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RESUME

Les composants micro-ondes et millimétriques etaioles constituent des éléments importants
rencontrés dans les systemes mgliocommunications et raga En effet, ils donnent la
possibilité a ces derniers d’étre adaptablesjastables. Or, ces abe caractéristiques sont
importantes puisqu’elles permettent aux systende s'adapter a des changements de leurs
spécifications sans avoir a changer leurs circllitseut y avoir en effeplusieurs raisons qui
ameéneraient a procéder a des modificationspiifications d’un systeme : des variations des
conditions environnementales (liéada température, I'hnumiditégu encore aux vibrations), et
des changements liés a des contraintes de noxnai@nts comme par exemple I'utilisation de
nouvelles bandes de fréquence owdeaux. Il serait vraiment peu efficace d’avoir a reconcevoir
'ensemble du systeme afin de satisfaire devethes performances. Aipsil est important de
concevoir le systeme de fagcon a ce qu’il puisaguster ou se corriger pour toutes modifications
qui pourraient arriver. Par exemple, si la régofiéquentielle d’un filtre passe-bas commence a
glisser vers des fréquences plus basses aveauwgmentation de la température, le systéeme le
mettant en ceuvre pourrait ne p&ise en mesure dec@voir ou transmettre de I'information dans
cette bande de fréquence. Cependant, si le miéineepleut étre ajusté en fréquence, il sera alors

possible de le corriger et teerefaire fonctionner danssepécifications d’origine.

Dans la littérature, on trouve de nombreusethodes qui permettent de concevoir des éléments
et composants ajustables aux fréquenoesro-ondes. Les méthodes employées les plus
populaires mettent en ceuvre : des composanis@mnducteurs (tels que des diodes varicaps,
des diodes PIN et des transistors), des mystemes électromécaniques (ou MEMS pour micro-
electro-mechanical systems), des matériawoéectriqgues et des ndaiaux ferromagnétiques.
Dans certaines de ces conceptions, des cormsbimaide ces différentes méthodes ont également
été adoptées afin d’obtenir de meilleures performances.

Ce travalil présente de nouveaux types de compoeaoro-ondes ajustables basés sur les Guides
d’onde Intégrés au Substrat (GIS). La techn@ldglS peut étre considérée comme une forme
planaire de la technologie ige d'onde conventionnelle, dont ellgrite de la plupart des
propriétés. Par exemple, comme pour les guidende conventionneldes guides GIS sont
faibles pertes et peuvent étre mis en ceuvie ple fortes puissanceBien que le GIS soit

similaire au guide d’onde sur de nombreux aspécpsesente une taille etn codt plus réduit.
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Les guides d’onde conventionnels shabituellement réalisés a partir de tubes métalliques creux
de section rectangulaire ou ewirique. Ainsi pour une méme fréence, leurs tailles est bien
plus grandes que les lignes planaires congentlles telles que les lignes micro-rubans ou
coplanaires. Ainsi, méme si les guides miles rectangulaires offrent des performances
remarquables, ils ne peuvent pas étre directentdisés pour la concepin de circuits planaires
compacts. Puisque la technologie GIS hériteqdasiment toutes les propriétés des guides
d’ondes rectangulaires et qu’elle est aussi plan@arenature, elle est geculierement adaptée
pour la conception de circuits et systemeasnplres aux fréquences millimétriques et micro-
ondes. Cependant les GIS sont fabriqués a partivadériaux diélectriquesjnsi leur capacité de
tenue en puissance et leurs performances mnetele pertes sont largement dépendantes du

substrat.

