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Abstract

Microwave tunable filtersare key components iradar, satellitewireless, and various
dynamiccommunication system&ompared to a traditional filter, a tunable filter is able to
dynamicallypassthe required signalral suppress the interference from adjacent channels. In
reconfigurable systems, tunable fik@reable to adapt to dynamic frequency selection and
spectrum acces3heycan also adapt to bandwidth variations to maximize data transmission,
and can minimiz interferences from or to other usersinable filtes can be also used to
reduce size and cost in mdfiand receiverseplacingfilter banks. However, the tunable
filter often suffers limited application due to its relatively low Q, noticeabtern bss

degradation, and bandwidth changing during the filter tuning

Theresearch objectivesf this thesisareto investigate the feasibility of designing high Q
tunable filters based atielectricresonatos (DR)andcoaxialresonatos. Various structures
and tuning methods that yield relatively high unloaded Q tunable fite¥sexplored and
developed. Furthermorehe method of designing high Q tunable filters with a constant

bandwidth and less degradation during the tuning process has been also tedestiga

A series of novel structures of dielectric resonators have flre@osed to realize a high
Q miniature tunable filtex The first type of TME mode DHlter is designed to be tuned by
piezoelectric bending actuators outside the cavity, and hasvadha tuning range from 4.97
to 5.22 GHz and unloaded Q better than 536 over the tuning range. The second type of TME
mode tunable filters are integrated with various tuning elements: GaAs varactors, MEMS
switches, and MEMS capacitor banks are employdte d@esigned filter with MEMS
switches operates at 4.72 GHz, and has achieved a tuning ratio of 3.5% with Q better than
510 over the tuning range. The designed filter with GaAs varactors operates at 4.92 GHz, and
has achieved a tuning ratio of 2% with Qtbethan 170 over the tuning range. Finally, the
designed filter with MEMS capacitor bank operates at 5.11 GHz, delivering a tuning ratio of
3.5% with Q better than 530 over the tuning range.



Cavity combline/coaxial resonators are also used in the de$igigh Q tunable filters.
This thesis presentsreovel approaciio design aunable cavity combline filter tuned ey
MEMS switched capacitor bankistead of mechanically moving the tuning disk, the cavity
combline filter is tuned with capacitances logglon the tuning disks, which are electrically
adjusted by MEMS switched capacitor bank. The assembpedeXfilter operates at 2.5 GHz
with a bandwidth of 22 MHz, a tuning range of 110 MHz and a Q better than 374 over the
tuning range. The assembleg@e filter operates at 2.6 GHz with a bandwidth of 30 MHz

and has a tuning range of 44 MHz.

Finally, the design ohigh Qtunable filter with constant bandwidth explored. A 4pole
high Q cavity combline tunable filter with constant bandwidth is dematest The tuning
has been realized manually and by using a piezoelectric motor respectively. The designed
filter operates at 2.45 GHz and has achieved a stable bandwidth idf. B(MHz over a
tuning range of 400 MHz and an unloaded Q better than 3008.dEsign method for a
constant bandwidth filter is applicable to both cavity combline filters and dielectric resonator

filters.
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Chapter 1

|l ntroducti on

1.1 Motivation

In recent years, the spectrum feireless communicatiohas becomenuch more crowded
which has mde designing radio devices and base station transceiggesat challenge. Thagh
Q tunable filter is a potential solution to solve this kind of challengeont-end receivers. In
modern wirelesgommunication systemshe receivers alwaysperate inthe presence of large
interfering signaldrom adjacent channels. A high Q narrow band tunable filter is much more
effectivefor suppressing interference from adjacent chanAeligh Q narrow bandpass tunable
filter would also supressinter-Modulation (M) signals from interfering with the receiver.

High Q tunable microwave filters can also be used in flexdlglgems to meet the dynamic
requirementskFor example, inhe SoftwareDefined Radio (SDR) system, with a high Q tunable
filter used after the danna matching circuits, the RF freshd transceiver is able to dynamically
passthe desired signal, suppress undesired signals in the receiving mode; and with a tunable
filter employed before the power amplifier, the RF frentl transceiver can synthesithe RF
signal in the transmitting mode without introducing noise or spurious emissions at other

frequenciegl].

Tunable filters are quite in demand for satfapted systems, such as the cognitive radiee8
on the active monitoring of several factansthe external and internal radio environmetite
cognitive radio can adapt for the spectrum regulator, the network operator, and the user
objectiveq1]. The tunabldilters employed in a cognitive radio are able to dynamically adapt the
transceiversd6 frequency selection, spectrum

transmission, and minimizing the interference from or to other users. Additionallypyangpl



tunable filters in transceivers for both dynamic band selection and noise suppression is an

optimal solution for an unfriendly user environment.

Tunablefilters areusedin systems using muiband receiverdjke the Joint Tactical Radio
System (JTB) [2]. Presentlyfilter banksare employedto achievesystemrequirements for all
receiving bandsdue to the limited coverage of a single filtelTo improve the system
performancereplacing the filter bankith atunablebandpass filteran significantly reduce the
filter volume and theomplexity of the whole systert h e s yrsliabditynaise substantially
increasesdue to fewer componentsused in the systemTherefore the wholesy st e mé s

performancean bemproved|[3].

In most of these applications, the insertion loss tfrablefilter is a key design parameter
which is decided by the unloaded Q of the filter resonator and filter bandwidgghinsertion
loss impacts directly the systensoise figure, the transmitted power, atite systend s
performance. To designtanablefilter with alow insertion loss, bottheresonator configuration

and the tuning techaques should be considered.

The categories of resonasomainly employed in microwave filters include: lumped element,
microstrip, superconductor, coaxial, dielectric resonand waveguide. Figure 111shows the
relationship between thenloaded Qand therelative size of typical microwave resonatdey.
Therearea wide range of resonator configurations in each resonator category. The @@ Viatue
key challengein designing the resonator to meet the requirementsit asadies widely for each
resonator category. Once these resonators are loaded with the tuning elements, the overall
unloaded Q will be further reduced. Superconductor filters can offeradedQ values ranging
from 20,000 to 50,000, however, theperconductofilters need to be&ooled down to very low
temperaturesThree Dimensional(3D) resonators, which include coaxial, dielectric resonator,
and waveguide, offer an unload@dvalue ranging from 3,000 to 30,000 at 1 GBI2.resonators

are widely employed to construct filterg fow loss wireless and space communicasgstems
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Figure 1.1-1 The relative insertion loss and size of various resonatof4]

Dielectric resontors can operate at various modeffering tunable filter designersthe
flexibility to select tuning elemestthat can easily interact with the field distributioh a
particular mode. Dielectric resonators can also be easily mactoneatious shapes hysing
low-cost water jet maching@hich alloweasy realizationf variousresonator configuratior$,
6]. Therefore, tunable dielectric resonalitters are investigated in this thesis. Turalgloaxial

resonator filters are also studied in this thesis dalesiolow cost and relatively high Q factors.

The tuning technologiesurrently employed intunable filters include mechanical tuning,
piezoelectric tuning, magnetic tuning, semiconductmmagtor tuning, ferroelectric film tuning,
and MEMS tuning. Traditional mechanical tunirglemens are inexpensive, easy to fabricate,
and havevery low loss.However they are large in size arthve a rather low tuning speed
Magnetic tunings are realizebly using ferrite material to tune the magnetic field in the
resonators. Ferrite materials are able to handle large power levels and tateswitching
speed; however, ferrite based circwate large in size, highin power consumption, ankdave
difficulties in integration.A semiconductor diodeconsists of a {m junction; the junction
capacitance can lmntrolled by a reverse bias voltagevertheless, the internal resistance in a

diode causekssand limitsits applicationfor high Q microwave filtes. Ferroelectric films can
3



be made as a varactor for a tunable filter since they d&#str tuning speed, low power
corsumption, and ease of integration. However the Q factor of the ferroelectric film varactor

limits its application irhigh Qtunable filers.

Piezoelectric tuning retains thavantages of mechanical tunimdnile having a relatively
small size Thus, piezoelectric tuninglements arenvestigated in the thesiMEMS tuning
circuits are realized by the physical movement of a componenthwhanges the capacitarare
inductanceof the device. MEMS tuning devicesare investigated due to their properties of low
loss, high power handlin@gnd high linearity at microwave frequencies.

The integration of high Q resonators and low loss tuniagiehts is a key factor in realizing
high Qtunablefilters. In this thesisthe integration of 3Desonator filtersvith tuning elements
including piezoelectric actua®r semiconductor varactors, and MEMS tunidgvices are
investigated

1.2 Objectives

The purpose of this thesis is to investigate the feasibility of designing high Q coaxial and dielectric
resonator tunable filters. This includes exploring n@#lconfigurations that ar@menabldo integration
with high Q tuning circuits Additionally, techngues to realizehigh Q tunable filter with constant
bandwidthareinvestigatedThe research topics in this thesis are:

1 Developnent of high Q dielectric resonator configuratiottzat are amenable to integration

with tuning elements such as piezoeleatdgices MEMS devics, andGaAsvaractors.

1 Investigation otechniques to increase the tuning range of high Q tunable dielectric resonator
filters.

1 Investigation of techniques to develogh Q tunabldilters with a constant bandwidth.

1.3 Thesis Outline

Following the motivationand objectives presented in Chapter Chapter 2 reviews the
literature ontunablefilters, tuning elemest tuning method, and different technologiesfor
maintaining aconstant bandwidth fawnablefilters. Chapter 3 presentie exernal tuning of
single mode and dual mode OiRers integrated witlpiezoelectrictuning elementsChapter 4

introduces a novel structure of DR filter integrated with MEMS switches, GaAs varactors and
4



MEMS varactors. In Chapter 5, a coaxial tunablerfitéth a constant bandwidth iustrated.
In Chapter 6, coaxial tunable filters based on MEMS technology for discrete tuning are
demonstrated. In Chapter 7, a summary of the research contributions of this thesis and

suggestions for future research is\pded.



Chapter 2

Literature Survey

In this chapter, a literature survey of tunitgchnologiesfor the tunablefilter will be
presentedThe surveyincludesthe tuning mechanisnthe tuning method and the technique of
tunable filter with a constant bandwidthh&tuning mechanism is introduced in the first section,
and then the updated tuning methods for tunable filters will be listagiteThnology used for
tunable filter withan absoluteconstant bandwidth ovene tuning rangewill be presented in the

last fction.

2.1 Tuning Mechanism

A microwave filter is made up of an input, an output, and some microwave resonators coupled
to each other and all resonators operate at the same frequency. In a circuit model, a resonator
consists of a resistor (R), an inducto) @nd a capacitor (C). The resistor represents the loss in

the resonator, while the inductor (L) and the capacitor (C) decide the resonant frequency of the

resonator. Figure 21 illustrates a circuit model of a twawo |l e | ossl ess filte
1 1 .
reoonant frequency, equals to (f,=—"—=) . Therefore, tuning |
2pJLC  ° 2pJLC

frequencyfy is equivalent to tuning the capacitance C, or the inductance L, or both the
capacitance and the inductance of the entire e#sanThe bandwidth is controlled by the inter
resonator coupling and the input/output coupling. So the bandwidth tuning can be realized by
changing the input/output coupling and the irdeupling between the resonators. With the
exception of a few publations, most published papers only report tunable filters being realized
by tuning the resonant frequency of the resonators, and the constant bandwidth cannot be

maintained over the tuning range.
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Figure 2.1-1 Circuit model of a two-pole tunable filter

2.1.1 Capacitance Tuning

The most straight forward way of designiagunablefilter is to deploy capacitance tuning
elementq7-10]. Figure 2.12 illustrates a@unable filter loaded with capacitance tuning circuits
[11]. Eachmicrostripresonatois assembledvith a pair of orthogonal bias captnce bank€<,
andCy to achieve the frequency tuning resporidee schematic views of the capacitance banks
C_. and Cy are displayed in Figur@.1-3. The capacitance bar®_is used for the resonator
frequency tuning, and the capacitance b@gkis desiged for the impedance matching of the
tunable filterds input/output. The whol e capa

each tuning step of the tunable filter are obtained by using-véwié simulation.

