter

with no
inter-

band TZ

Lower passband
(Resonators 1, 3, 5)

-90°-90°-90°-90°-90°"-90" +90" =-90°

Upper passband -90°+90°-90"+90°-90"+90°-90" =-90"
(Resonators 2, 4, 6)
Result In-phase

to the phase reversal between the two paths of the filter as can be seen from the
phase shift diagram in Fig. 5.14 and Table 5.2. Since each cavity causes a 180° phase
shift to the signals (3x180°), the output probe is rotated 90° to keep the sign of My,
positive. Consequently, the NRM bypass coupling is not excited and no outer-band

-20 4

-40

-60 4

-80 4

S parameters (dB)
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Figure 5.15: 3D structure, simulated S-parameters and optimized coupling matrix
(CM) of the proposed third-order dual-band dual-mode TM-mode DR filter in aligned
IO configuration. No inter-band transmission zero (M5, = -Mg;, Mg, = Msz), and
outer-band transmission zeros are created (Mg, < 0 = -0.00021).
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Figure 5.16: Optimized coupling matrix (CM) of the proposed third-order dual-band
dual-mode TM-mode DR filter in aligned IO configuration with different S-L cou-
plings.

TZs are obtained (Mg, = 0). The case is the opposite in the second dual-band fil-
ter example shown in Fig. 5.15. When the input and output ports are aligned, the
sign of M5, changes to negative and both signals become in-phase. As a result, the
inter-band transmission zero cannot be introduced. On the other hand, the NRM by-
pass coupling is excited and creates two asymmetrical TZs at both edges (Mg, < 0
= - 0.00021). Conceptually, the source-load coupling strength can be changed to
control the positions of the TZs as can be seen in Fig. 5.16. Here, good isolation
> 30 dB is obtained between the two passbands but with no inter-band TZ. It should
be noted that the design procedure and control process of the TZs of the presented
2nd and 3rd order filters extend and apply the same to all other multiples of even
and odd cavities. Also, the proposed planar configuration can be utilized effectively
to implement other miniaturized TM-mode DR components (e.g., diplexers, tunable
filters). For example, a 3-pole ultra-compact TM-mode diplexer can be introduced
by just modifying the output feeding mechanism of the proposed 3-pole dual-band
dual-mode DR filter. All dimensions and passbands’ specifications are the same as the
dual-band filter. The only adjustment needed here is to modify the output structure
to receive each channel separately unlike in the dual-band configuration. This can
be done easily since the T'M 59, T'M219 modes are orthogonally distributed. Then,
as shown in Fig. 5.17, the input probe (port 1) is positioned with 45° angle to excite
both modes. On the other side, port 2 is positioned at an angle (6 = 0°) to only excite

the T'M 159 mode and receive only one channel corresponding to the lower passband of
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Figure 5.17: 3D structure and simulated S-parameters of a highly-miniaturized 3-
pole diplexer using the proposed planar dual-mode TM-mode DR configuration. The
structure dimensions and channels specifications are the same as the presented three-
pole dual-band BPF examples. Input port (P) excites both orthogonal modes TM;s,
TMs1p. Unlike the dual-mode configurations, each degenerate mode is excited sepa-
rately at the output side. Port 2 (P3) excites only TM;5 mode constructing the RX
channel. Port 3 (P3) excites only TMy;9 mode forming the TX channel.

the dual-band filter. Similarly, port 3 is positioned orthogonally at 90° angle to only
excite the T'M 9 mode and receive just the upper channel of the dual-band filter. As
can be seen in Fig. 5.17, the passbands’ specifications of the ultra-compact diplexer

are ideally identical to the dual-band channels.

Experimental Results and Comparison

A three-pole C-band dual-band TM-mode dielectric resonator filter is manufactured
and measured to validate the concept of the proposed planar configuration. A pho-
tograph of the implemented filter is shown in Fig. 5.18. The TM-mode dielectric
resonator that has been used is an E6045 (¢, = 45, @, = 8000 @ 5 GHz) from
EXXELIA [198] with the same dimensions stated in the above section. The TM-
mode dielectric resonators are then soldered in a compact metallic housing milled out
of copper. Fig. 5.19 and Fig. 5.20 depict the measured responses of both the in-phase
and phase-reversed configurations. Measurement results generally agree with sim-
ulations in the bandwidth specifications and the transmission zeros that have been
created and controlled. A shift in the passband frequencies from simulated ones is

noticed mainly due to the tuning process and uncertainty of the dielectric constant
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of the DRs (100 MHz in the first passband, and 190 MHz in the upper band). The
frequencies in simulations were then re-optimized to resemble the measured results.
Fig. 5.19 shows the measured S parameter responses in comparison with the optimized
simulations. The first passband operates at a centre frequency of 4.86 GHz with a
53.5 MHz of bandwidth compared to a bandwidth of 53.8 MHz in the simulated one
(both at -15 dB level of S11). The measured insertion loss is < 1.1 dB and the return
loss is better than 19 dB. The upper band has a central frequency of 5.3 GHz with
77.2 MHz BW compared to 78.2 MHz of the simulated one. The mid-band insertion
loss is lower than 0.9 dB and the return loss is better than 17 dB. Measurements
and simulations have a good agreement in the lower passband frequency, while the
measured higher passband has a slight shift of 50 MHz from simulations. This could
be due to the sensitivity of this band (7'My0) to the central post as aforementioned,
especially since the resonators are positioned very close to the central post and the
cavity. Fig. 5.20 depicts the measurements of the implemented filter in both in-phase
and out-of-phase configurations obtained by the rotation of the output probe. As
can be seen, an inter-band TZ provides high isolation between the two passbands
up to 60 dB in the out-of-phase case, while two outer-band TZs are introduced in
the in-phase configuration. Silver-plated tuning screws (shown or located where the
empty holes in Fig. 5.18) were added similar to those in Fig. 5.5 to tune both fre-

quencies or each one independently, inter-resonator couplings, and the IO couplings.

Figure 5.18: Photograph of the manufactured 3-pole dual-band dual-mode TM-mode
DR filter. The used TM-mode dielectric resonator and some of the tuning screws are
also included.
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Figure 5.19: Simulated and measured S parameters of the implemented 3-pole dual-
band dual-mode TM-mode DR filter in aligned IO configuration.

The extracted unloaded Q-factor is better than 1040 (~ 35% of the simulated ones).
Silver-plating and larger dielectric resonators can be considered to increase the @,
up to 3000. The filter has a compact size of 41.3x36x5.9 mm? offering more than
70% volume reduction than the conventional waveguide structure. Fig. 5.21 exhibits
the measured wideband response of the implemented filter. As shown, the filter has
a good spurious-free band of 1.5 GHz at the lower side, 1.7 GHz to the next higher
unwanted spurious frequency. Table 5.3 summarizes a comparison between the pro-
posed compact inline dual-band dual-mode TM mode BPF and similar designs. The
filter has a good spurious-free band 1.5 GHz which is better than the other config-
urations. Also, the proposed filter offers the advantage of effective introduction and
control of inter-band and outer-band transmission zeros. Despite that the transversal
configuration in [187] is able to introduce multiple inter-band and outer-band TZs,
those T%s are sensitive to many parameters and cannot be effectively controlled. Con-
trary, the generated inter-band TZ in the proposed planar configuration is controlled
just through the phase shift between the two signal paths and it is not affected by
any other parameters. Additionally, whereas the structure must be folded in [181] to
introduce both inter-band and outer-band TZs at both sides, out-of-band rejection
characteristics of the inline filters in [186] and [187] need to be improved either at
one or both edges. While the presented configuration has shown the capability of
obtaining and controlling inter-band and outer-band TZs at both edges to provide
higher out-of-band rejections. Nevertheless, it should be mentioned that the position-

ing of the outer-band TZs closer to the passband is not easy and the coupling ratio
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Figure 5.20: Measured results of the manufactured 3-pole dual-band dual-mode TM-
mode DR filter in both aligned and phase-reversed IO configurations.

of the nonresonating 7'M 1,9 mode should be considered carefully. Another attractive
advantage of the proposed planar topology is that it makes the assembly and tuning
process easier and more feasible than the transversal configurations resulting-in bet-
ter responses and less implementation effort. Post-tuning is even more important in
such designs where each of the two signals needs to properly couple and excited in the
same single cavity with the same 10 feedings. Advantageously, the introduced planar
configuration allows the designer to introduce tuning screws to efficiently control all

resonant frequencies, bandwidths, and IO couplings.
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Figure 5.21: Wideband response of the presented 3-pole dual-band dual-mode TM-
mode DR filter.
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Table 5.3:
Comparison With Other Reported Dual-Band Filters.
Spurious-
Ref. Technology h/f FBW IL (dB) free band Controllable

(GHz) (%) (GHz) TZs
[181]  folded waveguide 3.4/3.6 1.77/1.67  0.15/0.22 0.18 No
[186] customized DR 2.6/3.5 0.7/1.1 0.45/0.4 0.5 No
[187] transversal TM DR 4.25/4.55 1.5/1.5 1.3/1.15 NA No
g‘;i planar TM DR 4.86/5.3 1.1/1.46  1.1/0.9 > 1.5 Yes

5.1.3 Reconfigurable Miniaturized Dual-Band Filters

Introduction

As discussed earlier, dual-band bandpass filters (DBBPFs) have received growing de-
mand in recent years with the exponential development in multi-standard, multi-band
communication systems [199]. In the same context, the proposal of tunable dual-band
bandpass filters is of focal importance for future frequency-agile and software-defined
radios [200]. Those applications have strict requirements of high-performance, low-
loss, and compact dual-band filter structures with reconfigurable frequency plans.
Unfortunately, despite planar dual-band filters are easy to design and offer very com-
pact structures, they suffer from high losses and limited power handling capabilities.
On the other side, empty-waveguide structures have key features of high unloaded
quality factor (Q,) and high-power performance. Nevertheless, their large, bulky size
makes them an unfavourable solution for the design of miniaturized fixed/tunable
dual-band filters. Considering the above drawbacks of planar and waveguide con-
figurations, dual-band dielectric bandpass filters are getting increasing attention be-
cause of their desirable advantages of high Q,, compact size, and compatibility with
high-power levels. Couple of dual-band dielectric filters were presented in the open
literature using different types of dielectric resonators (DRs) with fixed passbands
[186, 201, 202, 187, 203|. Among all, TM-mode dielectric resonators offer more com-
pactness, better spurious performance, and mechanically-stable structures. To benefit
from these attractive features, [187| presented a highly miniaturized, high-Q DBBPF
using dual-mode TM-mode dielectric resonators in a transversal configuration. Un-
fortunately, this structure is not suitable for the realization of tunable filters since
the resonant frequency and inter-resonator coupling cannot be tuned efficiently be-

cause the resonators cannot be accessed due to the transversal topology. Therefore,
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Figure 5.23: (a) 3D view of the proposed two-pole dual-band dual-mode TM mode
DR filter. Dimensions (in mm): Cy = 40.5, Cp, = 26, L; = 3, Ly = 3, Ly = 2.5, Ly
= 3. (b) Simulated S parameters and optimized coupling matrix (CM).

there is an essential need for alternative compact TM-mode DBBPFs suitable for
reconfigurable filter designs. This subsection introduces miniaturized reconfigurable
dual-band dual-mode TM-mode dielectric filters based on the above-presented pla-
nar topology (|203]). The tuning capabilities of the proposed dual-band filters are
explored for the application of tunable filters.