Dans ce travail, un nouveau type de compss&@iIS micro-ondes ajtables basés sur les
matériaux ferromagnétiques (ou ferrite) est présenté. La perméabilité de ces matériaux peut étre
modifiée avec I'application d’'un @mp magnétique extérieur. Or, la constante de propagation
d’'une onde électromagnétique est directement proportionnelle a la racine carrée de la permittivité
et de la perméabilité. De ce fait, en utilisant de la ferrite, des éléments reconfigurables peuvent
étre concus. Une autre caract@que importante de la ferritest qu'elle peut avoir un
comportement non réciproque. Ce qui signifjae les signaux radiofréquences (RF) se
propageant dans différentes directions a l'intéramila ferrite, peuvent voir des caractéristiques

de propagation différentes. Celat eme propriété trés intéressamjui peut étrautilisée non
seulement pour réaliser des éléments ajustablas aussi des éléments non réciproques. Ces
éléments non réciproques incluerlies isolateurs, les gyrateurst les circulateurs. Dans la
bibliographie, on peut s’apercevoir que la pitpdes éléments non rpobgques et ajustables
utilisant de la ferritesont concus a partir de la teclogie guide d’ondeconventionnelle. En

effet, les propriétés de faibles pertes et deefotenues en puissancedent les guides d’onde
conventionnels attractifs pour @nception d’éléments basés da ferrite. De plus, pour un

guide d’onde opérant dans son mode dominang, Titensité maximale du champ électrique se
trouve dans la région centraldors que l'intensité maximaldu champ magnétique se trouve le

long des parois. Cette distrilbot du champ magnétique et dhamp électrique permet de
positionner la ferrite dans lesgiéns ayant un forthamp magnétique saasoir a perturber le

champ électrigue. Puisque la ferrite interagit fortement avec le champ magnétique, elle est placée
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dans les régions ou le champ magnétique est le plus intense. Bien que les guides d’onde
rectangulaires soient unetechnologie prometteuse pouta conception d’éléments
magnétiquement ajustables ayant une forte tenupuesance, ils ne peuveétre intégrés de

facon planaire. Un des objectifie cette thése est de réalides éléments GIS magnétiquement
ajustables et planaires par nmatutout en préservant les quaditoffertes par les guides d’onde

rectangulaires.

Dans ce travail, des éléments clefs magnétiquemestables, incluant derésonateurs, filtres
passe-bande, oscillateurs, interrupteurs, décaldeirphase, circulateurs, et amplificateurs de
puissance, sont présentés. Il est égalemenbuligénqu’en utilisant seulement des ferrites, la
plage d’ajustabilité des performees est limitée. Cependant, en combinant simultanément une
ajustabilité électrique et magnétique, I'ajustabilité totale peut-étre significativement améliorée, et
également, I'élément peut avoir des performances améliorées. C’est ainsi que dans ce travail de
recherche, un nouveau concept d’accordabilitéleunx dimensions est introduit. Ce concept est
utilisé afin de réaliser des éléments completgnaelaptables. Une cavité, un filtre passe-bas, et

une antenne, tous basés sucaecept, sont présentés.



ABSTRACT

Microwave and millimeter wave tunable devicesgcuits and components are one of the most
important parts in any communigan and radar system design. Ttheable devices, circuits and
components which are integrated iat@ystem enable it to become more adaptive and flexible in
nature. The adaptive and flexible system camdoenfigured to follow the changes that occur

into its variable or adjustabkpecifications without changints hardware design. There may be
several reasons that could lead to the change in the system specifications: changes in the
environmental conditions (related to temperatimanidity, and vibration), and changes due to

new customer requirements, for example, itft@usion of a new opetiag frequency band or
channel. It would be very impractical to re-dgsall the system components just to meet the new
performance criteria. Hence, it is important t®iga the system in a way that it can adjust or
correct itself for any changesathmight occur. For exampld, a band-pass filter frequency
response begins to drift towards a lower freqyevalue with the increase in temperature, it
might not be able to receive or transmit valuabfermation at this frequency band. However, if

the same band pass filter can be made frequency tunable, it will be able to get self-corrected and

bring its frequency response baokthe original value.

In literature, there are many rhetls that are used in realizibignable microwave circuits and
components. The most popular methods in #adization of tunable coponents make use of
semiconductor elements and devices (includingaatar diodes, PIN diode and transistors),
micro-electro-mechanical systems (MEMS) switchad capacitors, ferroelectric materials, and
ferromagnetic materials. In some of the design&chieve a better tuning performance, even

combinations of two different tuningethods have also been adopted.