The papefll] shows that when the designed capacitance Rankalues change from 190fF
to 550fF and the capacit@yv al ues change from 270fF to 450fF
are tuned from 5.19 GHz to 4.17 GHz. The measured filter tuaBgpnses are shown in Figure

2.1-4, and the data at each step are displayed in Tablk 2.1

Y

Figure 2.1-2 Schematic view of a filter loaded with a capacitance tuning circuitl1]
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Figure 2.1-3 Schematic view of capacitor bank$11] : (a) C,. and (b) Cy
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Figure 2.1-4 Measurd filter tuning response[11]: (a) insertion loss and (b)eturn loss

Table 2.1-1 Measured eight states of the RIMEMS filter [11]

C. (state) 111 110 101 100 011 010 001 000
in (F) 550 480 430 380 340 290 240 190

Cu (state) 11 11 10 10 01 01 00 00
in (fF) 450 450 390 390 330 330 270 270

fo (GHz) 417 | 438 | 456 |4.76 |497 |524 |553 |5.01




2.1.2 Inductance Tuning

The circuit model of the resonator illustrates that changing the inductance of the resonator is
an alternative solution to desigrtunablefilter. Compared with the publications on capacitance
tuning, there are very limited publicatioos tunable filters using inductance tuning

Figure 2.15 (a) illustratesa bandpass filter based on inductance chdag¢ The filter
consists of three resonators and four series coupiatatinsulatorMetal (MIM) capacitors.
The tuning approach is to change the inductance values of each resonator while all the
capacitance values are kept constane iRductance change is achieved by changing the length
of the shorstub usinga metatmetal contact switch. The equivalent circuit model of the
resonatoris shown in Figure 2:5 (b), which illustratesthe configurations of the inductance
tuned resonatofThe measurememésults plotted in Figure 2@ (a) and(b) show that the center
frequencyof the tunablefilter shifts from 8 to 12.3 GHzand that the8dB bandwidthmaintains
about10 % over thetuning range However,the insertion loss vasfrom 9 dBto 11 dB.The
measured single resonator responses are plotted in Figue 21 c ) . Based on the
in Figure 2.15 (b), the extracte®LC valuesfrom the measuremenare listed in Table 2-2.
The circuit simulation resultsased on thelementsdvaluesextractedrom the measuremenare
given in Figure 2.6 (c) as well The quite agreement between the simulasoand
measuremestverifies the validity of the ppposed equivalent circuit model. The designed filter

is tuned by inductance chging.
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Figure 2.1-5 (a) SEM image of the tunable BPF and (b) the equivalent circuit of theresonator [12]
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Figure 2.1-6 Measured tuning responses of a MEMSBPF with an inductance change[12]: (a)

insertion loss, (b) return loss, and (c) measurement and cunféted results of a single resonator.

Table 2.1-2 Curve-fitted values of the lumped elements in th&unable resonator [12]

Lumped elements Curveri fitted values

Fo(GHz) 8.0 9.2 10.5 11.7 12.8 14.0
C (fF) 190 190 190 190 190 190
L1 (nH) 2 15 1.23 0.98 0.83 0.66
L, (nH) 0 0.5 0.77 1.02 1.17 1.34

Lsw (pH) 20 20 20 20 20 20
R (q) 1.8 1.6 1.6 1.6 1.4 1.4

Rsw (q) 0.8 0.8 0.8 0.8 0.8 0.8
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2.2 Tuning Method

Tunablefilters area very attractivechoicein radarandcommunication systems, especially in
multiband communication systems. By employtngablefilters, the complexity andost of the
system are significantly reduced, and the overall performance is impi©@vedallthere are six
technologiesused inthe design of theunablecircuits for tunablefilters. They are mechanical
tuning, piezoelectric tuninggemiconductorvaracor tuning, ferroelectricmaterialsfilm tuning,

ferrite materialstuning and MEMS tuning.

2.2.1 Mechanical Tuning

The earliest forms ofunablecircuits were based upon mechanical tuning, and their design
principles are well explained in the literatyie3]. Mechanical circuits are inexpensiaadeasy
to fabricate, have very low loss, and possedsgh power handling capabilityThe problem
however, is thathey are largen size andhawe a rather low tuning speed. Althougtne
specifications for aompact size, ligt weight, and fast tuning timeave been the driving force
for modern comunication systems, mechanit¢ahablefilters still attract attention due to their
unbeatable poweramding capability and high quality factor. Mechanical tuning has been
realized indielectric resonatorgoaxial and waveguide configuratio$4-18]. The tunings of

such mechanicatnable filtersare accomplished by human labauelectrical motors.

Dielectric resonators are widely used microwave communicationsystens due to their
superior performance over other resonators. THigr a high unloaded Q and have excellent
temperature stability. Figure 212(a) and (b) demonstesta configuration ohloaded reonator
with its tuning elemenil9]. The big dielectric ring is the main resonatodyocand the dielectric
plug is the tuning elemen wide tuning ranges obtained while other properties of the
resonator are maintained over the whole range. The meassponsgof the designed filteare
plotted in Figure 2.4 (c). As seen from thigure, the filter can be tuneom 1930 to 1990
MHz. The relationship between the unloaded Q and the travel range of the tuning element is
plotted in Figure 2.2 (d). Such a large travel range of the tuning elenvemich ismore than

600 um, can only &realized by mechanical tuning.

11



The DR tunablebandpass filter presented[iB] has displayed good tuning properties in terms
of the filter size and tuningrangeut t he f il ter ds tuni napetsapeeed i s

distanceof the tuning element and scréike configuration.

(b)

0 01 02 03 04 05 06 07
(d)

Figure 2.2-1 (a) 3D configuration ofa loadedresonator, (b) a coss section viewof the resonator, (c)
the measurdl filter tuning responseand (d) the unloaded Q of the resonator versus travel range of

the tuning element[19]

2.2.2 Piezoelectric Tuning

Employing a piezoelectric actuator can solve the problentheftuning speed and retain the
advantgeous properties of mechanical tuning. Utilizing piezoelectric actuator i@ tuning
dielectric resonator filtewas first reported by Wakino in 19820]. Since then, piezoelectric
actuators hee been widely employed in all types of filters, such athé@planartunablefilter
[21], the LTCC filter [22], the cavity filter[23], andthe dielectric resonatdilter [24, 25] Figure
2.2-2 exhibits thetwo tunabled i el ect ri c resonator c@O:f(@anur ati o
inserted piezoelectriactuato tuning methodand (b)aninserted piezoelectric actuator attached
with a DR disk tuningmethod The insertedtuning elementis placed over the top of the

12



resonator The pezoelectric bending actuatés controlled by an applied DC voltage, and the
resonant frequency is tuned by controlling the gap between the resonator and the tuning element.
When the gap becomes smaller, the loading of the resonator increase. Therefore, the resonance
frequency of tb DR resonator drop¥Vakino reported a tuning range of 8% as the gapyar

from 1 to 5 mm (Figure 2-2a), and the actuator attached with DR disk reported a 12% tuning

range (Figure 2:2b).

Piezoelectric Actuator

R

"4

—————————— T ——

Dielgctric Resonator

(a)

Piezoelectric Actuator

A (

N

+

Tuning Dielectric Disk

s

2y
Dielectric Resonator

(b)

Figure 2.2-2 Tunable dielectric resonators in[20]: (a) an inserted piezoelectric actuator tuning

method, and (b) an inserted piezoelectric actuator attached with a DRlisk tuning method.

Figure 2.23 (a) is a schematic view ttie tunabladielectric resonator with an application of

plate piezoelectric actuated switchgb]. The tunable resonator comprisesf three basic
13



componats: a dielectric resonator operating at the ofBhode, a metal disk consisting of a

number of radiabrrangedquarterwave slotline resonators, and piezoelectric actuated switches

for each slotline resonator. The tunability is obtained by controllingrifeemode coupling

between the dielectric resonator @hdslotline resonators. As plotted in Figure-3.2b), when

the switches aratt he O OFFO st at e, each slotline resona
with the dielectric resonator. This sato an increase of the effectireom of the resonator and

results in a decrease of the resonant frequency of themidtle. When the switch &t he 6 ONO
state, the slotline becomes a hativelengthresonator. Due to the change of the magnetic field

in the middle of the slotline, the coupling between the slotline and the dielectric resonator
becomesveaker, and the resonant frequency of theg; Titode increases due to the decrease of

the effective size of the resonator.

The test results reveal a tuningnge of 5 MHz at approximately 2 GHz with a discrete
frequency step of 0.25 MHz. Thisnabledielectric resonator maintains an unloaded quality
factor larger than 12,000 over the whole tuning range. Piezoelectric actuators are employed as
switches to @se the slotline resonatorand the postswitching oscillation decay within 1
millisecond after the piezoelectric actuators are triggered.

Figure 2.24 (a) and (b) exhibit a schematic view ofumable2-pole filter based om dual
mode dielectric resomar with a piezoelectric bimorph actuated tuning elemg®]. The
resonatowith a constant of 80, a diameter of 14.2 mm and a height of 7.2snpfaced in a
silver-plated cavity with adiameter of 35 mm and a haigof 20 mm. The resonant frequency
and Q factor are dependent on the gap between the tuning disk and the regomédan
bimorph actuator is used to accurately control the movement of the tuning disk as shown in
Figure 2.24 (a). Adjustable scresvareused to control the interoupling of the dual modes.
Input and output connectors are plae¢€0 degresas shown in Figure 22 (b). The resonator

operaesatthe HE;; mode.

A circular piezoelectric bimorph with a diameter of 25 mm and a thicksfebsnm is used to
drive the metal disk towasdthe dielectric resonatoThis displacement at the centef the
bimorph is ~ 140 urwith a300 v bias voltage.

The measuc results of the insertiofoss and return loss of a Blaa-Ti-O ceramic base@-
pole DR dual mode filter are.@ dB and 15 dB respectivelgsshown in Figure 22 (c). When
14



the filter is tuned from 2.235 to 2.45 GHz, the insertion loss is less thaiB2over the entire
tuning range (shown in 2£2d). Also reported if26] is an alternative dielectric resonattire
Ba-Zn-Ta-O ceramic based dielectric resonator. This dielectric resonator achieves a mach high
Q, with 3500 at 2 GHzanda bandwidth of 0.30.5%. Its centefrequency tuningpf) is +7%.

il |

i—

(@) (b) Fm

{
i
i

Figure 2.2-3 (a) Schematic view of the test setup for the discrete tuning of a dielectric resonator and
(b) the axial magnetic field contours of the resonatowith all the slots being in theopen state (top)
and closed state (bottonj25].
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Figure 2.2-4 (a) Cross section ofthe 2-pole filter in a single cavity with a piezoelectic bimorph, (b)
the top view of the cavity with tuning screws and probes, (c) the masural response from the Ba
La-Ti-O ceramic based2-pole DR dual mode filter, and (d) thetuning responseof the BaLa-Ti-O
ceramic based 2Zpole DR dual mode filter[26]

2.2.3 Semiconductor Varactor Tuning

A semiconductor diode varactaor simply called varactons operaed with reverséiased
voltageswithout any current flowing througih. The thickness of the depletion zone vavigen
the bias voltageare appliedwhich cause changes in the capacitance of the diode. As tuning

devices, varactorarewidely used irtunablefilters.

Figure 2.25 illustrates a typical varactauned bandpass filter. The varactor cons&ach
stripline to the ground. Togethewith the stripline and the varactdhey form a filter resonator.

DC voltages are applied on the varactochangethe total capacitancef each resonatphence

16



the resoant frequency of the filter changes with the applied vokag&istuningmechanism is
easy to adapto planartunablefilters, such as microstrifine filters [27-31], suspend spline
filters [32, 33] CPW line filters[34], and Finline waveguide bandpass filtef35]. The diode
varactor has alsieen employed in bandstop filters and lowpass fi[t&r86-38].

P1 P2

Figure 2.2-5 Schematic viewof a varactori tuned bandpass filter

17



A varactor can be used to tune not only 2D filters, but also 3D fikeBD resonator, which

consists of 3D filters, is hard to tuned directly using the varactor. Usually, through the coupling

betveen a 2D circuit and a 3D resonator, tuning the 2D circuit can achieve a tuning of the 3D

resonator3D dielectric resonators which are tuned by varadtare been reported [89, 40]

Figure 2.26 [39] illustratesa methodof tuning a dielectric resonatousinga varactor diodeA

dielectric resonator is mounted over the tomahicrostrip circuit, which affects the dielectric

resonator through theouapling between them. Througtontrolling a microstrip circuit, a

varactor can tunéhe DR resonant frequency. The corresponding turgmguit is shown in
Figure 2.26 (c). The centelfrequency of the dietdric resonator is at 3.318 GHmnd the Q is

abowe 9000without DC voltage beingppliedto the diode When theDC voltagesareapplied at

30 volts, the cerdr frequencyis altered by 53.7 MHz,or 1.6%, while the Qs maintained above

7000 over thentiretuningrange, as shown in Figure 262d).