Reconfigurable Second-Order Dual-Band Filter With Simultaneous and
Independent Passbands Tuning

Originally, TM-mode DR filters are designed using the fundamental T'M 19 (T'M10)
mode. Recently, the orthogonal degenerate modes T'M 15y and T'M ;o were utilized to

design highly miniaturized dual-mode TM-mode dielectric filters in [192]. Similarly,
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Figure 5.24: (a) Photograph, and (b) measured results of the two-pole dual-band
dual-mode TM-mode dielectric filter.

the dual-mode response can be changed to a dual-band response by moving any of the
orthogonal modes away from the other one. With reference to Fig. 5.1, each of the
orthogonal modes is propagating mainly along one axis of the cavity (7'M 1z along
the length axis (C1), T'Mayo along the width axis (Cyw)). Consequently, dual-band
response can be realized by reducing the width of the metallic cavity (Cyy) pushing
T My to a higher frequency. The coupling topology of the dual-band response is
represented similar to the conventional doublet structures [190] as shown earlier in
Fig. 5.2. Also, the nonresonating 7'M ;o mode (NRM) is employed to create a source-
load (S-L) coupling path generating two transmission zeros [193]. The IO feeding is
realized using SMA probes. The IO feedings are positioned at an angle () of 45° to
excite both modes equally. If 6 < 45° , then the 1O pins are more coupled to T' M,
while they will be more coupled to T'M 199 in case of § > 45° . The coupling strength
is adjusted through the angular distance between the resonator and the feeding pin
(D). Interestingly, the orthogonal distribution nature of the fields inside the dual-
mode cavity features more frequency tuning flexibility. As can be seen in Fig. 5.22,
tuning screws can be properly positioned to control either both modes simultaneously,
or individual modes separately.

Similarly, the above dual-response cavity can be expanded to introduce reconfig-
urable dual-band dual-mode TM-mode filters in planar configuration. For example,
this subsection introduces a two-pole dual-band bandpass filter. The design process
begins by defining the required specifications of each band (f;, fe) individually, and

extracting the corresponding matrices using the standard synthesis procedure [129].
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Figure 5.25: Measured reconfigurable responses of the 2nd-order dual-band dual-mode
TM mode filter with both passbands tuning.
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Figure 5.26: Measured reconfigurable responses of the 2nd-order dual-band dual-
mode TM-mode filter with independent tuning: (a) Lower-passband only. (b) Higher-
passband only.

Then, the overall matrix is optimized with the inclusion of any additional trans-
mission zeros [193], [203]. Afterwards, the required external quality factors (Qest 1,
Qeat_2) and physical coupling coeflicients (K 3, Ko4) are calculated using equations
(5.7)-(5.9), where ABW; and ABW, are the absolute bandwidth of the first (lower)
and second (upper) bands, respectively. The dual-band BPF is designed to oper-
ate at 4.46 GHz with absolute bandwidth (ABW,;) of 38 MHz, and 4.82 GHz with
26 MHz of bandwidth (ABW,;). Both inter-band and out-band transmission zeros

(TZs) are introduced to increase the isolation between the two channels and improve



105

the out-of-band rejection characteristics. The inter-band TZ is realized by inducing
a phase reversal between the two modes at the output side (Mgo=M 41, Mg1—=Ma3y).
Whereas the nonresonating T'M19 mode is employed effectively to introduce two
asymmetrical TZs at both sides of the dual-band filter without the need for any

further cross-coupling setups.

In the next step, the designed dual-band bandpass filter is realized using the
proposed planar dual-mode TM mode configuration as shown in Fig. 5.23. The both
orthogonal modes T'M 159 and T'Myy are excited simultaneously through inductive
feeding pins positioned with an angle # = 45° and angular distance = 8 mm. The
lower passband is constructed by the resonating T'M 159 mode, while the upper channel
is built through the degenerate T'M 5,y mode. The required inter-resonator couplings
K 3 and K, 4 are obtained using inductive irises with a central inductive post. K 3 is
more controlled by Ly since the T'M 159 is more distributed on the sides, while the post
length (L;) mainly controls the K 4 since it is located at the peak of the T'M sy fields.
This indicates also that the central post is also used to adjust the resonant frequency
of the upper channel. Both inter-band and out-band TZs are successfully created.
The required change in the sign of M3L to introduce inter-band TZ is obtained by
positioning the output feeding pin opposite to the input pin (180° phase change of
T'M2). Similarly, this 180° in the output side creates a negative S-L. coupling path
through the nonresonating 7'M,y mode generating two asymmetrical TZs.

One of the key motivations behind the proposal of the above planar topology
of dual-band TM mode filters is to ease the tuning process for reconfigurable filters
applications. It is worth reminding that tuning is more feasible in TM-mode DR
components than in others. Simple screws/rods (see Fig. 5.23) can be used to tune
both the resonant frequency and bandwidth. T; screw is used to tune the resonant
frequency of both passbands at the same time. Here, unlike 7M1 (T'M19) mode,
H-field is the maximum in the centre of the DR while E-field is stronger in the
surrounding (refer to Fig. 5.1). This means that the frequency will be shifted up
with the intrusion of the tuning element (T). Also, considering that the T'M 5 and
T Ms19 modes propagate orthogonally to each other, T3 and T4 are used to check
the independent reconfiguration of the lower passband (T'Ms), and Ty is utilized to
tune the upper passband (T'Ms10). In these cases, the frequency will decrease with
the insertion of the tuning screw since the E-field is maximum, as mentioned earlier.

Ts, Tg can be used to tune the inter-resonator couplings.

A two-pole dual-band dual-mode TM-mode dielectric filter is implemented and
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measured to verify the proposed planar configuration and investigate its tuning capa-
bilities. An E6045 TM-mode dielectric resonator from EXXELIA is used (dielectric
constant = 45, Q-factor = 8000 @ 5 GHz) with outer diameter = 8 mm, inner di-
ameter = 4 mm, height = 6 mm. The filter parts are assembled and the dielectric
resonators are soldered to a copper metallic housing. The filter has a very compact
structure of 40.5x26x5.9 mm? providing > 70% volume saving in comparison with
the conventional waveguide technology. A photograph and the measured S parameter
responses of the implemented DBBPF are depicted in Fig. 5.24. The first passband
is centred at 4.46 GHz with fractional bandwidth (FBW) of 1.05% and Q, of 1000.
While the higher passband operates at 4.94 GHz with FBW of 0.57% and Q,, equals
950. As can be seen, high inter-band isolation and out-of-band rejections are obtained.
An Inter-band transmission zero is introduced providing a high 60 dB isolation be-
tween the two passbands. Two asymmetrical TZs are generated below and above
the filter passbands at 3.75 GHz and 5.75 GHz, respectively. Also, the frequency
tuning capabilities of the fabricated dual-band filter are demonstrated in Fig. 5.25
and Fig. 5.26. Firstly, both passbands are reconfigured at the same time (Fig. 5.25)
showing a 260 MHz tuning band from 4.46 GHz to 4.72 GHz at the lower channel and
from 4.85 GHz to 5.24 GHz at the upper passband with a tuning window of 390 MHz.
Furthermore, each passband is reconfigured independently. Fig. 5.26(a) demonstrates
a 200 MHz tuning band at the lower passband from 4.65 GHz — 4.45 GHz, while the
upper channel remains fixed at 4.92 GHz. Contrary, in Fig. 5.26(b), the lower channel
stays at 4.46 GHz, while the upper passband is tuned over 100 MHz window from
4.90 GHz to 4.80 GHz.

Reconfigurable Third-Order Dual-Band Filter

Fig. 5.27 demonstrates the tunable responses of the implemented three-pole dual-
band filter in the previous section. The lower passband is tuned from 4.86 GHz to
5.3 GHz, while the upper channel is tuned from 5.3 GHz to 5.8 GHz. Interestingly, one
can see that insertion loss deterioration in such dual-mode-based design (i.e., T'M 2,
T M10) is minimized than what normally noticed in the conventional single-mode-
based (i.e., T'M10) designs. This is mainly because here the tuners work on magnetic-
dominant areas (less E-field, then, less losses), and also due to the less number of used
tuners (i.e., half). Another observed feature from the measurements is that the filter

maintained a constant absolute bandwidth through the different tuning states at
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both channels without following a specific design process, which significantly eases
the designers job. Considering the design procedure of tunable filters with CABW
provided in chapter 3, this tells us that the required inter-resonator (IR) coupling
adjustment in such upward frequency tuning designs (IR coupling should decrease
with frequency increase) is less than what is required in the conventional downward
frequency tuning designs where the IR coupling should increase with the decrease in

the operating frequency.
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Figure 5.27: Measured reconfigurable responses of the implemented third-order dual-
band dual-mode TM-mode filter.