In this work, new types of microwave tunabtievices, circuits @hcomponents based on
substrate integrated waveguide (SIW) are gmé=d. SIW technology calpe considered as a
synthesized planar form of racigular waveguide, and inherits almost all of its properties. For
example, similar to rectangular waveguide, SIVibiger in loss, it can based for higher power
applications compared to conventional planamterparts, and it is lower in cost. Although SIW
is similar to rectangular waveglg in many aspects, it holds grsficant difference in terms of
size. Rectangular waveguide is usually madéalfow metallic tube (rectangular or circular),

therefore at a given frequency, its size is miacher than the conventional planar transmission



lines (microstrip or coplanar Thus, even though rectangularaveguide being capable of
delivering outstanding RF perfoance cannot be directly uséd realizing compact planar
circuits. Since SIW technology inherits almo#itthe properties of @angular waveguide and
also it is planar in nature, it is an outstagdcandidate in realizing microwave and millimeter
wave planar integrated circuits. However, SIWissially fabricated on diettric substrate, thus

its power handling capabilities aitd performance in terms of losses are largely dependent upon

substrate material useahd structure topology.

In this work, SIW-based microwave tunabldevices, circuits and components using
ferromagnetic materials are presented. Ferrites or ferromagnetic material permeability value can
be controlled through the applicat of an external DC magnetic bias. Since the propagation
constant of an RF signal is directly proportionalhte square root of the material permittivity and
permeability. Therefore, any change in the permigabomponent also changes the propagation
constant of the electromagnetic wave. Thus, ufengte materials allow the realization of very
interesting reconfigurable deviceAnother important characteristic of ferrite materials is that
they display non-reciprocal behaviour. This me#mt RF signals, propagating in two different
directions in the ferrite mataii can have different characteigsbehaviours. This is a very
interesting feature, which can be used not dalyealize tunable miowave devices, but also
devices that are non-reciprocal nature. Some of the ferritsased non-reciprocal devices
include isolator, gyrator, and circulator. In taéure, it can be observed that most of the non-
reciprocal and tunable devicassing ferrite materials arelesigned based on rectangular
waveguide technology. The low loaed high power handling propgmf rectangular waveguide
make them an attractive candidate in reafjzferrite based tunabldevices. Moreover, for a
rectangular waveguide operating with dominantgTEode, the maximum magnitude of its
electric field occurs at the ceal region, whereas the maximum magnitude of its magnetic field
occurs along the sidewalls. This distributionedéctric and magnetic fields, allows placing the
ferrite materials in the regiord the highest magnetic field wibut perturbing thelectric field
distribution. Since the ferrite rtexials interact strongly witimagnetic field, they are usually
placed in the regions where the magnetic fiedahcentration is highest. Although rectangular
waveguide is a very promising technology inlieag high power magnetidlg tunable devices,

they cannot be readily integratedarplanar form. Therefore, one tbie purposes of this thesis is
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to realize SIW based magneticatlynable ferrite loaded microwawdevices that are planar in

nature and at the same time retain all the gpalities offered by theectangular waveguide.

In this work, key microwave ngaetically tunable devices, cuits and components including
resonator, band pass filter, oscillator, switch, pheséer, circulatorand power amplifier are
presented. It is also demonstrated that using famtite materials, the device total tuning range
and performance are limited. However, by comignan innovative simultaneous electric tuning
with the magnetic tuning, the tbtaining range can be significantixtended, and also the circuit
performance can be improved. Therefore, inWosk, a new concept of two-dimensional tuning
(simultaneous electric and magnetic tuning) is ait@duced and demonstrated. This concept is
then used to realize fully-adable and reconfigurable bandsgéfilter, resonator and antenna.

Special features of the proposed two-dimengipasameter tuning are revealed and discussed.
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INTRODUCTION