) S

M

m-‘ro'vr
line
funing ool |

(b)

(d)

Figure 2.2-6 Tuning configuration [39]: (a) the dructure side view, (b)the gructure top view (c) the

equivalent tuning circuit, and (d) the resonant frequency andhe unloaded Q-factor obtained with

tuning configuration
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Figure 2.27 displays another method for tunimgdielectric resonatousing a varactor[40].
The dielectric resonator, which is supported on low constant dielectric material, operatges at TE
mode. Microstrip arc patternswvhich are on the top of the substrate mateaiad,used to couple
the electromagnetic energy in and tathe resonator structuréhe varactor is placed in the DR
slot, and he DC anode is connected to the filter basd is therefore grounded. The cathode is
connected via a hF feedthrough capacitor to prevetite microwave signal from reaching the
DC control source of the varactor. The varacamrier sides are metalized to ensure that the
perturbed field appearaniformly at each side of the slot. This field is then displaced in
synchronism by varying the varactoontrol voltageln one design of the centéequency is
4.47 GHz, andhetuning range othe centefrequency (f) Is +7.1%.The cetailed results and
analysis are illustrated {40].
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Figure 2.2-7 The dotted DR [40]: (a) the varactor packageand holder layout, (b) the schematic
view in cavity, (c) the relationship betweerthe resonant frequency and the reverséiased voltage of
two different varactor types, and (d) the relationship betweenthe insertion loss and the varactor

reversebiasedvoltage.
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2.2.4 Ferroelectric Film Tuning

BST (BariumStrontiumTianate) is aype of ferroelectric film. The film maintains a relative
high dielectric constant (eps~300). When a DC voltage is applied to the ferroelectric film, the
dielectric constant of thdilm is changed, which in turn, changes the wavelength in the
microwave devices. By exploiting this property of BST,atole capacitors (varactors) can be
fabricated. Figure 2:8 is a schematic view of filters whose dielectric resonators are loaded by
ferroelectric varactorg4l]. As shown in Figure 2:8 (a), the resonator is formed on silica
substrate, which is placed in the @it section ofthe rectangular waveguide. The ferroelectric
varactor is connected thdé metallic electrodes patterned on silica substrate (Figu@&b2.d he
resonant frequency is controlled by the DC voltage employed on the ferroelectric varactor.
schematic view and image of the designepdok filter is shownin (c) and (d). The fina
measurd tuning results are plotted in Figure 22The detailed data analysis of tuning is in
[41].

Control voltage Low pass Silica

band filters , substrate Silica substrate

Metallic
@ segments

Cut off waveguide  FE varactor Waveguide
(a) (b)

Control voltages  Low pass Silica
band filters substrate

Cut off waveguide  FE varactors Waveguide
(c) (d)
Figure 2.2-8 Schematic view of filters loaded by ferroelectrt varactors [41]: (a) the waveguide
design ofa single dielectric resonator, (b)the design and image of a dielectric resonator supplied
with metallic electrodes and ferroelectric varactor, (clthe design of a 4ole tunable filter based on

waveguide dielectric resonators, and (djhe image of a fabricated 4pole tunable filter
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Figure 2.210 illustrates a fabricatedunablefilter based onthe BST film plate capacitor
mechanisni42]. A cross section of the BST naator is shown in Figure 220 (a). The photo
of a fabricated twepoletunablefilter is shown in Figure 2:20 (b), and its measudeeslts are
plotted in Figure 220 (c). Based onthe same mechanisr, threepole filter tuned by BST
varactor is fabricated, and theeasurd results of the fabricated thrgm®le filter are presented in
Figure 2.210 (d). All these measurementeveal that the designddnablefilter with a BST
tunable capacitor anrealizea very wide tuning range. These kindstahablefilters are easy to
integrate intaan IntegratecCircuit (IC).

BST varactors haveeen widely researched if43-49] for tunablefilters. Compared with
other tuning circug, the main advantages of these devices are their small size and fast tuning
speedas well as theiwide tuning range and relatively small DMias voltage. In parallel plate
capacitorsa tunabilitygreater than 50 % achievable at DC bias levels as low &s Yolts[50].
Compared withthe varactor diodethe BST film varactor can decrease the insertion loss and
increasethe power handling without reducing the tuning range. The BST varactor can be
fabricated either in a parallel plate structureiroan interdigital configuration Both types of
BST varactorsvereresearched and comparned51].

0\/ —_— T T /Y\A_y"w

-5 |k

-4 0

-45 - -
27.5 280 285 29.0 295 300 30.5 31.0 31.5
Frequency (GHz)

Figure 2.2-9 M easured results of the designed 4ole tunable filter [41]
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Figure 2.2-10 Broadband tunable filters[42] (a) a aoss section of the paralleplate BST capacitor,
(b) a photo of integrated two pole BSTtunable filter, (c) the measurement results ofa two pole
tunable filter at room temperature, and (d) the measurement results of three poletunable filter at

room temperature
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2.2.5 Ferrite Material Tuning

The YIG (Yttrium Iron Garnet) is a key tuning element in magnetinable filters. The
mechanisnfor ferrite material tuning is the resareecontrolled bythe ferromagneticesonance
(FMR) frequencywhich changes with externally applied DC voltagéhe YIG magnetically
tunablefilter plays a dominant role in applicat®rwhere an ultravideband tuning range is
required.Tunablemicrowave bandpass and bandstop YIG ftare reported in[52-56]. They
can be used ithefront-endreceives for microwave systems, andelectonic countermeasure
transceivers.Their traditional power consumptionpulk size, andheavy weight are limiting
factors fortheir applicatons in modern wireless systems. Howewasr some novel technologies
are developed using YIG material, some new tunable YIG filters are designed to be compact in
size and energy efficiencip4, 57} therefore, it is possible to agpthem in RF fronend

receiver and other microwave circuits.

Ferrite materiatuned dielectric resonators have been reportd88r60]. The principle is to
control the magnetitield pattern in the vicinity of the dielectric resonator udieigite material
whose magnetic intensity is controlled by an external voltage. FigurélZlRistrates tvo
configurations of magnetitinabledielectric resonators using ferrite matefz8]. The dielectric
resonator operates at TEH mode. Tingability is realized bysingeither the axially magnetized
ferrite rod (Figure 2.211a), or the circumferentially magnetized ferrite digkggure 2.211b),
which generate a magnetic field in the same or opposite direction of the TEH mode. Therefore,
the magnetic field intensity in dielectric resonator changes with the external magnetic field
intensity generated by the axially ferrite rod or ferrite dRksontors employing these two
technologies are fabricateahd illustrated in Figure 2-22 (a) and (b) respectivelirhe magnetic
tunabletwo-pole filters adopting these types of resonators arectied and shown in Figure
2.2-12 (c) and (d). The measuremeartuls are displayed in Figure 213 (a) and (b). A tuning
range of 20 MHz at 2.22 GHand an unloaded Q better than 2,500 are obtained for the filter
containingan axially magnetized ferrite rodVhile the filter containing the circumferentially
magneized ferrite disks obtaineal28 MHz tuning range at 2.35 GHz aadunloaded Q better
than 3,500.To achieve such tuning ranges they need curren®5% and 3A with power
consumption in the tuning circuit @é.5 W and 3.5 W respectively. The tuning gencan be
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increased by increasing the tuning powewever, the Q will decrease while the tuning power

increases.
i indi Ferrite disks
Ferrite rod External Tuning wm?mg /
magnetic circuit L f
- =
— T_”';'_"'g | Dielectric Resonator
M winding
\ Dielectric \
(a) Resonator (b) Teflon supports

Figure 2.2-11 Schematic diagram ofa tunable dielectric resonator containing[59]: (a) axially and

(b) circumferentially magnetized ferrite disks elements

F

(c) (d)

Figure 2.2-12 Pictures of the tunable dielectric resonators and filter§59]: (a) an axially and (b)
circumferentially magnetized resonator, (c)a filter containing axially magnetized ferrite rods and
(d) a disassembled filter containing circumferentially magnetized ferrite disks
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Figure 2.2-13 (a) The measurd results for the filter containing axially magnetized ferrite rods ; (b)

the measure results for a filter containing circumferentially magnetized ferrite disks [59]

2.2.6 MEMS Tuning

The MEMS (Micro-ElectreoMechanicalSystems)tuning circuit is an electo-mechanical
devicethatis able tomechanicallyjchange itss wi t ch t o t he 6ondé and O6o0f
capacitance value with axternalapplied DC voltage. The capacitandegange can be digital,
analog, or both. The most straight forward way to degaipdEMS tunabldilter is to replace the
traditional multiport switches wittMEMS switch counterparts ithe switch bank[61, 62] and
replace the traditional semiconductor diode varactors with MEMS varactors in the tunable filters
[63].

Unlike the diode switch, thMIEMS switch itself has a highp (156300) at microwaveand
millimetre wave frequenciesand hasa very low distortion level64, 65] The MEMS devices
can be very small and can use electrostatic, piezoelectric or thermal effects to produce the
movement.The switching time of these devices is-6( microseconds. Hence, tlenable
filters usingMEMS devices as tuning elements héve advantagef low loss and low distortion
levels. Due to their compact siz?dMEMS switches can beasily integrated witha small
IntegratedCircuited (IC). While the electronics are fabricateging IC process sequences, the

microme chani cal components are -mabhiciangd psoags
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selectively etch away parts of the silicon wafer or add wséwctural layers to form the

mechanical and electmechanical devices.

In general, MEMS switches have been employed in all kindsrablefilters. Some of the
examples are microstriggnablefilters [9, 66], CPW filters[67, 68] lumped element filter§s9,
70], tunablemicro-machined filterf/ 1-75], andtunableDR filters [76-78].

Figure 2.214 (a) and(b) illustratethe schematioziew of a Wi band MEMStunablefilter [74].
The Chebyshev inductive iroupled waveguide filter consists of two cavities with two circular
membranes on the top surface of each cavibe whole device is made afplastic structure
while the internal wall othe waveguide is electroplated witgn3-um thick gold layer. All the
initial designparameters of the waveguide filterere obtained froma K-impedance inveer
circuit resondter andthe&EM Bimulationusing HFSS. The circular membrane will
deformwhenthe DC voltageis applied. The dformed cavities cause the load of the resonator to

change; as a result, the filter is tuned.

The measuremesnfrom the fabricated filtereveal thathe designed filter operates at 94.79
GHz with a bandwidthof 4.05 GHz, andan insertion losdetter thar2.37 dBover the tuning
range The filter is tuned from 94.0 to 96.59 GHz walmembrane deflection frosb0 um to
+150 um, as shown inigfure 2.215. The cktailed results are listed in Table 2.2

Figure 2.216 shows MEMS actuaterimplementedn a DR filter [76], each resonator ohé
designed filter includea dielectric resonator with an operatinggde of THH, a tuning diskand
a MEMS thermal actuator that connebtestween the tuning disk aritle cavity wall. A cross
sectionview of the proposed tuning mechanissnexhibitedin Figure 2.216 (a). Each MEMS
actuator is connected withDC voltage. Ween the DC voltage is applied on thEMS actuator,
it will push the disk towards the toptbk dielectric resonator, and the extra capacitance load is
applied on the dielectric resator. Therefore, the filter tuning is realizékhe thermal actuator

desgnand fabricatedunablefilter are shown in Figure 226 (b)-(d).

The measuremesit of t he filtero6s tuning6(eaendf@oneses ar
figures show that the insertion loss of the filter at the-baidd is better than 1.5 dBnd the
unloaded Q is above 1300 at the initial status. When tuned to a high frequency the filter degrades
and the Q decreaseBhe measured results show the filtemned from 15.6 GHz to 16.0 GHz

The bandwidth change is about 2.6%. The detail analgdisesults are exhibited [i6].
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In short, employingMEMS devicesin atunableDR filter is a challenge, especially atow
frequency. The DR filter is relatilye larger, whereas the MEMS switch is very small. Ifhbot
parts are falicated separately, the process to assemble Wikine very costly and difficult.