5.2 Very Compact Diplexers Based on Dual-Mode
Dielectric TM-Mode Resonators

5.2.1 Introduction

High-Q, compact, and high-power diplexers are an essential component of every multi-

band transceiver in a broad range of high-performance evolving applications, including
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Figure 5.28: Second-order compact dielectric TM-mode diplexer. (a) Perspective
view and (b) top view. All dimensions are in mm unit.

cellular base stations and satellite payloads. Accordingly, many diplexers were pre-
sented in the open literature based on various planar and waveguide technologies. In
particular, loaded-waveguide diplexers have gained an increasing amount of attention
because of their desirable features of more size miniaturization, high-Q, and good
power handling capabilities [204, 205, 136, 206, 207, 208, 209, 210, 211|. For exam-
ple, [204] presented an L-band combline diplexer for space applications with input
power up to 1800 watts. Also, a couple of dielectric diplexers were introduced to
offer more size compactness and lower losses than coaxial ones based on triple-mode
resonators [207|, customized corner-cut [208], oval [209] dual-mode HE resonators,
and TMg;o mode resonators [210], [211]. Among all, TMgo dielectric resonators have
highly desirable advantages of substantial volume-saving, mechanical stability, en-
hanced high-power performance, and wider spurious-free bands. Hence, they were
employed successfully in high-performance terrestrial and satellite filtering compo-
nents as in [210, 211, 212, 213]. The authors in [210| and [211] recently introduced
compact L-band TMg;o dielectric diplexers for high-power space applications up to
768 W. Also, besides the single-mode TMg;g mode, the orthogonal modes TMjy
and TMyq were utilized to design very compact dual-mode and dual-band filters
[214, 141, 203, 142]. For instance, we recently introduced a miniaturized in-line TM-
mode dual-band filter in a planar configuration suitable for mass production [203].

Similarly, diplexers can be designed to benefit from these highly desirable merits.

In this subsection, very compact C-band diplexers based on dual-mode TM-mode
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Figure 5.29: (a) Coupling scheme, optimized coupling matrix (redline), and CST EM
simulated S-parameters (blackline) of the two-pole diplexer over a wider range. (b) S-
parameters over a narrower window.

dielectric resonators are presented. The use of high dielectric constant (Dk) dual-
mode TM-mode dielectric resonators attributes a substantial volume saving in com-
parison with conventional waveguide technology. Also, the proposed diplexer struc-
ture eliminates the need for coupling junctions featuring more compactness, handling
of higher power levels, and a simpler design procedure. Furthermore, the diplexers
are designed in an in-line planar coupling configuration that advantageously provides
easy tuning and assembly. Thanks to the planar topology and the properly designed
inter-resonator (IR) coupling irises, all the input-output couplings, resonant frequen-
cies, and inter-resonator couplings can be controlled effectively and independently.
First, a second-order diplexer is implemented, and its reconfiguration capabilities are
reported. Then, another design example of a reconfigurable three-pole diplexer is

introduced using a single tuning element.

5.2.2 Second-Order Diplexer
Specifications and Configuration

The configuration, coupling topology, and CST EM simulations of the proposed com-
pact dielectric TM-mode diplexer are depicted in Fig. 5.28 and Fig. 5.29, respectively.
The design is based on second-order filters operating at 4.7 GHz (f;) and 4.98 GHz
(fo) with similar 20 dB bandwidth of 24 MHz. The design procedure begins with

the synthesis and optimization of the corresponding coupling matrix based on the
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required specifications following the method detailed in [203]. Then, the required
inter-resonator couplings and input-output couplings are calculated (K;,= 0.009,
K= 0.008, Qcs= 129, Qo= 137.7). The receiver (RX) and transmitter (TX) chan-
nels (f;, fo) are realized using the two orthogonal modes TMisy and TMyy [12],
respectively. At the input side (port 1), the feeding pin is positioned at an angle of
45° to couple with both modes simultaneously. Then, two orthogonal outputs (port 2,
port 3) are used to couple the RX (TM;j59) and TX (TMayyg) channels separately and
independently. Two inductive posts are used the realize the required inter-resonator

couplings for each channel.

Input-Output Couplings

The input and outputs feedings are realized using inductive wires (grounded at the
top side of the housing) soldered on SMA (Sub-Miniature) connectors as shown in
Fig. 5.28. The input feeding (port 1) is firstly positioned at a 45° angle to be coupled
to both orthogonal modes (TMjp, TMa10). Then, the coupling strengths are adjusted
through the angular spacing between the first resonator and the input feeding (L) as
depicted in Fig. 5.30(a). At the output side, two perpendicularly positioned feeding
probes are used to couple each of the orthogonal modes separately. The first output
(port 2) is used to feed only the receiver channel (TMjq) and the second output
(port 3) is used to couple the transmitter channel (TMajo). The corresponding cou-
pling strengths are controlled through the gap between the second resonator and the

feeding pins (Ly for TMi9p channel, and L3 for TMy;o passband) as can be seen in
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Figure 5.30: External quality factor of TMi99 and TMsy;¢p modes in relation to the
IO feeding probes. (a) The dependence of both modes on the angular spacing L;.
(b) TM;59 and spacing Ly, TMyy¢ and spacing Lz. All dimensions are in mm unit.
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Fig. 5.30(b).

Inter-Resonator Couplings

It was shown earlier in this chapter that a single central inductive post is employed to
obtain the required couplings for dual channels at the same time. Here, we alterna-
tively propose two inductive posts instead of the single central post to provide more
flexibility and degree of freedom in realizing the required inter-resonator couplings for
both modes more independently. As shown in Fig. 5.31, the required IR couplings are
obtained by adjusting the gap between the two posts (D;) and the distance between
the posts and the sidewalls of the cavity (D). The IR coupling of TX channel (TMay;)
is mainly controlled by D; (see Fig. 5.31(a)) since the TMy19 mode resonates in the
middle of the cavity. On the other hand, as the TM;5, mode propagates mainly at
the sides, the coupling of the RX channel (TM;y) is adjusted using D5 as exhibited
in Fig. 5.31(b).

Especially for such multi-mode designs, tuning screws might be essential to obtain
the required responses and compensate for any assembly and fabrication tolerances.
It was demonstrated in [142] (refer to the previous section) that such planar TM-
mode-based configurations allow efficient tuning of resonant frequencies either simul-
taneously or independently. Additionally, and thanks to the proposed two-post iris
structure here, tuning screws (S1, S2, and S3 in Fig. 5.28) can be added to control the

inter-resonator coupling of each channel independently as can be seen in Fig. 5.32.
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Figure 5.31: Relationship between the physical coupling coefficients of TM5y and
TMj1o modes and (a) the gap between the two posts (D), and (b) the distance
between the posts and the sidewalls of the cavity (Dy). All dimensions are in mm
unit.
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Figure 5.33: Diplexer prototype. (a) Disassembled parts. (b) Assembled.

This is a key advantage of the proposed structure. It is worth also to note that
higher-order diplexers can be designed further effectively following the same design

procedure.

Experimental Results

A prototype is manufactured, assembled, and measured to verify the proposed very
compact diplexer design. The disassembled components and the final assembled
diplexer are exhibited in Fig. 5.33. The TM-mode dielectric resonators are E6045
(Dk = 45, Q-factor = 8000 @ 5 GHz) from EXXELIA [198] with outer diameter —
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8 mm, inner diameter = 4 mm, and length = 6 mm. The metallic housing and lid were
manufactured using copper metal. The diplexer is then assembled and the DRs were
soldered with the metallic cavities using a silver paste. The diplexer prototype has a
compact overall volume of 43x40x15.9 mm? offering a substantial volume-saving in
comparison with the conventional empty-waveguide structures. Fig. 5.34 illustrates
the measured S-parameter responses of the implemented compact diplexer showing a
good agreement with the re-optimized simulations considering the dielectric constant
uncertainty (Dka44.2) and assembly tolerances. The first channel (f;) operates at
4.73 GHz with an insertion loss better than 0.7 dB, while the second passband (fz)
is centered at 5.03 GHz, with an insertion loss of less than 0.9 dB. Both passbands
have similar BW of 24 MHz with a return loss better than 21 dB. The estimated
quality factor of the manufactured prototype is 1500 (~=50% of simulation), and the
isolation between the two channels is higher than 31 dB. Tuning screws were con-
sidered in the manufactured prototype, but were not used as the frequency shift is
small (less than 1%) and we also do not want to introduce additional losses. Also, the
high-power handling capabilities of the introduced diplexer were evaluated using the
Spark3D tool. The diplexer has no multipactor discharge breakdowns up to 4700 W
at the RX channel and 5200 W at the TX channel. Here, it should be noted that
hardware limitations (e.g., SMA connectors) and thermal tests are still needed for
complete high-power analysis, especially due to the instability issues of such TM-
mode structures over temperature [211|. Table 5.4 summarizes a comparison between
the proposed diplexer and similar designs, featuring a very compact structure, higher
quality factor, spurious-free band better than 1.9 GHz (lower spurious 2.82 GHz,
upper spurious 7.07 GHz), and high power levels up to 5200 W. Furthermore, the
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Figure 5.34: Measured results of the proposed very compact TM-mode DR diplexer.
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Figure 5.35: Reconfiguration capabilities of a fabricated two-pole diplexer: (a) Lower
channel (TM;g), and (b) higher channel (TMayg).

planar coupling configuration of the presented diplexer brings highly desirable advan-
tages of easy assembly, integration, and tuning, where the operating frequencies and
inter-resonator couplings of the diplexer channels can be tuned independently. The
isolation of the diplexer prototype is higher than 31 dB which is better than [207]
and comparably similar to [208] and [210]. Alternatively, single-mode resonators can

be added at the outputs to enhance the isolation similar to [205].

The measured reconfiguration capabilities of a two-pole TM-mode DR diplexer
are presented in Fig. 5.35. The RX channel it tuned from 4.79 GHz to 5.22 GHz with
insertion loss from 1.3 dB - 2.4 dB, and return loss higher than 13.5 dB. Whereas the
TX passband is tuned from 5.37 GHz to 5.69 GHz, with insertion loss varies from
2.75 dB to 3.99 dB, and return loss higher than 16.5 dB. In both passbands, CABW
responses are obtained with aid of inter-resonator coupling tuning screws positioned
as shown in Fig 5.28. It should be remarked that the increase loss is mainly due to
imperfect soldering process. Also, for the same reason, the other-channel suppression
is not good, the simultaneous reconfiguration of both channels was not possible as
there is an up-shift in one of the TX resonances, and the response cannot be recovered

without affecting the other passband.
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Table 5.4: Comparison of the Two-Pole Diplexer Prototype with Similar
Coaxial /Dielectric-Loaded Waveguide Diplexer Designs.

This
Ref. [205] 1207] 1208] [210] -
fo (GHz) | 1/1.8 2.55/2.66 | 1.52/1.64 | 1.54/1.65 | 4.73/5.03
Order 4/4 3/3 2/2 3/3 2/2
F(];‘;V 16/6 3.8/3.5 | 0.85/1.1 | 2.74/2.96 | 0.51/0.48
(0]
IL (dB) | 0.72/0.55 | 063/1.1 | 08/0.5 | 0.17/0.31 | 0.7/0.9
Isolation
(dB) > 50 20 33 > 30 > 31
Size (\®) | 0.0383 0.2653 0.01344 | 0.0633f 0.021
Qu 190/650 | 1080/670 | 810/1050 2000 1500
Vol. 1035.26 432 106.24 468t 5.94
(cm?)
Qu/Vol. 0.63 2.5 9.88 4.27 252.53
(cm™®)

(Ref.= Reference, \;= Guided wavelength at the lower operation channel, Vol.= Volume).
fMetallic wall thickness included.