Since the past decades, there has been a signifleaelopment of eleanically reconfigurable

or tunable circuits, devices, and componenthénfield of radio frequecy (RF) and microwave
wireless systems, which is even now movingaads the millimeter-wave domain. This has been
fuelled by the emerging needs for multi-band andtirfunction specifications within the same
compact-structured design platform. Indeed, cur@mmunication devices are able to offer
multiple functionalities that are generally opangtin different frequency bands. In addition to
the popular 3G and 4G communication systefoisexample, a portable handheld device also
supports WLAN and Bluetooth applications. Theref it is obvious that wireless systems are
becoming more complex and smart due to theugich or convergence of multiple standards and
applications into a single device. In orderneet the stringent design requirements of those
wireless systems, the related RF front ends muatibptive and flexible inature. The quality of
front-end is directly responsiblerfthe performances of the entirestsgms as it is directly related
to critical electrical specificains of the system such as myidynamic range and channelization.
This becomes much more involved in multi-bamdl multi-function systems as the performances
should be consistent and uniform for all systetates. An adaptive RF front end has been
recognized as a viable and effective solutiorincorporating multi-band and/or multi-channel
circuits with multi-functions to satisfy several wireless system standards. One desirable way of
realizing such multi-band or multi-channel sysseisithrough deploying fast and tunable RF and
microwave components and circuits, which sdobk enabled electronically. For example, a
frequency agile filter with embedded tuning edts can carry out a switching function between
several individual filters in order to have mdhan one frequency response. Compared with a
bulky bank of filters, a single tunable filter offengyher flexibility, better functionality, lighter
weight, and the same hardware circuitry can be used to cope with the requirement of multiple

purposes, which also redudés total cost and size.

The replacement of a large and complex circwitith single tunable dewe is indeed a very
attractive option. However, there do¢ of complexities and issuessociated witlt. One of the
biggest challenges of using a single tunable aevhat covers the muliide of functions is
whether it can maintain the same device or system performance at all times or at all states.

Usually, in complex systems, there are individtiatuit blocks that are optimized or fine-tuned



to carry out specific functionalitee When a single block is dgsied to perform the same tasks
that were previously taken care by a numbeiinglividual blocks, then of course, the same
performance quality cannot be egpad in connection with all the tasks. An example can again
be taken of a tunable band-pass filter, whiatheisigned to work continuously over a certain band
of frequency. If the filter islesigned only with a purpose of tuning the center frequency, it cannot
be expected to display the same filter respavas the frequency band. A®on as the filter is
tuned from one center frequency point to anotties, key design paramesethat are used in
optimizing the filter response change, making tifter response different from the original.
Therefore, in order to maintain the best dirar device performances throughout its tuning

range, a certain design strategy must be adopted.

Figure 0.1-1: The structure o&n aperture coupled constabandwidth tunable filter
[Moon, et al. (2008)].

In literature, recently there &abeen a significant amount of e done in the realization of
fully-adaptive and reconfigurablélters. In the works carried out by [Joshi, et al. (2009)],
[Yi, and Rebeiz (2011)] and [dbn, et al. (2008)] tunable bampass filter withreconfigurable



bandwidths and center frequerscere presented. In Fig. 0.14idaFig. 0.1-2, the topology of the

filter structure and measurement results priegseim [Moon, et al. (2008)] are illustrated.

(a) (b)

Figure 0.1-2: Measurement results of the filter illustrating a)8rameters (b),$ parameters
[Moon, et al. (2008)]

The tunable filter presented in [Moon, et al. (20@®)ypsists of two sections of hairpin resonators
that are coupled to each other by an apertuiehwlies in an intermediate layer of a multi-layer
substrate. The resonators are coupled throughentuap to achieve highdérequency selectivity,
and to reduce the total size of the filter. The varactor diodes that are connected at the end of the
resonators are used for changing the center freyuef the filter as well as to change its
bandwidth. The varactor diodes connected at tite & the resonators ahge their equivalent
length, thereby changing the resonant frequenafeasame time they are also used in changing
the inter-resonator couplings to maintain thestant frequency response. The band-pass filter
presented in Fig. 0.1-1 and Fig. 0.1-2, uses semicomduaractor diodes asning elements. In
order to realize any type of Rfad microwave tunable devicessecial tuning element has to be
integrated into the device circuitry. The shocommonly used tuning elements include:
semiconductors (varactor diodes, PIN diodes, tamasistor), micro-eldoo-mechanical systems
(MEMS), ferroelectrics materials, and ferromagnataterials. Each of #se tuning elements has
their own advantages and disadtages. Their use largely deds upon, the reged type of
tunability (discrete or continuous), operating powaesign frequencyand also manufacturing
complexity and total cost. Previously to thisnkofew efforts has been made in the design of
tunable planar devices based omife material, even if a multide of three dimensional devices
based on bulky waveguide technology has been derates. One of the objages of this thesis



is to realize fully adaptive and reconfigurablardr filters based on ferrite material as a tuning
element. It is also a purpose of this thesigetdize fully adaptive and reconfigurable filters using

ferrite material as a tuning element.