Iris Resonant Cavity
\ ._R_.\ Deformable Membrane
\” \ | N
"Idl % Wt ,Ids 3
Plastic Structure t
(a) Metal Coating (b)

Figure 2.2-14 Schematic view ofa W-band tunable filter [74]: (a) the top view, and (b)the side view
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Freq [GHz) Freq [GHZ)
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Figure 2.2-15 Measurements ofa tunable 2-pole filter [74]: (a) the insertion loss and (b)the return

loss

Table 2.2-1 Filter performance due to membrane deflectior{74]

Deflection(um) -50 0 +150
fo1 [GHZ] 92.00 92.79 94.48
fe2 [GHZ] 96.05 96.84 98.75
fc [GHZ] 94.00 94.79 96.59

IL [dB ] 2.4 2.37 2.36
BW [GHZz] 4.05 4.05 4.27
%BW 4.31 3.27 4.42
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Figure 2.2-16 DR filter tuned by MEMS actuator §76]: (a) schematic view of the proposed tuning
structure, (b) MEMS tuning elements: a solid circular disk with a warpage, (ch hexagonal tuning
disk without warpage, (d) a fabricated DR filter embedded with MEMS tuning elements, (e) the
comparison of measured results of the insertion loss, and (f) the comparisohmeasured results of

the return loss
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2.3 Tunable Filters with Constant Bandwidth

The main drawbackof typical tunablefilters are the changingandwidth andhe degrading
return losduringthe tuning procesg:his issue is attributed to the changeshef interresonator
coupling and the input/ out put erdrequgndyiwinegtheas a
filter is being tuned over the tunable frequenty maintaina constant bandwidth, the coupling
coefficients should vary inversely with thening frequency, and the external loadgdshould
vary directly with the tuning frequendyt3]. Most publications ontunablefilters only report
employing tuning elements for the ctar frequency andew for the couplings [14, 29, 7985].
However, if all the couplings need adjusting during the tuning process, the tunable filter will
become too complex, and it will lose the advantage over the filter bank. So, ideally designing a
constant bandwidth tunable filteneans not just designing the tunable resonator. It also means
designing coupling coefficients that can auto
frequency, and the input/output coupling which the external lo@dedn vary directly withhe

center frequency.

2.3.1 Tunable 3D Filter with Constant Bandwidth

In [14], a Kuband highQ tunable filter with a stable bandwidth was presented; the designed
filler and its schematic view are shown in Figure-2.3The filter employs two duamode
cylindrical cavities operating in the Tl mode. The frequency tuning of this cavity is realized
by adjusting the cavity length through the compression or expansion of a flexible bellows, which
is mounted on the top of the ¢gv To maintain the bandwidth stability, an extendkdibleslot
iris is designed for the input/output coupling (Figure-2.(&)), and the inline iris is designed for
inter-resonator coupling (Figure 223 (b)). All the positions and dimensions of th&sses are
designed based on the optimum simulations of the tunable filter responses over the tuning range.
Detail design analyses are illustrated14]. The final filterds tuning
Figure 23-3. The figure shows that this designed tunable filter operates at 12 GHz, with a tuning
range of 460 MHz; the bandwidth changes from
Q is better than 10,000 over the tuning rand@wever, the return loss gedes after the filter is

tuned.
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Figure 2.3-1 Fabricated Ku-band tunable filter [14]: (a) & (b) tapered bellows attached to the

flange, and(c) filter structure
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Figure 2.3-2 Input/output iris and inline iris coupling [14]: (a) the input/output iris from top view

and (b) the inline iris coupling from side view
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2.3.2 Tunable 2D Filter with Constant Bandwidth

Figure 2.34 illustratesa two pole zigzag hairpincombfilter. The HTStunablecapacitance is
realized by fabricating a long interdigital capaciwth a tunablecapacita lumped over the gap
in top of the interdigital capacitdi79]. Special circuits are added in series with the input and
output of the filter, as shown in Figure 283 These added circuits consist of areidigital
capacitor in parallel with meander inductors which are tapped for input/output coupling of the
filter. This configurationcan reducethe effect of the input couplingghen ther e sonat or 0 s
frequency is tuned. This design also ensures that the ¢coppting and interesonator coupling

are stable with the filter tuning process. The measured results are displayed in Figure 2.3

In [29], stepimpedances are introduced to design the microstrip tunable(fiitéigure 2.3
6). To keep a constant bandwidth over the tuning range, théngbedances are implemented to
reduce the magnetic coupling near the short ends of the microstrip lines. Thus, the coupling
values between resonators can vary inversely wihtihing frequency. The input coupling is
determined by the lumped input inductor and its position. The lumped input indilotes the
externalQe to varydirectly with the tuning frequencyherefore a constant bandwidtbver the
tuning range can beakzed The simulations and measurements are illustrated in Figuwa 2.3

In [85], a 2pole microstrip tunable filter with a constant bandwidth is demonstrated and
shown in Figure 2:8 (a). In the design, a mixeglectric and magnetic coupling that was
extracted at various frequencies are displayed in Figur8 @3 and (c) respectively. The mixed
coupling is used for the inteesonator coupling, which makes the coupling coefficient meet the
specifications of @onstant bandwidth over the tuning range. The simulations and measurements
are exhibited in Figure 28. The results show that constant bandwidth is well maintained over

the tuning range.
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2.4 Summary

Three dimensional3D) cavity resonators are necessary in the design of a high Q tunable filter
at a normal temperatur€he Q factor of the tuning circuit itself and the method of integradion

the tuning circuiwith the 3D cavity resaator should be considered as well.

To design a constant bandwidtmable filter, the key technigus to design an input/output
external loaded). that varies directly with the center frequency, and to design-netssnator
couplings that vary inversehith the center frequency. The filtperformancedegradation and
bandwidth variation areeported in most tunable filters published in literatur€serefore,
designing a high Q tunable filter with constant bandwidth is a challenge.
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Chapter 3
Compact Tunadlter3dR U

Pi ezoel ectri ¢ Actuat

Emerging reconfigurable systems demand the uséowfloss narrowband filters. Such
requirements cannot be met by l&@vplanartypefilters. On the other hand, 3&bmpacffilters
offer relatively highQ values and eapotentiallybe integrated with tuning elements to achieve

low losstunablefilters.

In this chapter, aompactdielectric resonatostructureis usedin the design of a high Q
tunable filter. The behaviours of the dielectric resonator modes are imtedtly TME mode
dielectric resonator filter tuned by a piezoelectric actuator is fabricated and tested. For further
study, a compact dual mode dielectric resonator structuaksasnvestigated for the design of

compact high Q tunable filters.

3.1 Introduction

With the rapid development of modern communication networks, compact high Q tunable
bandpass filters ari@ high demandn modern wireless communication systershigh Q filter
reduces the insertion loss in the receiver. As a result, it increasemkhleutiget in radio
systemsIn addition to reconfigurable systentbe bandpass tunable filter is typicadignployed
in front-endof receives [86], cognitive radiog87], and software definethdios[88-90]. They
arefrequentlyusedin other applicationsuch adrequency hopped receivers, Doppler radar, and

troposcattefl17].

A micro-machined ridg waveguide with buiin tuning elements have been reporiad75],
but the achievable Q is relatively lowhis is the result of themited numberof layers in the
majority of micromachning processwhichlimitsthef i | taeity Begyht andin turn reduces
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the Q valueA dielectric resonator filtemtegrated with MEMS actuators sibeenrepored in
[76]. The Qvaluedemonstratedh the filter isquite high However afilter with this structuras
limited to applicatios in high frequenies (X-band and up). If91], piezoelectrictunable
dielectric resonator filterarereported butthesefilter structures [91] arerelatively large insize
requiring the use of largeize piezoeletric actuators. Miniature higl) tunablefilters at low

frequencies remain elusive.

3.2 Compact Tunable Dielectric Resonator Filter

Dielectric resonator filters are preferalfier wireless base statierdue to their superior
featuresof high Q value angmall size Typically, the achievable unloaded Qf a dielectric
resonatolis not only determined by the materiaés tangentoperating mode, and frequencies,
but also affectad by other factors such as the size of the encloghee,conductivityof the

enclosurethe support structureandthetuning elements.

3.2.1 Dielectric Resonator

A traditional dielectric resonator filter consists of highdielectric resonators supported by
low constant dielectric material, and is enclosed in a metallic cavity. These resonators usually
operate at the TEH mode. HowevarDR resonatoithat operates at TEH modgenerally has a
relatively large cavity size in order to keep the TEH mode asdhendnt mode. As a result, it

is not as compact as required.

In order to design a compact dielectric resonator, -Kigiielectric material with a novel
structure is investigated@hen tunability of modes in the dielectric resonator with an unloaded Q
value of 10,000 at 5 GHz, a permittivity of 45, and a thickness of 2.54 mm is investigated
design proposed here, wse adielectric resonatomounteddirectly on the cavity wallThus,
the dominant mode of the resonator is the TME mode where theegapem the resonator and
the cavity lid is small enough. The schematic view of the cavity DR structure is displayed in
Figure 3.21, along with the electric field vectan the DR resonatofor the TME mode The
total height of the cavity is the heighttbe DR plus the gap. In this design, dapis considered
as a parameter for simulating the frequency changes of the first two modesmukedion
resultsusing HFSS software for this structuaee shown in Figure 3:2. The figure shows that

the frequacy of the TME mode shifts from 4.43 GHz to 8.39 GHz wlithgapincreasingrom
38



0.1 to 2mm The TME mode frequency mmuchmore sensitive when trgapis smaller, and both
frequencies of the TME mode and the HEE mode have intersected whgaptiseabou 0.65
mm. Thus, if the TME mode is considered for designing a tunable filtergapehould be
smaller than 0.5 mm over the tuning range of the resonator stru€iguee 3.23 displays the
unloaded Q of the first two modes varying wiitle gapchange.The figure shows that thEME
mode maintains a relatively acceptable higiva@ue (>2000), even when the gap between the
dielectric resonator and the cavityg is very small.Therefore, the TME mode can be used to
design a high Q tunable filter if the ghptween the resonator and the cavity lid is controllable.

gap

Figure 3.2-1 Cavity DR structure with electric field vector in the DR resonator for the TME mode
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3.2.2 Piezoelectric Bending Actuator

Piezoelectricity ighe property to become electrically charged when subjected to mechanical
stress These materiahlso show the reverseeffect, it will deform with the application ofra
electric field Owing to this propertypiezoelectric transducers can be designed and realized in
many forms and shapes. The most widely used piezoelectric transducers are in theafttrim of
sheet that can be bonded tw embedded ira composite streture. Piezoelectric actuators are
al so available in the form of Aistackso, wh e
electrodes are assembled together. These stacks generate large forces but small displacements.

The working principle of the ipzoeletric actuatorsis based on theeversepiezoelectric
behaviour, which means that mechanical movement is genevatatan external electric field
is applied. A piezoelectric bending actuator consists of a tifexible substrate lamated by
piezoelectricceramic material. When an electric field is applied, the laminated piezoelectric
material expands or compressesisiéxpansion or compression of the piezoelectric component
is restricted by the elastic substrate. As a consequence, an internal pidzobtatontal
momentum ariseanddeforns the actuatarThisleads to anup-anddown movemenat the free
end of the actuator. The total displacemerthmz-direction (up and down) is much larger than
the deformation of the piezoelectric componentha x-direction, as shown in Figure 34
Thus, it is possible to generadarge displacement ithe z-direction, everwhenthe actuator is

driven by low electric voltages (2200 V).