Figure 5.36: 3D structure of a reconfigurable 3-pole dual-mode TM-mode DR
diplexer.

5.2.3 Reconfigurable Third-Order Diplexer With a Single El-
ement
A design example of a three-pole dual-mode TM-mode DR diplexer is presented in

Fig. 5.36 using a single tuning element. As shown in Fig. 5.37, the lower channel

is tuned from 4.76 GHz to 5.56 GHz, while the upper passband is controlled from
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Figure 5.37: Simulated S-parameter responses of the proposed 3-pole reconfigurable
dual-mode TM-mode DR diplexer.

5.09 GHz to 5.81 GHz. The frequency is tuned using a common single element
connected to three M3 tuning screws with equal-penetration into the TM-mode res-
onators. As can be seen, constant ABW responses are obtained effectively, without

any further need for other tuning screws.

5.3 Miniaturized Reconfigurable Dual-Mode Dielec-
tric Filters Using Piezomotors for Future Satel-

lite Communications

5.3.1 Introduction

Filter units represent a fundamental part of every RF front-end subsystem including
satellite payloads which require compact filters with high unloaded Q-factors (> 500)
and high-power handling capabilities. Similarly, high-performance reconfigurable fil-
ters are major components in next-generation flexible satellite systems. Various high-
Q reconfigurable waveguide filters were presented in the open literature with low-loss
and high-power capabilities in [215, 10, 28, 17, 26]. For example, [215] introduced a
second-order frequency and bandwidth reconfigurable filter using a dual-mode TE3;;
waveguide cavity for High Throughput Satellite systems (HTS). The frequency is
tuned from 11.125 GHz to 11.275 GHz with a constant 52 MHz bandwidth using a

stepper motor mechanism. Another output filter for satellite payloads based on an
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air-filled waveguide structure was also presented in [10]. The fabricated filter has
200 MHz tunability at a center frequency of 19.8 GHz and 54 — 72 MHz of bandwidth
tuning. Also in [17], a frequency reconfigurable combline filter was presented using
piezomotors with a 2.7% tuning window. Another tunable dielectric combline filter
was also introduced in [26] where a piezoelectric transducer is used to control the
movement of a flexible sidewall to change the resonant frequency of the cavity. A
fourth-order TEM mode reconfigurable filter is implemented with a frequency range
of 4.97 — 5.22 GHz and extracted Q-factor of 550. However, the integration of those
filters in future satellites is still burdened by their bulky structures, limited tuning
functionalities, and poor spurious-mode responses. Therefore, the introduction of
more efficient tunable structures is thoroughly required. In recent years, TM-mode
dielectric resonators have attracted an increasing amount of attention in satellite fil-
ter applications due to their miniaturized size and better spurious-free ranges, while
also being able to exhibit decent unloaded Q-factor values [213, 216, 214, 139|. For
instance, a miniaturized L-band TMp;p mode DR input filter was introduced in [216]
for mobile satellite services (MSS) providing a 50% volume reduction with enhanced
rejection levels. Also in [214], two degenerate dual-mode TM-mode DRs were em-
ployed in transversal configuration to implement a highly compact C-band filter.
Additionally, another desirable feature of TM-mode DR filters, especially for the
implementation of tunable filters, is that tuning is more feasible than in the other
waveguide structures [139]. Therefore, all of the aforementioned advantages strongly
promote the employment of TM-mode DR filters for the next-generation of flexible

satellite systems.

In this subsection, highly miniaturized reconfigurable dual-mode TM-mode di-
electric bandpass filters are introduced for the next generation of flexible satellite
payloads. First, a two-pole BPF is presented where all of its parameters including
frequency, bandwidth, and TZs can be effectively and flexibly reconfigured. Advanta-
geously, due to this high degree of freedom, frequency tuning can be obtained over a
wide frequency range with constant absolute bandwidth responses. Also, two trans-
mission zeros are positioned below and above the passband offering very good out-of-
band rejection characteristics. Then, a 4th-order quasi-elliptic filter is introduced with
constant absolute bandwidth, using a single tuning element. The closely-positioned
transmission zeros are created in in-line configuration, and have a fixed spacing allover
the tuning window. To meet the remote control requirement, a piezomotor tuning

mechanism is utilized providing an accurate fine-tuning in both filters.
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5.3.2 All-Reconfigurable Two-Pole Dual-Mode Filter

Filter Design

| D °

Figure 5.38: 3D (left) and top view (right) of the proposed miniaturized reconfigurable
dual-mode TM-mode DR filter.
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Figure 5.39: Top view of the proposed dual-mode filter showing H-field distribution
at the two degenerate modes: TMy (left) and TMy;o (right).

The proposed pseudo-elliptic C-band dual-mode TM-mode dielectric resonator
filter is depicted in Fig. 5.38. The 2nd-order filter is designed using two orthogonal
degenerate modes, namely TM;i55 and TMsqg, in a single resonator structure as shown
in Fig. 5.39. The resonator dimensions are carefully chosen in order to assure adequate
separation between the operating modes and the other unwanted lower and upper
spurious modes. The selected TM-mode resonator has a dielectric constant (Dk) of
45 with an 8 mm outer diameter (D), 4 mm inner diameter (d), and a height of
6 mm. It is also worth mentioning that as the TM operating modes are independent
of Z-axis; the resonator height is chosen based on the desired unloaded-Q, structure
compactness, and the spurious modes separation.

The corresponding S-parameter responses of the proposed miniaturized two-pole
dual-mode TM-mode filter are shown in Fig. 5.40(a). The two degenerate modes
(TMi99, TM3yp) constitute a doublet operating at 4.74 GHz with a bandwidth of
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Figure 5.40: (a) EM simulated S-parameter responses and optimized coupling matrix
(CM). (b) Simulated S-parameter responses of the proposed all-reconfigurable dual-
mode TM-mode DR filter with CABW.

50 MHz. The filter is designed to obtain a high-selectivity pseudo-elliptic response
by introducing two independent transmission zeros in the lower and upper stopband
regions. The doublet configuration introduces one TZ on the left side of the passband
while the fundamental TM;y non-resonating mode (NRM) creates a source-load by-
pass path (-Mgg,) to introduce another TZ on the right side. The first transmission
zero is located closely at 4.57 GHz while the second TZ is positioned at a frequency
of 5.76 GHz. Sub-miniature connectors (SMA) are used for input-output feeding
through grounded inductively-coupled pins as shown in Fig. 5.38 The 10 feedings are

S21 (dB)

T
4.0 45 5.0 55 6.0
Frequency (GHz)

Figure 5.41: Bandwidth reconfiguration of the proposed all-reconfigurable dual-mode
TM-mode DR filter.
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Figure 5.42: An example of the doublet’s TZ reconfiguration at the lowest and highest
tuning states: TZ at the left side where f;09 < f210 (dashed line), and TZ shifted to
the right side after My; sign changes where fi59 > f210 (solid line).

aligned angularly in mirror configuration in order to excite both orthogonal modes
simultaneously. Next, following the above design specifications, the corresponding
coupling matrix [M] can be synthesized by extracting the different coupling compo-
nents following the procedure stated in [217]| for the doublet configuration and [218§]
for the non-resonating mode representation. The final optimized coupling matrix is:

It should be noted that, unlike the transversal configuration presented in [214],
the proposed dual-mode TM-mode filter here is designed in a planar configuration
for the purpose of easier and more flexible tuning from the top side as it’s highly
favorable for the implementation of reconfigurable filters.

Next, a fully and flexibly reconfigurable filter is designed using the presented
dual-mode TM-mode DR filter. All filter parameters including the frequency, band-
width, and transmission zeros can be effectively reconfigured using just two metallic
tuning pins (T4, Ts). The resonant frequencies of both modes are reconfigured si-
multaneously using the T through the inner hole of the TM-mode resonator. In
the TMi99 and TMy;y modes, unlike the fundamental TM;;y mode where the max
E-field is focused in the centre of the resonator and H-field is rotating in the sur-
roundings, the max H-field is primarily located in the centre of the resonator (see
Fig. 5.39). Thus, the frequency shifts upwards as the T tuning pin is introduced
into the resonator body. Since there is no intracavity coupling between the two or-
thogonal modes (Mjy = My, = 0), the filter bandwidth can be controlled by tuning
each mode separately. The bandwidth, however, is reconfigured by tuning the TM;
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Figure 5.43: An example of the TM;;y non-resonating mode TZ reconfiguration at
the lowest tuning state: TZ positioned at the left side where source (P;) — load (P3)
is in the same direction of TMy;9 H-field (Mgy) (solid line), and TZ shifted to the
right side where S-L is in opposite direction to TM;¢ propagation (- Mgy,) (dashed
line).

mode using the tuning pin Ty. This advantage of flexibility in BW tuning remarkably
contributes to the implementation of reconfigurable filters with constant passband re-
sponses throughout the tuning band. Fig. 5.40(b) shows the simulated results of the
presented reconfigurable dual-mode TM-mode DR filter with constant absolute band-
width responses of 50 MHz. The filter is tuned from 4.74 GHz to 5.51 GHz providing
15% of frequency tuning. Also, bandwidth reconfiguration capability is demonstrated

in Fig. 5.41 with more than one-octave of BW tuning.

In addition to the frequency and bandwidth reconfiguration functions of the pro-
posed pseudo-elliptic filter, the positions of the two transmission zeros are also inde-
pendently controllable. One of the unique features of the generalized doublet config-
uration is the introduction of a TZ on one side of the passband without the need for
any auxiliary cross-coupling/extracted-pole configurations. Furthermore, the TZ can
be easily configured to either side of the passband by just changing the self-coupling
sign of the operating degenerate modes [217|. This can be seen in Fig. 5.42 wherein
which the TZ that is produced through the bypass coupling remains fixed while the
doublet TZ is shifted to the right side of the passband by changing the self-coupling
sign of the first mode TM;j9y using Ty pin. On the other hand, the position of the
TZ produced through the bypass coupling can also reconfigured independently by

the I/0O feeding arrangement and the control of the coupling ratio between the reso-
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Figure 5.44: (a) Photograph, and (b) measured S-parameter responses of the proposed
reconfigurable dual-mode TM-mode DR filter.

nant orthogonal TM-modes and the TM;;0 NRM as explained in [218]| and shown in
Fig. 5.43.