Hysteresis is a natural propetiyat existsbetween the polarizatiomd the applied electric
field of a piezoelectric material, which depends on the previous history of the piezoelectric
ceramics andhe external voltage chang&he hysteresis phenomenon appears betvieen
deflection ofthe piezoelectric actuator and th@pdied voltage are shown in Figure 3:-5.
Therefore the hysteresieffect need to be considered whausing thepiezoelectric actuator at

low-voltagelevels

The pezoelectric actuatér switching speeds limited by itsmechanicakresonant frequency.
The relationbetween thaleflectionamplitude of the piezoelectric actuator and fiieguency of
the appliedvoltageis shown in Figure 3:B. When the appliedoltagefrequency is below the
actuator resonant frequency, thmplitude of the actuatateflecton is almostconstant. When
the appliedvoltagefrequency equals tthe resonant frequency of the piezoelectric actuator, the
41



actuator deflectiomeachesmaximum.Frequencyof the applied voltagshould be considered

when using a piezoelectractuatorin the design of the tunable filters

Sometypical commercial piezoelectric actuasoare displayed in Figure 372 The deflection
of these commercial piezoelectric actuatemagesfrom micrometre to millimetre and their
blocked forceis larger thanlO Newvton whena DC voltsis applied. The deflection blocked
force, and capacitance of these actuators vary with dimensions and configuratithresstacked

actuators (Figure 3-2 (d)), the blocked force caeach 800 Newton at 100 velt
y |

X Ey [P -~
Z \\
I —

Figure 3.2-4 Schematic view of the kBhavior of a monomorph subjectedto an electrical voltage
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Figure 3.2-5 Deflection of the piezoelectric actuatorversusthe driving voltage
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Figure 3.2-6 Amplitude of the piezoelectric actuator versus the electric field frequencies of the

controller

&

(c) Piezo Bending Disk (d) Sealed multilayer Piezo Actuator

Figure 3.2-7 Samples oftommercial piezoelectric actuators
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3.2.3 Configuring the Resonator with the Piezoelectric Bending
Actuator

In this designthe dielectricresonator is cut from a low losggh K dielectricceramicwith a
thicknessof 2.54 mm, g-45 and a loss tangent of 9,0as supplied by Trans Tech In&
dielectric resonatothat is6 x 6 x 2.54 mmin size 5 employed andplaced in contact with the
metal cavitybottom to reduce the fédr size.The dimensions of a singtesonatorcavity are14 x
14 x 2.7 mm. The EM simulation resultof a single resonatcare shown inTable 3.2-1. It
tabulateghe frequency and the Q factor of the designed single resonator as tisechgapged
from 160 mm to 130nm. Thetable ilustrates that the frequenshifts down by 5.6% from 5
GHz to 4.71GHz, and the unloaded Q factsiaysabove 2000vhenthe gapis reducedy 30

nm.

Each resonator cavity is integrated with a thin faumd piezoelectric trarducer as shown in
Figure 3.28. A flexible thin copper coated polyflon sheet cavttre top of the metallic cavityA
multilayer pezoelectricactuator withperturbers attached to each end is mounted on the polyflon
film. One perturber isfixed on thecawty, and the otheflexible peturber idocated on the film
right above the cavity centas shown in Figure 3.2 The two electrodes are connected to a DC
voltage source for actuatiowhen the DC voltage is applied, the piezoelectric actuator will bend
and generate a force on the flexible perturber, which will phehpblyflonf i | defdestion
towards the dielectric resonator. Thus, the gap between the DR and the lid decreases while the
loading on the resonator increases. Therefore, the frequencye afMiE mode shifts down.
When the DC voltage is removed, the polyflon film will return to its original shape because of
the elastic force of the material itself. As a result, the resonator frequency can be tuned within a

range.
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Table 3.2-1 Simulation results of asingle resonator frequency and Q factor

Dielectric Resonator
gapm) e Frequency (GHz) Q factor
160 4.991 2326
155 4.946 2309
150 4.900 2292
145 4.861 2277
140 4.809 2258
135 4.756 2239
130 4.709 2222
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ConFIuctor Piezoelectric
film Transducer

DC Source

Cavity Conductor
wall

(@)

Perturber

(b)

Figure 3.2-8 Mechanism ofthe tuning cavity: (a) the 3D view of a single cavity tunable resonator

and (b) the dde view of the deflected cavity o resonator

3.2.4 TME mode Four-pole DR Filter Design

Figure 3.29 showsa schematic structuref a TME moded4i pole DR filter. The size of the
dielectric resonators, the width of the jr@sdthe inputoutputcoupling arecalculatecby HFSS
simulation.The dimensions of a singtesonatoravity are14 x 14x 2.7 mnt. The height of the
dielectric resonator i8.54 mm and the initial gap between the resonator and the cavity lid is 160
um. Based on thealculatedvalues, the filter is optimized to achieve a good response for a

cener frequency of 5.0 GHz and a bandwidth of 50 MHz. The optimized filter results are
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displayed in Figure 3:20and Figure 3:2 1. These results show that
center frequency is at 5.0 GHz with a bandwidth of 50 MHz, an insertssnolol.14 dB, and a

return loss of 17.5 dBSimulation resultof the filter as the gap changes from 160 to 150um

and 140um are displayed in Figure 320 and 3.211 as well. The results show that with a gap

shift betweerl50 um and 14Qum, the filteg 6 s erdrequencyshifts from4.91 aml 4.83 GHz.

The insertion loséncreasefrom 1.48to 1.75 dB, and theeturn lossdegrads from 13.5t0 9.5

dB respectively

Figure 3.2-9 A schematicstructure of a TME mode 4-pole filter
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Figure 3.2-11 Simulated tuning response: eturn loss ofthe 4-pole tunable filter
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Figure 3.212 shows piaires of the fabricated-gole filter. The measured results of the
fabricated filter without tuning arehown in Figure 3-23. The figure shows thathé filter
operatest 5.22 GHz with a bandwidth of 67 MHz. Thhangen the center frequency idueto
the tuning screws used in thea v iirtitigl éusing. The filter exhibits a miband insertion loss
of 3.9 dB. The highof the insertion loss achieved in this prototypeitus attributed to many
factors including the high loss adhesive matensisdto support the dielectric resonator in the

cavity, the oxidation of the copper cavjignd theuneven surface of theput/output probes.

Figure 3.214 illustrates the unloadd Q extracted from the measurement of the single
dielectric resonator tuned at different frequencies. The method used to extract the unloaded Q
can be found ifd]. As shown in Figure 3:24, when the DC voltage applied to thezoelectric
actuatorincreases, th®R resonant frequency decreases from 5.15 GHz to 4.94 GHz and the
unloaded Q varies from 548 to 536.

Whena DC voltageof 180 volts was applied to thepiezoelectric actuatpthe pieoelectric
actuatorbent and pushetthe coppecoated polyflorfilm, causing the filnto deflecttowards the
dielectric resonatorThe measuretesultsare displayed in Figures 315. The cergr frequency
moves from 5.22 GHz to 4.97 GHdemonstratinga 2% MHz tuning rangeThe bandwidth
changes from 67 MHz t65 MHz which is relatively stable. Aeturn lossbetter than 11.5 dB
and an insertion loss better than 4.4 dB are achieved over the tuning Taegdifferences
between the simulatdand measurresults are due to the fact that the HFSS simulation assumes
the coppercoatedfilm hasa uniform flat surface deflectioiowever,in reality the copper film

does not defleatniformly.

One feature of this designed filter is that the tuning elementeaed outside the cavity.
The advantage of su@design is thathereisani ni mum I mpact on the resc
Another feature is that the dielectric resonator is mounted directly omawigy wall and
operates at TME modsp that the filte cavity is only 2.7 mm in thicknes$hisis similar to the
microstrip filter, but the unloaded Q is much higher th@at ofa microstripfilter. The third
feature of the designed DR filter is the large spuriousviiedow, which is greater than 2 GHz,
andmuch larger than that achieved by traditional dielectric resonator [fitish are typically
several hundretMHz. In addition, since the piezoelectric elements are not in the main electrical

path, the powehandling capability in this design can bemaintained at a high level

49



Neverthelesshecause of the need to use a small gap and the nature of the fiexisded, the
structure poses great challenge in assemlaind tuning. The initial tuning in particular must be

capable of dealing with impex€tionsin assembling

Figure 3.2-12 Fabricated four-pole tunable filter: (left) the 4-pole tunable filter integrated with a

piezoelectric actuatorand (right) the 4-pole tunable filter with the coveropen

0 T 1
o)
©
£ 1
I —S11
a |
S —S21
- |
5
o -20
04
o |
(7]
a |
o
-l
p |
9o
§ -40
= 4.9 5.2 55
Frequency (GHz)

Figure 3.2-13 M easurd results ofthe 4-pole filter before tuning
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Figure 3.2-14 Extracted Q factors ofthe single dielectric resonator tuned at different frequencies
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Figure 3.2-15 Measural tuning responseof the 41 pole filter before and after tuning
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3.3 Compact Tunable Dual Modes DR Filter

In general, duaimode filtersare smalleby 30% in volume in comparison with single mode
filters. In this section a duatmode dielectric resonatdunable filter employing a simular

concept to that used in section &2nvestigated

3.3.1 Dual Modes Resonator

A high-K ceramic material with a perttivity of 45, a loss tangent of 0.0001, and 12.5 x 12.5
x 2.54 mni in sizehas beenexplored as a dielectric resonator. It is placed on a thin sgare
supportin the metallic cavity, which i47.5 x 17.5 x 3 mfh The metallicsupportis used to
align the position of thelielectricresonator. The structure of the single resonator is illustrated in
Figure 3.31. If the resonator peratesat HEE dual hybrid moddhefrequency of theHEE mode
is roughly at 5 GHz. The electric field distributions of thEE hybrid dualmode are plotted in
Figure 3.32. Table 3.31 lists the discrete valgeof the resonant frequencies of tlikelectric
r e s o nfast toreedmedes the given structurdt can be seethat the resonant frequency of
the second mode, HEHybrid dual mode), shitby approximately200 MHz as the gaps
changed from 0.15 mm to 0.2 mm. The 50 micromeéeflection is achievable with the useaof
piezoelectric bending actuatdf.the gap changes furthe,larger tuning range can be achieved
The simulation results also demonstrate that the un@@aaf theHEE mode of the@esonatolis
better than 2000verthe whole tuning rang@s shown in Figure 3:8). Figure 3.33 illustrates
the resonant frequencies thfe dielectric resonatdr $irst three modesas simulatedby HFSS.
The results reveal that the spurious window, before andth&elEE hybrid dual mode, is larger
than 1 GHz over the whole tuning range, which makesdingmode an acceptable candidate

for designing compact high Q tunalidandpass tiérs

52



DR

5
[oR XY T TS T
g NN R e
a NN F g2z T T
e . " |
2 .zu.,.:“}t\lsnf/v/m/v/c,_,,f ‘
T e NN R A
S = emers o £ AN /rf// N\ i .
2 g NN N e
> b7 / ﬂ/ NAter)
° \“\ \ ./ R S S
8 \.\:,N//w»_ N
b S b trol
il NS
) e i
R e e e I

Qe NN
S [ AN AN
s LI EANN
. “~rrdy W' A
7

53

/
/

ARR AR EE R 7
Psesennn ALK I 0202
Db MRS R 91050
A s rsns v NS 13 L A
i n's & oamnrne
B IAAAT 7 7 Etesrme
72 7 & NIy
oG R

&
4.1 A% N

Ll s
PR tunini .
I P .
e <
e

(a) Top view

\.G
o’ \
“&\“\\.\\\\M\ “\ ..

"

W&AN\

BA
. \.\\.:
&
S R R
Jarmm v e \\\\\\\\\\\\\\ £
R e S e P a4
\\\\~aal)‘tl\§\\\\\\
e Gty A A B JlJl’.‘;‘\n.\\%\\
Az g NMII///IAJ"Iio.
e FTERERR RS

Figure 3.3-1 Structure of a single cavity dielectric resonator: (a}he top view and (b) the sideview

Figure 3.3-2 Electric field distribution s of the HEE mode(top view)



Table 3.3-1 Resonance frequency of firsthree modes inthe dielectric resonator

Gap TME HEE HEH
(mm) (Single Mode) (Dual-Mode) (Hybrid -Mode)
0.13 3.08 4.62 5.60
0.15 3.23 4.78 5.85
0.17 3.35 4.88 5.92

0.2 3.51 5.01 6.00

0.3 3.94 5.30 6.28

0.4 4.27 5.47 6.30

0.5 4.50 5.56 6.32

First 3 Modes verse Tuningap
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Figure 3.3-3 The mode chart for the first three modesof the dielectric resonator (lased on Table
3.31)
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Figure 3.3-4 Q value ofthe HEE mode versus the gap between the resonator and the cover

3.3.2 Design of Four-pole Dual-mode Filters

Basedon the simulation andnalysis, a $ole dualmode filter was designed as shown in
Figure 3.35. It consists of two duahode dielectric resonators placad rectangular metal
cavities ancseparated by an iris windown the figure, theuning screws aresed to control the
coupling between the dual modes in each resonamat the iris is used to control the coupling
between the two resonatorBhe width of the iristhe position and length ointernal tuning
screw the resonator size, and the input profesobtained byHFSSsimulation of the structure
at 5.0 GHz with a bandwidth of 50 MHAfter optimization, thed-pole filterd sesponses are
plotted in Figure 3.&. The figure shows that the designed filter operaie80 GHz with a
bandwidth of 53 MHzand exhibitsa return loss better than 24 dB, and an insertion loss less than
1.09 dB at the initial status. All the parameters from the initial optimization simulation are kept,
simulating the 4oole filter with the gap decreased by 2% and 4Qumresg ct i vel y. The
tuned responses are shownHigure 3.37 and Figure 3.8. The corresponding filter center
frequencies are located at 5 GHz, 4.905 GHz, and 4.785 GHz, and their bandwidths are 53 MHz,
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56 MHz, and 59 MHzand their insertion loss 1.09 dB, 1.31 dB, and 1.59 d®spectively.

The return loss, however degrades from 25 dB to 16w#B the tuning range.

Coupling iris

Figure 3.3-5 Structure of a dual-mode four-pole DR filter

Results without Tuning
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Figure 3.3-6 Simulation results of the four-pole filter without tuning
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3.4 Summary

In this chapter, a new approach to desigra compact high Qunable dielectric resonator
filter based om piezcelectric bending actuatohas beerpresented and discussed. By phaci
dielectric resonators made of highceramicsdirectly on the cavity wall, a highly miniature
tunablefilter with a relatively high Q valugvasadieved. Both the single mode filtand the
dual mode filterwere capable of achieving a theoretical Q @0P with a cavity height of less
than 2.7 and 3.0 mm at 5 GHz respectiv@lyxareful assemblprocedurghoweverjs needed to
obtainthe experimental Q that matches the theoretical Q. A single mgudesfilter has been
designed, fabricated and testedvalidate the tuningnechanismA similar approach could be
usedfor compact high Q duahode filters, which &n even provide mor@olumereduction in

comparison witra singlemodetunable DR filter
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Chapter 4
Tunabl e Dielectric
Filters Usi ngo  M&db

In this chaptera novel structure of a dielectric resonator filter integrated with MEMS devices
and GaAs varactorss presented. By using the coupling that exists between the dielectric
resonator ane circuit controlled by MEMS devices or GaAaractors, the resonant frequency
of a dielectric resonator is tune@ihe proposed resonator is employed to realize-@ighnable

dielectric resonators

4.1 Introduction

Dielectric resonator filters are widely used in wireless and satetlitenunication sysms. A
variety of approaches have been devised in order to make tunable dielectric resonator filters with
a low insertion los§24, 76, 9294]. The major conventional tuning method is mechanical tuning,
such as in[18, 95] where the density or distribution of the electric field in the dielectric
resonator is altered via elements or natgbms external to the dielectric resonator. Magnetically
tuned dielectric resonator filters can also achieve-Rigralue§76, 96] Although mechanically
and magnetically tuned dielectric restor filters can maintain higQ values, they are bulky in

size.

Another technique that has been employed in the past to achieve a fast tuning speed while
maintaining a highQ is the use of MEM&lements as controllable tuning screwstunable
dielectric resonator filter using embedded MEMS actuators and tuning disks to perturb the
electric and magnetic fields has been reporte[f@). This type of filter achieves a relatively
high-Q value; however, the proposed tunimgthod is limied to high frequency applications
(X-band or above Dielectric resonator filters operating at theb@d and tuned by employing
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piezoelectric actuators are also reportecchapter 3[24]. The use of jgzoelectric actuators

leads to complicated assembly and increased size of the fabricated dielectric resonator filters.

In this chapter, a tuning approaemployingMEMS switches on DR filters for low frequency
applications is proposed. The proposed turgngcept to tunable DR filters is expanded to
employ GaAs and MEMS capacitor banks as the tuning elements. By using varactors and MEMS

switched capacitor banks a better performance is achieved in terms of tuning range.
4.2 Tunable DR Filter with MEMS Switches

4.2.1Proposed Tuning Concept

The dielectric resonator modes are determined by both the structure of the resonator and its
boundary conditions. The main two modes of a cylindrical dielectric resonator, typically used to
design DR filtersfor wireless applicatios are the TEH and TME modes. Attempts have been
made to down shift the TME mode in a dielectric resonator by reducing the height of the cavity
as reported in [8]. For the designs presented in this thesis, disk shaped dielectric resonators cut

from a highk dielectric material with thickness of 4.7 mm, a relative permittivityycf38 and

a loss tangent of 10 are used. Figure 4.2 shows the schematic diagram of the dielectric
resonator. The dlectric disk is supported inside the cavity by a Teflon material with a low loss
and low dielectric constant. There is a hole with a diameter of 3 mm inside the dielectric
material. This hole can be used to improve the spurious window between the majramibthe
higher order modes of the dielectric resonator. It is also used to provide the room to place the
tuning elements inside the resonator as will be explained later. This configuration of the tunable

dielectric resonator is quite compact.

Both the TME and TEH modes can be used to design tunable DR resonators. For the TME
mode this can be achieved by placing a conductive metal strip inside the center hole within the
dielectric material. The conductive strip is connected to the cavity wall and #atas a tuning
element. The surface current on the conductive strip and also the electric field for the TME mode
are presented in Figure 422 The direction of the surface current is parallel to the TME mode's
electric field inside the dielectric resatior as seen in this figure. Therefore, there is a coupling

between the conductive gold strip and the TME mode. By varying the surface current on the
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conductive strip, the TME mode can be tuned. This allows tuning of the resonance frequency by
varying thelength of the metal strip inside the dielectric resonator. Figure3 4&Bows the
simulation results for the resonance frequency and thalG@ of the TME mode versus the
length of the conductive strip. A wider tuning range can be achieved using a ¢ongleictive

strip. However, for the proposed tuning concept, the ohmic loss of the conductive strip is
dominant and it will degrade the Q of the resonator. A center hole with a bigger diameter along
with a wider conductive strip will also improve the tuniragmge at the expense of a reduced Q

value.

A similar approach is applicable for the TEH mode. The resonance frequency can be tuned by
employing a conductive ring on the dielectric material and a varactor as the tuning element as
depicted in the inset d¢figure 4.24. Based on the simulation results in Figures3ahd 4.24, a
wider tuning range can be achieved using TME mode. However, a higledu®is obtained for
the TEH mode. Figure 42 shows the EM simulation results for the resonance frequentie
the TME and TEH modes versus the cavity height,Based on the simulation results in Figure

4.2-5, a cavity height less than 6 mm is required to make the TME mode dominant.

17mm

A

Teflon Support Hole Copper Cavity

Figure 4.2-1 Schematic diagram of the dielectric resonator
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Figure 4.2-5 Simulated resonance frequency versus cavity height for TME and TEH modes
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4.2.2Tunable Dielectric Resonator with MEMS Switches

The cross sectional schematic view of the proposed tunable dielectric resonator and the layout
of the tuning circuits are shown in Figure 4.2The tuning circuit with MEMS contatype
switches is fabricated on an alumina substrate and is assembtés timsicircular hole within
the dielectric material in a way that the conductive strip is connected to the cavity wall and
makes a ground connection. The tuning circuit, as shown in Figu@ @) consists of three

segments of conductors made of £ thick gold on a 625m alumina substrate. Each section

has a different lengthl(, L, and L;) separated by a 180n gap from each other. Two sets of

contact type MEMS switches are utilized otbe 100em gap between these sections. The
MEMS switches are fabricated using the UW¥EMS fabrication process at the University of
Waterloo. The bias lines are made of SiCr with a high sheet resistance in order to reduce the loss
and maintain a high Q wa. ASEM image of the fabricated cantilever type MEMS switches is
presented in Figure 4.2

Ol cl
Alumina substrate
bias pads for MEMS l Cavity wall
actuation + L3¢ i bias line
72777 zzzzzz? A
DR MEMS
L |
v + ’/ 2' switch
' w-dielectric
4 71
10p um|
Ly
= . y
Gnd 1
Teflon support - nection mm

(@) (b)

Figure 4.2-6 (a) Cross sectional view of the dielectric resonator with the tuninglement inside and

(b) schematic view of the alumina substrate with the tuning circuit (dimensions not to scale)
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dielectric

Alumina substrate resonator

with MEMS switches

Alumina substrate
dimension:
6.5x1.5x0.635

Teflon support

Figure 4.2-8 EM model for the proposed tunable dielectric resonator using MEMS switches as

tuning elements(unit: mm)
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Figure 4.28 shows the 3D EM model for the tunable dielectric resonator. Based on EM
simulations with HFSS, the first two modes of the resonator are the TME mode at 5.17 GHz and
the TEH mode at 6.37 GHz with unloaded Q values of 2700 and 3470, respectively. The length
of the conductive strip is tuned by employing two sets of MEMS switalseshown in the
schematic view of the proposed tuning circuit in Figure&{l®). Each set of MEMS switches
has a separate bias line connected to bias pads outside the cavity and can be actuated
independently. When the bias voltage on the MEMS switchesrgs the effective length of the

conductive strip isL=L,. When the first set of switches are actuated to the down state, the
second segment of conductive strip,) is electrically connected tihe first strip and the total

length of the strip is increased to=L, + L, tuning the resonance frequency of the resonator. A

third state can be achieved by simultaneously actuating both shesMEMS switches. For this
particular design, using two sets of MEMS switches, three different resonant frequencies are
achieved. Higher number of MEMS switches along with more conductive strips on the alumina

substrate can be used to obtain finer tusitegps with lower Q.

4.2.3 Two-pole Tunable Dielectric Resonator Filter

Employing the designed tunable dielectric resonator, apoie DR filter is designed and
simulated using HFSS. Figure ©2hows the fullvave simulation model of the filter. For EM
simuldion, each set of the MEMS switches is modeled with a series capacitor and resistor for the

off and on states, respectively. The conductivity of the gold metal layer for the MEMS tuning
circuit is assumed to be 4.10” s/m. Based on the simulation results, the final lengths of the
conductive strips aré; =3.3 mm, L,=0.75 mm and_,;=0.25 mm separated by a 16& gap for
the MEMS switches.

Figure 4.210 showsthe simulated $arameters of the designed filter for different tuning
states. Simulation results demonstrate that the filter operates at 4.82 GHz with a bandwidth of 20

MHz and a return loss better than 20 dB. It exhibits an insertion loss of 0.42 @ fost state,

when no bias voltage is applied on the MEMS switches. The center frequency can be tuned to

three different valued,=4.82 GHz, f,=4.73 GHz andf,=4.65 GHz while the bandwidth fer

return loss better than 18 dB is 20 MHz for all three states as listed in Tallle 4.2
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Table 4.2-1 Summary of simulation and measured results

Tuning State 1° ond 3d
f0 (sim/meas) (GH2) 4.82/4.80 4.73/4.71 4.654.64
BW (sim/meas) (MHz) 20/21 20/21 20/23
IL (sim/meas) (dB) 0.42/103 1.01/1.63 2.01/2.10

L. L. L] L] @
tuning screws 72\

-/0\-“'/0

openings for bias pads
-

Figure 4.2-11Image of the twopole tunable dielectric resonator filter
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A 2-pole tunable dielectric resonator filter is fabricated and tested. The aluminum housing is
gold plated for improved performance. The tuning circuits with MEM&ckes and the final
filter is assembled as shown in Figure-42with the lid open. There are openings on the lid for
tuning screws and also for the bias wires for the MEMS switches. For electrostatic actuation of
the MEMS switches, a 60 V bias voltagedpplied between the bias pads for each set of the
MEMS switches and the DC ground which is the cavity walls in this case. Measurement results
are presented in Figure 412. As shown in this figure, the filter operates at 4.80 GHz with a 21
MHz bandwidthand 1.03 dB insertion loss for the first state. A maximum tuning range of 160
MHz from 4.80 GHz to 4.64 GHz is achieved using the MEMS switches. The return loss is better
than 20 dB and the insertion loss is less than 2.1 dB for all three tuning sthsésdas Table
4.2-1. The measured Q values for different tuning states are presented in TaBleTA
measurement results match with the simulations and validate the feasibility of using the proposed

tuning approach for dielectric resonator filters.