Experimental Results

For the purpose of validation and demonstration of the proposed all-reconfigurable
dual-mode DR filter, a prototype filter was built and measured. The hollow TM-mode
dielectric resonator that has been used is a compact E6045 (Dk = 45, Q-factor = 8000
@ 5 GHz) from EXXELIA [198]. The resonator is then metalized inside a 24x24x6
mms metallic brass box. In reference to the accurate and digitally-controlled tuning
requirement of future flexible satellite payloads, a dual piezomotor fixture is attached
to the tuning pins T; and T5. The filter setup and the measured results are shown in
Fig. 5.44(a) and Fig. 5.44(b), respectively. Measurements show very good agreement
with simulations. The frequency is tuned from 4.72 GHz to 5.51 GHz with a constant
absolute bandwidth of 50+5 MHz. The fabricated filter has demonstrated a high
unloaded Q-factor ranging from 1100 to 540 with low midband insertion loss ranging
from 0.2 — 0.9 dB and return loss higher than 18 dB. The Q-factor can even be
enhanced further by ensuring perfect soldering and also by silver-plating the filter

cavity and the associated tuning pins.
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Figure 5.45: (a) 3D structure, and (b) simulated S-parameter results of the proposed
4th-order reconfigurable dual-mode TM-mode DR filter.

5.3.3 Reconfigurable 4th-Order Filter With a Single Element

Fig. 5.45 depicts a compact four-pole reconfigurable dual-mode filter using a sin-
gle element. Two identical M3 screws are used for tuning and controlled through
a common element, for simplification and faster tuning. The filter is tuned from
4.91 GHz to 5.63 GHz with a constant absolute bandwidth of 66+4 MHz, and two
closely-positioned transmission zeros with stable spacing at all tuning states. A first
prototype is then implemented and assembled as shown in Fig. 5.46 using piezomotors
for accurate remote-tuning, similar to the above two-pole filter. The measurements
in Fig. 5.47(a) exhibit that the filter can be tuned from 4.97 GHz to 5.48 GHz with
insertion loss from 1.7 dB to 2.97 dB, and return loss higher than 8 dB. This in-
crease loss is mainly related to imperfect assembly and soldering, therefore, a second
prototype is being sent for manufacturing. Nevertheless, the results still feature the
constant ABW and TZs’ spacing. The wideband response of the presented filter is
demonstrated in Fig. 4.47(b) showing a spurious-free band wider than 1.7 GHz.
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Figure 5.46: Implemented 4th-order reconfigurable dual-mode filter: (a) Disassembled

parts. (a) Overall setup.
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Figure 5.47: Measured results of the fabricated 4th-order reconfigurable dual-mode
filter: (a) Tuning window. (a) Wideband response.

5.4 Summary

This chapter presented several compact reconfigurable bandpass filters and diplexers

based on dual-mode TM-mode dielectric resonators as follows:

e In section 5.1, miniaturized fixed and reconfigurable dual-band dual-mode TM-

mode dielectric filters were presented in planar configuration. The use of the TM-

mode DRs and the orthogonal degenerate TM5y and TMs;o modes effectively provide
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substantial compactness with high Q, and good spurious-free response. Also, high
inter-band isolation and outer-band rejections are obtained through the introduction
of flexibly controlled transmission zeros. The proposed planar configuration brings
various advantages in comparison with the transversal configuration including easier
tuning, assembly, and production. All these features strongly promote the employ-
ment of the presented planar design in other ultra-compact components (e.g., tunable
filters, diplexers). Various design examples and prototypes have been manufactured
and the measurements allow for the design approach to be verified.

e A new class of very compact fixed and reconfigurable in-line diplexers based
on dual-mode dielectric TM-mode resonators in planar coupling configuration were
introduced in section 5.2. The proposed diplexers have many desirable advantages
including substantial volume-saving, high quality-factor, good spurious performance,
and high-power handling capabilities. Besides, thanks to the planar configuration
and the proposed iris structures, the introduced diplexers feature easy assembly and
efficient, independent tuning process for both transmission and reception channels.

e Section 5.3 presented highly compact reconfigurable C-band pseudo-elliptic
BPFs for future flexible satellite payload applications. Thanks to the miniaturized
dual-mode TM-mode dielectric resonator, the proposed filters offer a significant vol-
ume reduction of up to 75% in comparison with the conventional waveguide tech-
nologies. In a first two-pole example, both frequency and bandwidth are effectively
tuned offering 15% of frequency tuning with constant absolute bandwidth and high
unloaded-Q throughout the tuning window (Q > 500). Additionally, two indepen-
dently reconfigurable transmission zeros are introduced attributing a high-selectivity
and excellent out-of-band rejections. In a second design of 4th-order filter, quasi-
elliptic responses with CABW were effectively obtained in inline configuration using
a single tuning element. A piezoelectric motor-based tuning mechanism is employed
in both filters for accurate and fine remote control. All of these attractive features
strongly promote the proposed compact reconfigurable filters for the next-generation

flexible satellite and other high-performance applications.
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Chapter 6

Microfluidic-Based Ultra-Wide
Tuning Technique for TMgy;g Mode

Dielectric Resonators and Filters

This chapter introduces a new technique of designing widely frequency tunable TMq;q-
mode dielectric-loaded waveguide resonators and filters. The proposed tuning method
is based on using liquid metals to tune the resonant frequency by altering the lig-
uid level inside the resonator hollow-channel. First, a single-pole bandpass filter is
designed, fabricated, and measured for proof-of-concept purposes. The realized filter
demonstrated wide frequency tuning from 2.33 GHz to 0.67 GHz maintaining low
insertion loss < 1 dB allover the tuning window. Furthermore, a two-pole bandpass
filter is implemented and tested, exhibiting a wide octave tuning range from 2.75 GHz
to 1.24 GHz with 76% of tunability. The presented results advocate the great po-
tential of the proposed technique in high-performance widely-tunable next-generation

RF systems.

6.1 Introduction

The massive evolution in the various multi-standard and multi-band communication
technologies has emerged a vital demand for more efficient and flexible RF front-end
components and filters to manage the increasingly crowded spectrum more effectively.
High-performance frequency-agile filters are key and fundamental component of many

current and next-generation communication services, including future flexible satellite
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payload systems. Dielectric resonators have been introduced since the early ’60s and
employed widely in various microwave applications due to their compact structures
and good spurious-free performance in comparison with the other waveguide configu-
rations, in addition to the high unloaded-Q and the ability to operate at high power
levels. Accordingly, a couple of tunable bandpass filters have been introduced based
on dielectric resonators in different hybrid electric-magnetic modes (e.g., HEH, HEM,
TME), using various tuning methods as in [21, 27, 43, 68|.

Generally, the tuning methods for dielectric resonator filters presented in previous
literature are distributed into two main techniques: mechanical tuning and electrical
tuning. In the mechanical tuning method, the frequency is tuned using movable
tuning elements (e.g., screws, discs, sidewalls) as presented in [21] and [27]|. Despite
the straight-forward tuning and high power handling capability, these designs are
burdened by the bulky size, high complexity, high cost, and low-speed of tuning. All
above is in addition to the very small and limited tuning range. On the other hand,
electrical tuning elements (e.g., varactors, RF MEMS) were utilized in [43| and [68§]
to bring the advantages of higher tuning speed, reduced size and cost. However,
such filters suffer from major limitations in terms of linearity, quality-factor, and
high-power handling capability. Besides, the challenging integration of semiconductor
and MEMS tuning circuits on the 3D resonator structures incorporates more losses
and increases the filters’ complexity. All of these drawbacks limit the capability of
attaining low-loss over wide tuning ranges. [219] presented a hybrid tuning method
combining both mechanical and electrical tuning techniques, proposing an electrically
switchable tuning rod to improve the speed of tuning. However, it also shares the
same limitations of bulky, complex structure, and small tuning range.

TMp1p mode dielectric resonators and filters were firstly presented in [220], a few
decades ago. In recent years, they have received increasing attention and employed
successfully in many major high-performance applications (e.g., mobile base-stations,
satellite payloads) due to their strongly desirable features in comparison with the
other dielectric resonators. They offer high volume-saving and also better spurious-
free stopbands, besides the improved stability against vibrations and more feasibility
for tuning. All of these advantages promote the use of TMy;g mode dielectric res-
onators in the implementation of high-performance tunable bandpass filters, which
according to our knowledge, has never been reported in the previous literature.

Liquid metal (LM) microfluidics have recently been explored as a promising switch-

ing and reconfiguration candidate [93], mainly because of their linear properties, low-
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loss, and compatibility with high-power applications. A couple of planar and hybrid
reconfigurable /tunable filters were introduced using liquid microfluidic-based concepts
[93, 95, 221, 101, 222]. However, the performance of such PCB-based structures is
always limited by the low power handling, low Q-factor, and increasing loss, which
subsequently affects the tuning capabilities. Also, a microfluidically reconfigurable
TEo mode rectangular waveguide (RWG) filter was presented in [222]. Despite the
advantage of high-power performance of the hollow-waveguide structures, the pro-
posed filter has shown a very small frequency reconfiguration and a relatively high
insertion loss.

In this chapter, a new microfluidic-based, frequency tuning mechanism for the
design of widely tunable TMg;o mode dielectric resonators and filters is presented.
The proposed tuning method is based on the actuation of liquid metals inside TMq1q
mode hollow ceramic resonators, where the inner hole of the resonators is used as a
channel for the liquid metals [223|. This mechanism provides the advantage of getting
the highest possible achievable frequency tuning with minimal losses and high-quality
factors. Furthermore, the presented tuning technique is applied in a simple, low-cost,

and efficient configuration.

6.2 Concept and Design

Metallic

housing

Hollow DR

Liquid metal

Pneumatic
*+— Pump

Figure 6.1: Illustration drawing (cut-away view) of the proposed widely tunable TM-
mode dielectric-loaded waveguide resonator using liquid metal actuation.

An illustration drawing of the proposed liquid metal tunable TMy;g mode res-
onator configuration is shown in Fig. 6.1. The proposed embodiment comprises a
hollow cylindrical TM-mode dielectric resonator, a metallic housing, a liquid metal,
and a pump. The operation concept is based on LM actuation inside a containing
hollow resonator to tune the resonant frequency. The ceramic resonator is metalized

and connected with the bottom and top walls of the metallic housing operating at
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Figure 6.3: Simulated filter responses: (a) Simulated frequency and unloaded Q-factor
as a function of the LM level inside the resonator channel. (b) Simulated S-parameter
responses with different tuning states.

TMp19 mode. The inner hole of the dielectric hollow resonator is utilized as a con-
taining channel for the intrusion of the liquid metal from the bottom of the metallic
housing. Then, the in-going LM functionalizes as a tuning post to change the resonant
frequency of the resonator. As LM level increases inside the channel, the EM field is
perturbed resulting in a decrease of the resonant frequency. A microfluidic eutectic al-
loy of gallium, indium, and tin —commercially known as “Galinstan”— is chosen here
due to its advantages of relatively higher electrical conductivity (o = 3.46 x 10% S/m)
and non-toxic characteristics. The pump is used to pneumatically control the move-
ment of the liquid metal inside the resonator channel.

In addition to its advantages stated in the previous section, the TMg;p-mode
resonator structure is particularly chosen because of two key reasons. Firstly, its con-

figuration is ideally suitable for the proposed mechanism as the LM can be actuated
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Figure 6.4: Two-pole LM-tunable TM-mode DR filter: (a) 3D structure. (b) Simu-
lated S-parameter responses with different tuning states.

simply and effectively through a direct, single path with no need for any further mod-
ifications or elements. Secondly, since the electric field of the TMy;p-mode dielectric
resonator is confined and focused at the center of the resonator where the LM is being
actuated, the proposed mechanism can be applied efficiently to provide a very wide

frequency tuning window.

To verify and evaluate the proposed concept of widely tunable TMg;g-mode res-
onator filters, a one-pole bandpass filter is designed and investigated in terms of its
performance and tuning capabilities. Fig. 6.2 demonstrates the 3D EM model of the
proposed structure. It includes a metallic box surrounding a dielectric resonator with
a relative dielectric constant of 44 and an unloaded quality factor equals to 20000.
The filter is designed to operate at 2.33 GHz which represents the initial frequency
of the tuning window. Since it is a TM-mode structure, the height of the dielectric
resonator does not affect the resonant frequency, but just on the unloaded quality
factor. Then, the outer and inner diameters of the resonator are adjusted to obtain
the desired resonant frequency. The used resonator height is 25 mm to offer a rel-
atively high-(Q and more room for tuning, while the outer and inner diameters are
chosen here as 10 mm and 5 mm, respectively. A metallic cavity (30x30x25 mm?)
is adjusted properly to attain a high Q-factor and a good spurious-free stopband.

The proposed structure is firstly investigated using Eigenmode analysis in CST
microwave studio without the IO feeds to precisely evaluate the unloaded-Q. Simu-
lations considered Copper (o = 5.8 x 107 S/m) as housing metal, and liquid metal
Galinstan with electrical conductivity equals to 3.46 x 10° S/m. The simulated
frequency and unloaded-Q factor responses are illustrated in Fig. 6.3(a) in relation

to the LM variation inside the resonator channel. As can be seen from the graph,
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wide frequency tuning is achieved with high-Q factor measures. The channel is filled
gradually with Galinstan up to 24 mm and the resonant frequency shifted down ac-
cordingly, covering a wide span of frequencies ranging from 1.98 GHz to 0.51 GHz
providing wide tunability of 118%. Also, a high Q-factor is maintained all over the
tuning window ranging from 4600 to 710. These competitive advantages exhibit the
potential of the proposed tuning technique as a promising solution for the design of

high-performance and widely tunable loaded-waveguide filters.

In tunable filters, proper IO coupling is essentially required to maintain low-loss
responses across the different tuning frequencies. This becomes more challenging in
widely tunable filter structures and could cause a significant decrease in the tuning
performance. Herein, a 1-pole bandpass filter is implemented to check the feasibility of
the proposed wide tuning mechanism in TMg;o-mode tunable filters. The RF feeding
configuration is depicted in Fig. 6.2. The 10 coupling is realized using strongly-
coupled capacitive feeding pins to cover the whole wide tuning band effectively with
low insertion loss. The simulated S-parameters of the proposed widely tunable TMg;o-
mode filter are shown in Fig. 6.3(b). The frequency is tuned over a wide range from
2.33 GHz to 0.54 GHz with a high Q-factor (> 600) and low insertion loss (< 0.3 dB).
Also, an additional desirable feature of intrinsic-switching is presented, as in which
the passband can be easily switched off by just filling the whole resonator channel with
LM cutting all field lines of the operating TMg;o-mode. Similarly, Fig. 6.4 presents

another example of a two-pole LM-tunable bandpass filter with an ultra-wide tuning

Figure 6.5: Fabricated prototype of liquid metal-actuated TMyyo dielectric resonator:
(a) Disassembled, and (b) assembled.
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window from 2.75 GHz to 0.88 GHz and 103% of tunability. The evaluated simulated
Q-factor varies from 2230 to 500.

6.3 Experimental Results
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Figure 6.6: Measured and simulated S-parameters at different tuning states including
the intrinsic switch-off feature.

To validate the proposed concept, 1-pole and 2nd-order liquid metal tunable
TMgi9-mode filters are fabricated, assembled, and measured. The 1-pole filter com-
ponents and its measurements are depicted in Fig. 6.5 and Fig. 6.6, respectively.
The dielectric resonator is firstly enclosed and well-soldered with the metallic cavi-
ties to ensure against any leakage in the liquid channel. Next, the channel is firstly
cleaned with 1% NaOH electrolyte solution to facilitate the movement of LM, and
then Galinstan is pneumatically actuated inside the resonator channel using a syringe.
The measured S-parameter responses validates the ability to cover a wide frequency
span with low losses. The passband frequency is tuned from 2.33 GHz to 0.67 GHz
with wide tunability of 110%. Also, low insertion loss is maintained all over the
tuning window better than 1 dB, and return loss higher than 18 dB. The filter has
a wide spurious-free band up to 5fy. Additionally, the desirable intrinsic switching
feature of the passband is effectively demonstrated. The extracted effective Q-factor
varies from 1660 to 120 mainly attributed to the uncertain effective conductivity of
Galinstan liquid metal and the lossy effect of NaOH. Therefore, the use of other less

dispersive electrolyte solutions (e.g., Teflon solutions) is being considered in further
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Figure 6.7: Fabricated liquid metal-actuated 2nd-order TMy;o dielectric filter. (a) Fi-
nal assembled prototype. (b) Measured results.

investigations under more robust conditions to enhance the Q-factor and reduce the
losses. Also, it should be noted that the Q-factor can be increased by using better
electrically-conductive metals to manufacture the cavities instead of the brass metal
used in the proof-of-concept prototype (0 = 1.59 x 107 S/m). The Galinstan was
actuated smoothly inside the ceramic channel without experiencing any absorption or
stickiness issues. Nevertheless, an alternative reliable solution of micro Teflon-coating
can be applied effectively to the ceramic channel if there are any such worries. For fur-
ther verification, the 2nd-order BPF is also manufactured and measured as depicted
in Fig. 6.7, showing a wide tuning range of 1.51 GHz from 2.75 GHz to 1.24 GHz.
The measured insertion loss is 0.3 dB at the initial state with no LM, and increases
with the gradual actuation of the LM inside the filter up to 4.2 dB.

The advantages of the introduced technique can be seen in comparison with the
similar LM reconfigurable resonators and other tunable DRs as shown in Table 6.1.
Considering the current development and improvement in the LMs properties and
research, all of the aforementioned attractive and distinctive features strongly promote
the proposed tuning technique in wideband, high power, and low-loss RF applications.
Nevertheless, once can comment that as this is a relatively new topic, where still more
development and extensive research are needed to improve the LM properties, and

qualify it for high-performance and industrial applications.
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Table 6.1:
Comparison of the proposed mechanism with similar LM-based tunable resonators

and other DR tuning methods.

Frequency .

Ref.  Structure range tuning (%) IL (dB) Q.
[221] SIW 3.8 -5.8 41.7% NA 160 - 530
[222] RWG 175 - 17.6 0.57% >28 NA
[101] cc 2.0-9.9 109.4% NA 120 - 625
[27] DR 15.62 — 15.86 1.52% NA 421 - 1638
This DR 0.67 — 2.33 110.7% <1 120 - 1660
work

(SIW: substrate integrated waveguide, RWG: rectangular waveguide, CC: coaxial cavity, DR:
dielectric resonator).

6.4 Summary

A novel microfluidic-based mechanism for the design of widely tunable TMgy;g-mode
dielectric-loaded waveguide resonators and filters was presented in this chapter. Single-
pole and 2nd-order bandpass filters were designed, fabricated and measured for proof-
of-concept purposes with good agreement between simulations and measurements. In
addition to the wide tuning feature, the proposed method demonstrated many advan-
tages including intrinsic switching, low-loss, simple and low-cost configuration. This
new tuning technique is presented as a promising solution in future high-performance

wideband frequency-agile systems and technologies.
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Chapter 7

Bandwidth-Reconfigurable Coaxial
Bandpass Filters With Multi-Octave
Tuning Using a Single Element

Widely bandwidth tunable coaxial-loaded waveguide filters are presented in this chap-
ter based on a novel concept using a single common tuning element. The operation
principle relies on the rotation of coaxial resonators with respect to fixed iris windows
to control the inter-resonator coupling strengths and tune the bandwidth. This mech-
anism features multi-octave tuning capabilities, while maintaining a fixed operation
frequency and a stable high unloaded quality factor through only one rotary post,
without the need for any additional tuning element. Additionally, the filter can be
switched-off effectively through the same arrangement without the necessity for any
switching components. First, a second-order design is manufactured, assembled, and
measured to verify the design process of the proposed filter. The first experimental
results demonstrate a wide bandwidth tunability from 12 MHz to 83 MHz (tuning ra-
tio > 6.9:1). Then, more design examples of higher-order and dielectric-loaded filters
are provide to demonstrate the scalability of the proposed concept. The achieved re-
sults greatly promote the technique for many multi-standard communication systems

and applications.
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7.1 Introduction

Tunable filters have gained increasing attention in recent years because of their highly
favorable features compared with the traditional fixed structures. In future flexible
satellites, for instance, it is essential that both operation frequency and bandwidth
should be remotely adjustable and can be re-defined whenever it is needed. Here, the
employment of tunable filters and components enables bands’ reconfiguration, and
also the adoption of new technologies and plans while the satellite is in orbit, thus,

remarkably decreasing the related integration and operation expenses.