Table 4.2-2 M easuredeffective loaded Q values

Without Tuning Circuit 18'state 2N ctate 34 state

1900 1220 690 510

4.3 Varactor Tuned Dielectric Resonator Filter

To obtain continuous tuning, a secatigole tunable dielectric resonator filter based on GaAs
hyperabrupt varactors is designed. Figure-14.8hows the schematic diagram of the tuning
element. The circuit consists of two segments of conductdermf5em thick gold on alumina
substrate. Each section has a different length,e3.9 mm andL,=4 mm separated by a 100
em gap from each other. A commercial GaAs varactor from Aerolex is mounted over the 100

gap betwen the two conductors. The first conductive sectia)) (s placed inside the hole
within the dielectric resonator that can alter the electric field. The second selciipmékes

contact with the cavity lid and eslgshes a ground connection. A 30Wkbias resistor is used to
reduce the leakage of the RF signal through the DC bias lines for varactors and maintain a high

Q value. The surface current density an varies with he capacitance value of the GaAs

varactor which can be used to tune the resonance frequency of the TME mode for the proposed
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filter. Figure 4.32 shows the simulation results for the proposed tunable DR filter with GaAs
varactors, forC,,=0.3, 0.4, 0.6, 0.8 and 1.1 pF. The simulated maximum tuning range is from
4.999 to 4.861 GHz (138 MHz) while the insertion loss is better than 2.73 dB over the tuning

range. Using GaAs varactors a continuous tuning range can be achieved as will egrasen

the measurement results.

The measured capacitance of the GaAs varactor varies@gml.1 pF toC, ,,=0.32 pF with

a change in the reverse bias voltayg,() from 0-10 volts. The measured-factor of the GaAs

tuning element changes from 2.7 to 46 over the tuning range. FiguBesth@wvs the measured
S-parameters of the fabricated tunable dielectric resonator filter for different DC bias voltages. A

continuous tuning range from 4.87 GHz to 4.@Hz (100 MHz) is achieved using GaAs

varactors as tuning elements. The maximum insertion loss is 4.6 dBQyhen.1 pF. The high
insertion loss is due to the low-f@ctor of the GaAs varactors whéf),,.=0 V. The minmum

measured insertion loss of the filter is 1.17 dB whégp.,=10 V. Figure 4.3 shows the

variations in the measured Q value and also bandwidth of the filter over the tuning range. It can
be seen from the measurement results that theévideth of the filter, for a return loss better than

12 dB, is almost constant within a range from 60 to 70 MHz while the Q value varies frem 660
170. The lower Q value for this filter is due to the lowefa@or of the GaAs varactors. This

issue is addssed by utilizing MEMS varactors with a higheff&gtor in the next section.
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Figure 4.3-1 Schematic diagram of the (a) tuning element and (b) tunable dielectric resonator bake

on GaAs varactor
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Figure 4.3-2 Simulated Sparameters of the tunable DR filter with GaAs varactors
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Figure 4.3-4 Variations in the Q value and bandwidth of the filter

4.4 Tunable Dielectric Resonator Filter with MEMS

Capacitor Bank

In order to improve the performance of the proposed tunable dielectric resonator filter in terms
of tuning while maintaining a high Q value, a third tuning circuit utilizingit4dRF MEMS
switched capacitor banks is designed and fabricated tisnyyW-MEMS fabrication process.
Figure 4.41 shows the schematic diagram of the tuning circuit. Similar to the tuning circuit for
the GaAs varactors, there are two conductive strips, one connected to the cavity wall and the
other placed inside the hole tiin the dielectric resonator. The length of the strip inside the

resonator isL,=4.5 mm. A higher tuning range can be achieved by employing a longer strip
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length inside the resonator at the expense of a lower Q value. The surfané demsaty on the

conductive stripL, is tuned by a it RF MEMS varactor. The schematic circuit diagram of the
MEMS varactor is illustrated in Figure 424 It consists of four MetadhsulatorMetal (MIM)

capacitors C,..C,) and four capacitive RF MEMS switches with-sate and dowsstate
capacitance values of, and C,, respectively. The actuation voltage of these capacitive

switches is 40 volts while the required DC currentzeso due to electrostatic actuation
mechanism. As shown in the tuning characteristic of the MEMS capacitor bank in Figie 4.4
the capacitance value changes from 347 fF to 744 fF while #a&tQr is better than 69 for all
the 16 states. A higher-factor is expected for this type of MEMS capacitor bank. The relatively
lower Qfactor is attributed to the loss from the DC bias lines. A Titarlumgsten (TiW)
resistive material with a sheet resistance ofq4b is used here. A resistive material with a
higher sheet resistance value, such as SiCr, will result in a higiiect®. The circuit is
fabricated on a 62&m thick alumina substrate and measures 1.63mb2 mm. An SEM image

of the MEMS capacitor bank is presented in Figure4.#he extracted capacitance values of
the 4bit MEMS capacitor bank are used in the HFSS EM model to simulate the tuning range of
the designed filter. According to simulation results, as shown in Figur®, 44e center
frequency is tuned from 5.205 td036 GHz (169 MHz) while the insertion loss varies between
1.1 and 2.39 dB. The simulated bandwidth is 26 MHz for a return loss better than 15 dB.
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Figure 4.4-2 Schematic circuit diagram of the 4bit RF MEMS capacitor bank
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Figure 4.4-5 Simulated (a) and (b)of the tunable dielectric resonator filter with MEMS capacitor

banks
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Figure 4.4-6 Fabricated tunable dielectric resonator filter with MEMS switched capacitor banks

The third tunable dielectric resonator filter assembled with MEMS switched capacitor banks is
shown in Figure 4. The cavity is made of copper to obtaitigher Q value. The height of

the cavity is 6.5 mm and all the other dimensions are the same as the cavity in Figra 4.2
new dielectric material from TrasnEech with e =35, an inside diameter af =2 mm, an otside
diameter ofd,=11.5 mm and a heighlt,=5.1 mm is used for this filter. Thus, the center
frequency is slightly higher than the previous two designs.

The measured -Barameters for all the 16 tuning states of fitter with MEMS switched
capacitor banks are presented in Figure74.A tuning range from 5.20 GHz to 5.02 GHz (180
MHZz) is achieved. The maximum insertion loss is better than 2.8 dB. The measured Q value and

the bandwidth for a return loss lower tham dB over the tuning range are presented in Figure

4.4-8. As shown in this figure, the bandwidth is almost constant arour®D 28Hz. The
measured Q value changes from 800 for the first state when all the MEMS switcheq &k up

to 550when all the MEMS switches are actuated to the down state po8ign
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Figure 4.4-7 Measured (a) and (b) of the tunable dielectric resonator filter with MEMScapacitor

banks
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Figure 4.4-8 Measured Q value and bandwidth over the tuning range of the tunable filter with
MEMS capacitor bank

A summary of the measurement results for ak¢hiilters based on different tuning elements
is listed in Table 4-4. The tunable dielectric resonator filter with MEMS contgipe switches
has the highest Q value with a discrete tuning characteristic. The tunable filter with GaAs
varactors has theJeest Q value and a continuous tuning range. The tunable filter with MEMS
capacitor bank has a better performance in terms of both tuning range and also Q value. A higher
Q value can be achieved for this design by improving ttiacf@r of the MEMS capacitdanks
through the use of a higher resistive bias lines. The filters presented in this thesis are also
compared with other MEM®ased tunable filters in Table 414 To our knowledge the tunable
dielectric resonator filters with MEMS contagpe switchesand MEMS capacitor banks
reported in this thesis achieve the highest reported Q value at this frequency range for a tunable
filter using MEMS technology. The achieved tuning range is smaller than the other MEMS based

approaches due to the degradation ok increasing the tuning range. This can be improved
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by reducing the losassociated with the tuning elements in the proposed approach

by increasing the thickness of the conductive metal strips.

Table 4.4-1 Comparison of different tunable filters

. For example,

Design Center Tuning Q Value
Frequency Ratio

This work (MEMS Switch) 4.72 GHz 3.5% 1220510
This work (MEMS Varactor) 5.11 GHz 3.5% 800550
This work (GaAs Varactor) 4.92 GHz 2% 660-170
Ref.[71] 4.95 GHz 23.7% 511-273
Ref.[76] 15.5 GHz 3% 1600400
Ref.[97] 3.85 GHz 44% 650-300

4.5Summary

In this chapter, a novel tuning approach for dielectric resonator filters is presented. The tuning

is based on the interaction between the electric field and the surface current on a tuning circuit

inside the dielectric material. Three tutelilters are implemented using different tuning
elements including contatgpe RF MEMS switches, GaAs varactors and RF MEMS switched

capacitor banks. The filter based on MEMS contggé switches has a tuning range from 4.80

4.64 GHz while the Q valuis from 1220510 which to our knowledge is the highest reported Q

value at this frequency range for a MEMSsed tunable filter. A continuous tuning range from

4.97-4.87 GHz is achieved by employing GaAs varactors. To maintain a high Q value while

improving the tuning performance, a third tunable dielectric resonator filter utilizing MEMS

capacitor banks is implemented. The measured Q value varies freB580fver a tuning range

from 5.205.02 GHz.
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Chapter 5

A Tunable Filter W |

t

BandwiBdtsled on d aH M n

Coupl 1 ngs

3D cavity combline resonatdilters are widely used in communication systedue totheir
relatively high Q value and smalémperature drift. Many technigs were investigated in
designingcombline tunable filtex [23, 98101]. In this chapter, dandpasgunable combline
filter with a constant bandwidth is demonstrated. The design method for constant landwid

tunable filter will be explained.

5.1 Introduction

High Q constant bandwidth tunable filters are in high demand in any flexible transceiver, such
as cognitive radios, software defined radios, and WiMAX systems. The tunable filter is a key
block in the frontend of a transceiver. In these systems, a reconfigurable filter with an absolute
constant bandwidth is essential for high speed data exchanging. A switched filter bank is an
alternative solution for a tunable filter that offers a discrete flexibility,dvaw this type of filter

bank usually suffers from a large size.

High Q constant bandwidth is a target for designing tunable filters. The Q value is determined
by the resonator, the tuning element, and the tuning method itself. The bandwidth during the
tuning process usually changes with the coupling method in most cases. A variety of tuning
technologies have been reported in order to design filters that maintain a constant bandwidth
during the tuning process. Low Q planar tunable filters employed witlcteasaand MEMS

varactors to maintain a constant bandwidth have been reported fo{3@a&®, 83, 84, 102]
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The main problems dhese filters are low Q factors and poor transmission responses during the
tuning process. Ifi79, 103] techniques were reported to design superconductor tunable filters
with constant bandwitit These techniques however are not easily amenable teQhigh
filters.

A mechanically tunable waveguide has both Hgland highpowerhandling capabilities. A
high-mode tunable filter with four cylindrical cavities was reported1@4]. The tuning is
accomplished by a movable plunger with a disk located in the cavity. An unloaded Q better than
9000 was reported if104] for a filter operating aKu-band. The narrow spuriousee window
and the limited tuning range is the main drawback of these tfgdéters. A tunable Tk dual
mode cavity filter was reported {i4]. The tuning method is based on the cylindrical cavity
mounted bellow that function as the tuning element and building block. The bellows is a
flexible electroformed copper structure with a thalled metallic close@&nd piston and a
number of convolutions. A high Q with + 1.9% of the tuning rang€waband was reported.
However, this design also suffers from a variation of the bandwidth response. Its bandwidth

variation reaches + 3.1% in such a small tuning range.

In this chapter a method of designing constant bandwidth tunable filter d@monstratedby
usingbalancecklectric and magnetic couplingdased on this method, a cavity combline tunable
filter is designedThe unloaded @f thedesigned filter is above 3000 over the tuning range. The
bandwidthvaries from 28.9 to 31.MHz, 30+ 1.1 MHz (less than 3.7%) overa tuning range of
430 MHz ata cenerfrequency of 2.8 GHz.

5.2 Constant Bandwidth Tunable Filter Design

5.2.1 Theory Fundamentals

Techniques derived from a coupling matrix based synthesis can be used to desigd|filters

The Sparameters of a filtean terms of the coupling matriM are given by

S, =1+2jR(/1 - jR+M);;
S, =-2jR(/1 - jR+M)_Nl,1

5.1
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wherel is ann x n identity matrix,R is ann xn matrix with all elements zero except the input

and bad impedanc®; =R,,=R, andM is ann x n symmetric coupling matrix, and the variable

/ =

QOO

o &1 6,
BW?T0 f = 59

wheref, is the nominal center frequendyis the bandpass frequency variable, 8\ is the
bandwidth.