Generally, the majority of the available tunable filters in both literature and the
market focus on frequency reconfiguration whereas, on the other hand, bandwidth
(BW) tunable filters are not so common despite their key importance in a wide range
of applications. This could be mainly due to the fact that they are more challenging
to design than frequency tunable ones. Most of the available BW tunable filter de-
signs are based on planar structures using electrically-controlled varactor diodes as
in [149, 224, 225|. This group suffers from major drawbacks of low unloaded quality
factor (Q,) and limited power-handling capabilities, which hinder their employment
in high-performance and high-power applications. Therefore, the introduction of BW
reconfigurable 3-D cavity-based filters is more desirable because of their lower loss and
the ability to handle higher power levels. Accordingly, several BW tunable empty-
waveguide and coaxial-loaded filters were presented [9, 10, 226, 227, 228, 141]. A
cascaded lowpass filter and highpass filter configuration was used in [9] to realize
a BW tunable bandpass response based on TEg; cavities utilizing movable metal
rings. The filter operates at Ka-band and has a BW tuning range from 160 MHz
to 40 MHz. Another BW reconfiguration concept, also for TEq; hollow-waveguide
filters, was presented in [10] based on the use of coupling resonators instead of the
conventional iris structures. The filter bandwidth is tuned over an 18 MHz window
at Ku-band from 54 MHz to 72 MHz. A third BW tuning approach was introduced
in [226] using a movable plunger on a dual-mode TE;;3 cavity. A two-pole 11 GHz
filter is implemented with a BW varying from 26 MHz to 52 MHz. A fourth con-
cept was presented in [227] at Ku-band with 35% BW tuning based on two common
tuning elements. However, all these empty-cavity-based concepts suffer from various
limitations including the bulky size, limited BW tuning capabilities, many individ-
ual tuning elements (2 to N+1), and increasing losses due to the employed tuning

mechanism. These drawbacks are even more problematic at lower frequency bands



137

(e.g., C- and S-bands) since larger cavities and tuning elements are required. There-
fore, more compact structures are needed with an extended tuning range and more
efficient tuning mechanisms. A combline S-band BW tunable filter was reported in
[228], based on the introduction of additional bandstop resonators to the passband
section to reconfigure the BW through detuning the combline resonators. Also, [141]
presented a fully reconfigurable compact dual-mode C-band filter using TM-mode
dielectric resonators. The bandwidth reconfiguration is obtained through tuning the
resonant frequency of any of the two orthogonal modes. Nevertheless, despite that
these two loaded-waveguide designs feature more compactness, they still share the re-
maining aforementioned limitations of empty-cavity structures, and therefore, there
is still an essential need for more efficient BW tuning solutions.

This chapter introduces a novel bandwidth tuning concept for coaxial-loaded wave-
guide filters using a single common tuning element. This concept advantageously
enables very flexible bandwidth reconfiguration, from up to 10 times wider BW to a
fully switched-off passband using a single common rod regardless of the filter order.
Unlike other concepts, no further tuning components are needed, bringing the merit
of a stable high quality factor with minimum variation through a simple and fast tun-
ing process. Furthermore, the filter structure can be designed to keep the operation
frequency fixed and compensate any frequency shift that could be caused by the BW

tuning mechanism.

7.2 Bandwidth Tuning Concept

The structure of the proposed bandwidth reconfigurable two-pole filter is depicted
in Fig. 7.1. The filter arrangement was inspired from the frequency tunable filter,
with a constant absolute bandwidth, presented in [19]. However, both the purpose
and the operation concept are different. Besides, we believe that this arrangement is
more suitable for BW tuning than for frequency reconfiguration, as the inter-resonator
couplings can be tuned broadly and easily while maintaining high quality factor with
minimum variation. Contrary, beside the more complicated design procedure, the
frequency reconfiguration concept of [19] has limited tuning capabilities and suffers
from noticeable Q-factor degradation [175]. The proposed bandwidth tuning concept
is based on the rotation of coaxial resonators with reference to a fixed iris structure, in
order to change the inter-resonator (IR) coupling strength and tune the bandwidth.

All resonators are rotated simultaneously using a single common rotational post with
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Figure 7.1: Perspective view of the proposed bandwidth tunable coaxial filter. A
single common rotational element is used for tuning with an angle 6. The magnetic
inter-resonator coupling is the largest when 6§ = 0° (the position at Fig. 7.1), and
decreases gradually with the rotation of the resonators till the switch-off state at
6 = 90°.

an angle # ranging from 0° to 90°. The iris structure is designed carefully based on
the distribution of the fields of the operating mode. Here, our resonating mode is the
fundamental TM-mode which propagates similar to the conventional half-wavelength
resonators, where the magnetic field rotates mainly in the center of the structure,
and the E-field is perpendicularly concentrated at the ends in the vicinity between
the coaxial resonators and the cavity. Accordingly, the IR coupling is realized using
a rectangular iris positioned at the center of the structure. When 6 = 0° (Fig. 7.1),
the (magnetic) coupling is the strongest and the BW is the largest. Then, with the
rotation of the post, the inter-resonator coupling strength decreases and the BW
becomes narrower. Similarly, the filter can be fully detuned and switched off through
the proposed mechanism (i.e, § = 90°: f,, ~ f.— K =~ 0).

The filter cavities are chosen in circular shapes to keep the resonant frequency
fixed with the rotation of the resonators. Alternatively, elliptical cavities can be used
to also tune the resonant frequency (as shown in [19]) and balance any frequency

shifts that might happen due to the BW tuning process.

7.3 Two-Pole BW-Reconfigurable Filter

7.3.1 Filter Specifications

The filter is a 2nd-order bandpass filter that operates at 4.19 GHz with a 20-dB
reconfigurable bandwidth from 82 MHz to 8 MHz. The first design step is to synthesize
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Figure 7.2: Optimized coupling matrix responses of the proposed bandwidth tunable
2nd-order filter at the largest (82 MHz) and narrowest (8 MHz) bandwidths.
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Figure 7.3: Relationship between the coupling bandwidth and unloaded quality factor
with the rotation angle 6.

and extract the corresponding coupling matrices of the largest and narrowest BW
states, as shown in the inset of Fig. 7.2. Here, the coupling matrix of the largest
bandwidth state is firstly extracted, and then normalized and optimized again for
the second coupling matrix of the narrowest tuning state. The design procedure only
needs these two coupling matrices, while all the other intermediate tuning states can

be then obtained without the need for any further design steps.

7.3.2 Inter-Resonator Coupling

Based on the aforementioned design specifications, the required physical inter-resonator
couplings (K;5) for the largest and narrowest BWs can be calculated, and then realized

under weak input-output (IO) excitation condition using:
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where CBW is the coupling bandwidth, f, is the centre frequency, f; and f, are

the lower and upper frequencies, respectively. Then, the rectangular coupling iris is
designed to provide the required inter-resonator couplings at the largest state (6 = 0°)
and narrowest state (6 = 75°), simultaneously. As earlier mentioned, all other BW

tuning states in-between will be realized accordingly as demonstrated in Fig. 7.3.

7.3.3 Input-Output Coupling

Similarly, the input-output feeding structure should be able to provide the required
couplings at the largest and narrowest BW states. This implies that the input coupling
topology should be the maximum at the largest BW case, and decreases gradually
with the tuning process till the narrowest bandwidth. Based on this, the input feeding
here is realized through capacitively-coupled disks fed by SMA probes as shown in
Fig. 7.1. At the largest bandwidth case (0 = 0°) where the coaxial resonator is in-face
to the disk, the (electrical) input coupling is the highest. Then, with the rotation
of the resonators, the input coupling strength will decrease as fewer E-field lines are
being coupled. As shown in Fig. 7.4, the coupling strength is controlled through the
gap between the disk and the resonator (G), the position of the feeding probe (C),
and the shape of the feeding disk. For simplicity, the disk can be circular, and then
tuning screws can be slightly introduced at the narrow BW states. Nevertheless, here
we use an elliptical disk to provide the required couplings for all states without the
need for any tuning screw. As can be seen in Fig. 7.4(c), the narrowest BW state at

6 = 75° is very sensitive to the change in the minor diameter of the disk, whereas the
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input coupling strength at the widest tuning state (6 = 0°) is not much impacted.

7.3.4 Loaded-Resonant Frequency
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Figure 7.5: The variation of the loaded resonant frequency with elliptical (major
diameter = 26.44 mm, minor diameter = 26 mm) and circular cavities (diameter =
26 mm).

When designing a BW tunable filter, it is important to keep the centre frequency
fixed while the BW is changing. Here, if circular cavities are used, there will be a
slight shift in the frequency when the BW is tuned. This is because only f,, will
move with the tuning process while f, remains fixed. This small change in the centre
frequency can be adjusted easily by using tuning screws. However, alternatively, by
using elliptical cavities instead of circular ones, the frequency can be also tuned at the
same time with the BW tuning to balance any shift due to the BW tuning process,
and keep the operating frequency unchanged as can be seen in Fig. 7.5.

Following the aforementioned design steps, a BW tunable filter is then realized,
and its simulated S-parameters are depicted in Fig. 7.6 with various tuning states.
As shown, the BW is effectively tuned from 82 MHz to 8 MHz with a fixed centre
frequency at 4.19 GHz and a return loss level better than 17 dB. Also, the filter can
be intrinsically switched-off at § = 90° without the need for any auxiliary switching
elements. The key feature of this filter, besides the wide BW tuning capabilities, is
that the whole tuning process is done through a single element without any need for
tuning screws. This advantageously results in a stable high unloaded quality factor
of 3100 (with copper) all over the tuning range, as can be seen in Fig. 7.3 without

any degradation, unlike the other tuning concepts.
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Figure 7.6: Simulated S-parameter responses at different bandwidth tuning states.

7.3.5 Experimental Results

A two-pole C-band BW tunable coaxial filter is manufactured, assembled, and tested
to validate the proposed concept and design procedure. All parts of the implemented
prototype were manufactured out of brass metal as depicted in Fig. 7.7,where the
cavities are elliptical (major diameter = 26.44 mm, minor diameter = 26 mm). The
measured results in Fig. 7.8 show that the bandwidth can be tuned effectively from
12 MHz up to 83 MHz (at S11 = -15 dB), providing a very wide multi-octave tuning
ratio of 6.92:1 and additional switch-off feature. It is worth to remark here that
no additional tuning elements were used. At the largest BW state, the passband is
centred at 4.19 GHz with a midband insertion loss of 0.37 dB, while at the narrowest
tuning sate, it operates at 4.25 GHz with a midband insertion loss of 1 dB. The
increase loss is mainly due to the assembly and the imperfect input-output feeding
through the disks, in addition to the related metal losses including M1 stainless-steel
screws which are used to fix the resonators in their respective positions on the post.
The use of other metals with higher electrical conductivity and silver-plating could
be considered to enhance the unloaded quality factor. Another observation from the
measured results is that there are slight shifts in the operating frequency due to the
BW tuning process, and the frequency was not tuned as required. The main reason
of this is that the feeding disks were not fixed at their exact positions (re-simulations
estimate them at 0.7 mm closer), hence, causing this shift in the loaded resonant
frequency. In comparison with the other BW reconfigurable designs and concepts
in |9, 10, 226, 227, 228, 141|, it can be clearly seen that the proposed technique
provides the widest tuning capabilities (6.92:1) with only one single tuning element.