The elements of theoupling matrix M and inputimpedancer are independent fothe filter
centerfrequency and bandwidth since they are all expressed in terms of the low pass prototype.
Therefore the designof a constant bandwidth tunable filtexquires tamaintain the normalized
compling matrixM and the normalized impedanRe

5.2.2 Tunable Resonator Design

The proposed tunableesonator structure is shown in Figure-b.ZThe combline resonator
consists of a cylindrical post with a diameteMd=12 mm and a height ¢ip=21 mm insidea
cavity with dimensions off x C x D = (30 mmj. The tuning element consists of a disk with a
diameter of 12 mm. and a threaded rod connecting the tuning disk to the cavity lid or ground.
The resonator can be simply tuned by adjusting the gap betweetuning disk and the
cylindrical post Gap. EM simulation results for the tuning range and the unlo&dedlues of
the proposed resonator are presented in Figur2.5[Be center frequency can be tuned from
2.24 GHz to 2.71 GHz (470 MHz running) by viary the gap from 3 mm to 8 mm while the Q

value is maintained well above 4000 over the entire tuning range.

5.2.3 Coupling Iris Design for Constant Bandwidth

Figures 5.2-3 (a)and (b) illustratehe magnitude of electric field and magnetic field at cavity
side wall respectively. Figure 5:2 (a) shows that the maximum electric field is at the center of
the side wall, and it decreases from center to sides. Figw@ P shows that the maximum
magnitude magnetic field is at the bottom center of the side wadlit @ecreases from bottom to
top. This means that both electric coupling and magnetic coupling exist betw@eadjacent
resonators if a horizontal slotusedat the side wall between them. The electric coupling and the

magnetic coupling vary with thaot vertical position changing. Therefore, horizontal slot can be
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used for interresonator coupling, which can be used to balance the electric and magnetic

coupling to maintain the normalized coupling value constant over the tuning range.

Figure 5.24 denonstrates a horizontal slot opening at the side wall of the cavity. The resonant
frequencies of. andf,, are obtained with the iris boundary condition set as the electrical wall
(PEC) and the magnetic wall (PMC) respectively. This is equivalent to evkeadahmodel of
coupled pair resonators. Therefore, the physical couglgtgveen two resonatotds can be

calculated through

_fo-fo
242 53
The normalized coupling matrM can be calculated as:
_fo g
BW 5.4

Equation5.4 shows that in order to design a constant bandwidth tunable filter, its physical
coupling valuek should be inverselyarying with the center frequendy of the tunable filter

during the tuning process.
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Figure 5.2-2 Simulation results of the tunable resonator
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The investigation of the relation between the center frequigranyd the normalized coupling
Mj; is illustrated in Figure 5-2 and Figure 5.55. The center frequency is tuned by gam and
the normalized coupliniy! is derived from the physical coupling which is varied by the slot
configuration. The resonator with a 20 mm x 4 msiot, which islocated aH=4 mmandH=24
mm from the cavity bottom respectively, is simulated by HFSS with an electrical wall (PEC)
boundary condition set on the slot, as shown in Figure4 5The resonant frequentyis plotted
in Figure 5.25 using a blue dottedne and a blue solid line fddi=4 mm and H=24 mm
respectively. Alternativelyfor calculationf,, a magnetic wall (PMC) boundary conditigset
on the slot. The resonant frequerigys plotted in Figure 5:5 using a red dotted line and a red
solid line or H=4 mmand H=24 mm respectively. Using Equatioh.3 and 5.4 with assumed
bandwidth of 30 MHz, the normalized coupling can be obtained, and its values are plotted as a
green dotted line and a green solid line Fs¥4 mm and H=24 mm respectivelyin the sane
figure. The green dotted line shows that the normalized coupling Mglueereases as the center
frequency grows with the slot positittF4 mm. The green solid line shows that the normalized

coupling valueVl; decreases as the center frequency groisthe slot positiorH=24 mm.

Since thenormalized coupling valueM; has opposite variationtrends with the center
frequency at the two different positions, it must be between these two positions that the
normalizedcoupling valueM; hasa stablevalueastheresonant frequenaghanges. The variable
H with values from 4 to 24 mm is simulated, and the normalegling values arextracted
andshownin Figure 5.26. The H=17.2mm isfinally selecedfor the tunable filtesince it can
maintain a stable coupling as the resonantfrequeny changs. Figure 5.27 displays the
simulation results of the required coupling values between resdRatord R, over the tuning
range. The figure shows that the normalized coupling is a constant when the resonatoicireq
changes. The figure implies that the couplings slot can maintain the constant bantiwidth

selected properly
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Figure 5.2-7 Achieved constant coupling over the tuning range between resonator 1 and 2
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5.2.4 Input Coupling Design for Constant Bandwidth

The filter input couplingQe can be calculated from the normalized input/output resistance
R=Ry,1=Rnn [4]

Q.=
° BW3R 55

wherefy is the nominal center frequency aB@/is the bandwidth.

Equation5.5 shows that if a tunable filter maintains a constant bandwisl¥h) (during the
tuning pocess, its input couplinge. should be proportionally changing with the center

frequencyfp during the tuning process.

The relation between filter input couplinQ. and group delay peak valugfg) can be
expressed as

43 Q,
t(f)= 3
2:0 fo 5.6
From Equatiorb.5and5.6, Ris expressedh terms of group delay as:

me 4
2p* BW* £(f,) £ 7

Equation5.7 shows that in order to keep the constant bandwidth, the maximum value of the
group delayUf) over the tuning range should be a constantevalthe group delay can be
obtained by using a simulation of a loaded first resonator with an input probe, as shown in Figure
5.2-8.

The simulation results dhe group delayversuswith the resonant frequen@re plotted in
Figure 5.29 for two values of pbe lengthL. The solid lines and the dot lines in Figure-8.2
illustrate the results ofthe group delayfor a probe lengthof L=20 mm and L=25 mm
respectively As the frequency tuned from 2.31 to 2.62 GHz, the peak values of group delay vary
from 25.4t0 9.74 ns (ratios 2.6) and 14.5 to 6.9 ns (rati®2.1) forL=20 mm andL=25 mm
respectively. Thisimulation results implyhat the normalized input impedance changes more
with frequency fora shortprobethanfor a longprobeover the same tuning ramgrhereforean
increasdn thelength of thanput probe cameducethe normalizedmpedancaleviationover the
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sametuningrange Figure 5.210 displays the simulation results of the group delay withobe
lengthof 29.3 mm. This figure shows thahe peak value of eacroup delayis almost congtnt
at each resonant frequenduring the resonator tuningrocess For that reasgna long input
probeis a good choice falesignng constant bandwidtbomblinetunable filtes.

Figure 5.2-8 A loaded resonator with input probe
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Figure 5.2-9 Simulation results of group delay witha resonator frequency changethe solid lines are
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Figure 5.2-10 Simulated results ofthe group delay with the probe length 29.3 mm

94



5.2.5 Four Pole Filter Design

A 4-pole Chebyshev filter with operating frequency of 2.45 GHz, a bandwidth of 30 MHz, and
a return loss of 20 dB is synthesized. The filter topology and its coupling values are displayed in
Figure 5.211. A schematiof the 4pole filteris illustrated inFigure 5.212. In this figure, long
input probes are used; all theuplingslotsaredesignedo bel7.2 mm fromthe cavity bottom
with a slot height oBmm The @me position and same heighttioése coupling slot@are used to

ensureease ofabricationand assembly

Using the design methaglven in[4] theinitial values ofall parametersire calculatedThese
parametersare the optimized to obtain the required filter response at 2.45 GHze final
optimizedresults showhat thef i |s bamdwidlth aareturn loss of 2@B is 30 MHz with anin-
band insertion lossf better than 0.56 dBY adjusing the gaps between the tuningls and the
resonat o rssentertfréqaendy tuing Bom&.25 to 2.65 Gélealized.The simulation
resultsof tuning respnses are displayed in Figure A42. The gnulation results show that the
designed filter can be tunealer a tuning rang of 400 MHz with a stable bandwidthAn
insertion losdetter than 0.9 dB aralreturn losbetter than 18 dB are achieved over the tuning
range. Figure 5:23 shows that the center frequency of thier changes by8.16% at 2.45
GHz, andhe bandwith varies from 2% MHz to 30.5 MHz, + 0.%Hz (less than +T%) over
the tuning rangeThe simulation results reveal that the filter degradation is very limited, and the

absolute bandwidth is well maintained over the tuning range.

0.69992
2 3

/ -

0.91058 0.91058

R=1.07154 R=1.07154

Figure 5.2-11 Topology and coupling values of the synthesized filter
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Figure 5.2-12 A schematic viewof the tunable 4-pole filter
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the insertion loss $;
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5.3 Measurement of Designed Filter

Based o the simuldion results, a prototype dai 4-pole tunable filter made of coppés
fabricatedand testedAs shownin Figure 5.31, the coupling slot is just below the filter lid. The
filter tuningis realized bythe turning diskslocatedabovethe resonates. The meaurements of
thefilter tuning responses arghown in Figure 5-2. At the center frequency of 2.45 GHz, the
measured filter bandwidth is 30 MHz, with return loss of 20 dB and insertion loss of 0.65 dB.
This figureshows that the filteis able to beunedfrom 2.25to 2.65 GHz(400 MHz) All the in-
bandreturn losss better than 15 dBverthe tuning rangelhe insertion losateachband center
changsfrom 1.047 0.53dB over the tuning rangeandthe bandwith change$rom 31.1i 289
MHz, £1.1MHz (less than +3.%). A measuredelative tining ranges close tox 8.5%. The
simulation and measured responses are well matéhgdre 5.32 also exhibits nineseparate
bandsobtainedwith 10 dB of insolation betweenazh other over the tuning range constan
bandwidth is well maintained during the tuning process.

The extracted Q from the singlesonator is displayed in Figure 83 The figure shows that

measuredinloadedQ values are leer than 3000 over the tuning range.

Figure 5.3-1 Picture of the fabricated tunable filter
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Figure 5.3-2 Measurements otthe tuning response ofthe 4-pole filter: (a) return loss S;, and (b)

insertion loss $;
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Figure 5.3-3 Extracted Q values froma single cavityresonator

5.4 Filter Assembled with Piezoelectric Motors

In order tomakethis designedfilter practicdly controlable, piezaelectric driven motors are
usedin this tunablefilter. Each tuning disk is individually controlled by a piezoelectric motor. A
picture of the tunable filteassemblé with piezoelectric motors is shown in Figure-%.4An

enlarged control element of tunable filter is illustrated in Figure25.4

Piezoelectric motors are vertically fixed in supports located on the top of each cavity. The
motor rod connects the disk shaft to the motor itself. By applying an AC trianglewolage,
the motor rod can move up and down. Thihe tuning disk can be controlled by moving it
towards and away from the post resonator, subsequently, the loading of the resonator changes.
Copper beryllium gasket is used to ensure a good contact betveeeming disk and the ground

(cavity), as shown in Figure 52

The measuredesultsof the motor tunable filterare exhibited in Figure 5.d. The motor
tunable filter can obtain similar responses to the simulation re3hkstuning range is lingd

by the cavity height since the tuning disks are almost touching the cavity lid. Increasing the
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height of the cavity is necessay achieve a higher frequency and a widelirtgmange The
motor tunable filteccould be tuned to a frequency as low abZHz; further tuning to a lower

frequency will degrade the filter return loss performance.

Because of the symmetric structure of the tunable filter, there are only two parameters used for
tuning the fowpole filter. One parameter is tlygap between resmtorR;, R4 and their tuning
disks, the other parameter is the gap between resoRatBs and their tuning disks. It is not
difficult to find the coefficient between these two parameters. Accordingly, ratio gears can be
potentialy used to realize thg/nchronous tuning of the foymole filter. Figure 5.4 illustrates a
synchronous tuning gear. All the gears are mounted on top of the filter lid. Four small gears are
connected to the tuning disk by threading rod through the taped hole in the lid iathidu
Theoretically, by turning the driving gear, thepdle filter can be tuned synchronousiging a

single motor

Figure 5.4-1 Picture of the tunable resonator andthe tunable filter assembled with piezoelectric

motors
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Figure 5.4-2 Enlarged control element ofthe tunable filter

Figure 5.4-3 Selected tuning responsgby motor tuning
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