While in the other reported works, the minimum number of tuning elements is 2
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Figure 7.7: The fabricated 2nd-order multi-octave BW tunable coaxial filter: (a) Dis-
assembled, and (b) final assembled prototype.

in [227], but with only 35% of BW tuning. Also, a wide 3:1 multi-octave tuning is
presented in [228|, however, it needs many tuning elements, i.e. 2N+2, where N is
the filter order. While introducing transmission zeros is challenging in the proposed
inline configuration, a possible solution, for example, could be by using orthogonal

resonators topologies to realize cross couplings similar to [118]| and [119].

-0

-20

i
i t-40

Return Loss S11 (dB)

> \
4 %OFF—state\\.\_ Ny

Insertion Loss S21 (dB)

NiE-e0

{
H
i
|
i
|

38 40 42 44 46 48
Frequency (GHz)

Figure 7.8: Measured S-parameter responses at different bandwidth tuning states.
The BW tuning ratio is 6.92:1.

7.4 More Design Examples

7.4.1 Higher-Order BW-Reconfigurable Coaxial Filters

For further investigation, a 3-pole filter is also designed and implemented as depicted

in Fig. 7.9 and Fig. 7.10, respectively. Here, the filter is designed using circular cavities
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(diameter = 26 mm) instead of the elliptical ones, and tuning screws were included
to tune and keep the operation frequency fixed. The simulations in Fig. 7.9(b) depict
bandwidth reconfiguration from 107 MHz at 0° to 22 MHz at 64°. Fig. 7.11 shows
the measurements of the filter at 4.38 GHz with two different states of 105 MHz
and 61 MHz (at S11 = -15 dB), respectively. The BW reconfiguration is 72% with
an insertion loss better than 1 dB, and a return loss higher than 19 dB, at both
states. It is worth to note that despite this realization being able to offer more
tuning flexibility, the tuning process is more time-consuming and complicated than

in the first configuration. Fig. 7.12 demonstrates another example of a 4th-order BW

reconfigurable filter using a single element, designed similar to the earlier-presented
two-pole filter. The bandwidth is tuned effectively from 105 MHz at 0° to 24 MHz at
65°, and can also fully switched-off at 90°.
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Figure 7.9: Third-order multi-octave BW tunable coaxial filter: (a) 3D structure, and
(b) simulated results.
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Figure 7.10: The fabricated 3rd-order multi-octave BW tunable coaxial filter: (a) Dis-
assembled, and (b) final assembled prototype.
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Figure 7.12: Fourth-order multi-octave BW tunable coaxial filter: (a) 3D structure,
and (b) simulated results.
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7.4.2 BW-Reconfigurable Dielectric-Loaded Filters

The use of dielectric resonators instead of the metallic ones is more favourable in
many applications as they offer higher quality factor and more stable performance
with temperature variations. Therefore, to benefit from these merits and to check
the feasibility, a two-pole BW-reconfigurable coaxial filter is designed as shown in
Fig. 7.13 using low-loss dielectric resonators made of Alumina material (dielectric
constant = 9.8 and loss tangent = 0.0001). In this example here, two screws (see
Fig. 7.13) were put at fixed positions and depth to obtain the required IO coupling
strengths at the narrow-BW states to maintain a stable rerun-loss level at all states.
The simulated results in Fig. 7.13(b) exhibit an octave BW tuning from 97 MHz at
0° to 12 MHz at 68°, in addition to the intrinsic switch-off at 90°.
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Figure 7.13: Second-order multi-octave BW tunable dielectric-loaded filter: (a) 3D
structure, and (b) simulated results.

7.5 Summary

A novel technique of wide bandwidth tunable coaxial-loaded waveguide filters was
presented in this chapter using a single tuning element. Also, the intrinsic switch-off
feature was demonstrated with no need for any further switching circuits. The filter
cavities and input-output feeding were designed to keep a fixed operation frequency
and provide the required input coupling at all tuning states, therefore, eliminating
the need for any additional tuning element. Various design examples and proto-
types were presented using both metallic and dielectric resonators. All these highly
desirable advantages strongly promote the proposed configuration for tunable filter

applications.
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Chapter 8

Conclusion

8.1 Summary

The key objectives of this PhD research were the investigation of novel efficient tuning
mechanisms and the development of high-performance frequency and bandwidth tun-
able bandpass filters for RF and microwave applications. In particular, the research
addressed some of the key challenges surrounding the available tunable filter designs
such as compactness, high-Q, tuning range, and performance degradation with tun-
ing. In detail, the major contributions of the research presented in this thesis are

summarized as below:

e In section 3.1, a novel inset resonator configuration was presented for coaxial
filter applications with quasi-elliptic responses, featuring compact structures, high
quality factor, and good spurious performance. The design and analysis of the inset
resonator are discussed in detail, and two quasi-elliptic filters are implemented in
planar and longitudinal coupling configurations, respectively. The first is a folded
four-pole 2.93 GHz filter in planar topology with two symmetrical transmission zeros
created using probes for cross-coupling realization. The fabricated filter has good
performance characteristics and a wide spurious-free band up to 3.5-fy. The second
inset-type quasi-elliptic filter is realized in a longitudinal inline arrangement with the
advantages of more compactness and more efficient TZs creation mechanism than the
first configuration. An example of a compact 2.53 GHz three-pole filter is presented

with a closely-positioned transmission zero, wide spurious-free band (&3- fy).

e In section 3.2, a new class of compact, high-Q, tunable coaxial filters was pre-

sented based on the novel inset resonator concept. The proposed tuning technique
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has the merits of wide tuning capabilities and stable high Q-factor performance with
minimum variation throughout the tuning window. Single-resonator cavity, and filter
prototypes are designed and implemented to demonstrate and validate the proposed
concept. A single tunable inset resonator is first designed and measured showing
distinctive results of a 43% tuning range with a stable high-Q of 4100+4%. Then,
the design procedure for constant absolute bandwidth (CABW) tunable filters is dis-
cussed, and several tunable inset filters are presented using both metallic and dielectric
resonators. The measured results of the fabricated filter examples show distinctive
merits of a wide 40% tuning range, while maintaining a constant bandwidth with less
than +10% change, and a stable high-Q with minimum variation.

e In chapter 4, octave tunable dielectric combline bandpass filters with constant
absolute bandwidth were presented using a novel re-entrant cap tuning technique.
This mechanism of tuning provides wider tuning capabilities and better spurious
performance than the conventional screw-based tuning. A single widely tunable res-
onator is implemented with an octave tuning ratio of 2.64:1, high quality factor from
1705 to 5480, and spurious-free band up to 3.44-f,. Afterwards, two octave tunable
re-entrant cap filters are designed and fabricated, demonstrating octave tuning ranges
wider than 70%.

e A new miniaturized C-band dual-band dual-mode TM-mode dielectric filter was
presented in section 5.1. The filter is designed in planar configuration for the purposes
of easy tuning, manufacturing, and assembly. Additionally, enhanced inter-band iso-
lation and outer-band rejection are realized through flexibly positioned transmission
zeros. Second and third order C-band dual-band dual-mode TM-mode dielectric filters
were designed and fabricated, and their reconfiguration capabilities were investigated.

e Section 5.2 presented very compact in-line C-band diplexers based on dual-mode
dielectric TM-mode resonators. In addition to the substantial volume saving in com-
parison with conventional waveguide technology, the proposed diplexers eliminates
the need for coupling junctions featuring more compactness, handling of higher power
levels, and a simpler design procedure. Furthermore, the diplexers are designed in an
in-line planar coupling configuration that advantageously allows for easy tuning and
assembly. Because of the planar topology and the properly designed inter-resonator
coupling irises, all the input—output couplings, resonant frequencies, and IR couplings
can be controlled effectively and independently.

e Miniaturized reconfigurable dual-mode dielectric TM-mode filters were presented

in section 5.3 using piezomotors for high-accuracy remote tuning. First, a two-pole
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fully-reconfigurable filter is presented, where all of its parameters including frequency,
bandwidth, and TZs can be effectively and flexibly reconfigured. This advantageously
allowed for 800 MHz of frequency tuning while maintaining a constant absolute band-
width. Then, another design of a 4th-order tunable dual-mode TM-mode dielectric
filter is introduced using a single tuning element.

e In chapter 6, a new microfluidic-based, frequency tuning mechanism for the
design of widely tunable TMy;o mode dielectric resonators and filters was presented.
This mechanism provides the advantage of getting the highest possible achievable
frequency tuning with minimal losses and high-quality factors. Furthermore, the
presented tuning technique is applied in a simple, low-cost, and efficient configura-
tion. Single resonator cavity and two-pole bandpass filters are implemented to verify
the proposed tuning mechanism. The measured results feature wide octave tuning
capabilities wider than 100%), confirming the proposed concept.

e Chapter 7 presented a novel bandwidth reconfiguration concept for coaxial and
dielectric-loaded waveguide filters using a single common tuning element. This con-
cept advantageously enables very flexible bandwidth reconfiguration, from up to 10
times wider BW to a fully switched-off passband using a single common rod regardless
of the filter order. Unlike other concepts, no further tuning components are needed,
bringing the merit of a stable high quality factor with minimum variation through a
simple and fast tuning process. Furthermore, the filter structure can be designed to
keep the operation frequency fixed and compensate any frequency shift that could be

caused by the BW tuning mechanism.

8.2 Outlook

Based on the completed research and achieved results, there are still some aspects
that need to be investigated and studied further as follows:

e Developing widely octave-tunable filters with minimum number of tuning ele-
ments (i.e., 1 tuning element).

e Exploring new techniques with fast tuning speed.

e Developing widely octave-tunable filters with high-Q, having a minimum varia-
tion allover the broad tuning window.

e Realizing tunable filters with wide spurious-free bands and quasi-elliptic re-

sponses to improve the selectivity and out-of-band rejections.
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