In this thesis, a new type of microwave turallévices based on substraitegrated waveguide

(SIW) technology is presented. The SIW basedasvare made magnetically tunable by loading
planar ferrite slabs inside them. It is demaomtstd that, with the application of an external
magnetic bias on ferrite loaded SIW (FLSW) stmues, a number of interesting and very useful
microwave components and devices can balized. The designed tunable microwave
components and devices could then be diraotlylemented in the reizbtion of a high power

radar system design. In Fig.0.1- 3 as an examal schematic drawing of radar system is

presented.

Figure 0.1-3: A schematic of radar system design

It can be seen from Fig. 0.1-3 that, an RF systsemade of a numb@af components and devices

including: signal generator, mixer, filters, low-noise amplifier (LNA), power amplifier, antenna,
and circulator. In order to readiza fully adaptive and reconfigurable system design, it will be an
advantage if in each of the above-mentionedmmments some degree of tunability can be added.

This will allow the system to reconfigure itséd a new system requirement or specification



without a need to change the whole hardwaieuiry. Moreover, for a lgh power application, it
will be desirable to have these components dapab handling higher powers. Thus, it is a
purpose of this thesis to develop a new tgpenicrowave tunable components with high power
handling capabilities.

SIW is an emerging transmission line technology, which is lower in cost, lower in loss, and can
also handle high power than other transmission liNeseover, it is fully compatible with other
planar circuits. Since ferrite materials arescaknown for their high pger handling capability

and high tunability, they are uséagether with SIW technology t@alize a newype of highly
tunable, planar microwave components dadices for radar application at 12 GHz.

In Chapter 1, a general overview and currentustaif various tuning elements and related
technologies is presented. Eachtbé technologies is comparéd one another in terms of
performance, cost and applications. In Chapter 2, an introduction to ferrite material is presented
with a brief theoretical review afs microscopic properties. Praties of two different types of
ferrite materials to be used in this worle also presented. An iottuction to SIW technology

and its basic design rules are discussed. lapin 3, magnetically tunable microwave devices
based on ferrite loaded SIW technology are gamesd. Tunable radar system components like
resonators, oscillators, and switches améroduced. In Chapter 4, a novel concept of
simultaneous electric and magnetic two-dimenal tuning is presented, where both ferrite
materials and varactor diodes are used to wehibe dual electric and magnetic tuning. It is
demonstrated that with the concept of two-disienal tuning not only the total tuning range can

be extended but also the keysm parameters like matchin@-factor, coupling between
resonators, and filter shape can be improve@Hapter 5, non-reciprocal microwave devices are
presented, where the non-isotroffiehaviour of the ferrite matatiis used to realize phase-
shifters, gyrator and circulatoFinally in Chapter 6, himode SIW (HMSIW) devices are
introduced. It is shown that the performance of HMSIW devices in terms of tunability and losses
are very similar to SIW type afevices. Due to their miniaturizesize, they can be used as an

alternative to magnetically tunable SIW devices.



CHAPTER 1 TUNABLE RF AND MICROWAVE DEVICES

The current radar and wireless communicatistesys are becoming more and more complex in
terms of performances and functionalities. Mity radars for example are desired to be
reconfigurable in frequency in order tovoed enemy interferenceand in bandwidth to
dynamically adjust their resolution dependimgn the target. Also, a portable hand held
communication devices are not only equippetith usual voiced-voice communication
capabilities, but also they canpport wireless locarea network (WLAN), and Bluetooth. Thus,

it is evident that, communication systems areob@&ng more advanced, smart and complex due

to the inclusion or convergence of multiple standards and applications into a single device. In
order to meet the requirements of modern g8® communication systems, the RF front ends
must therefore be adaptive and flexible in matAn adaptive RF front ends can be realized by
incorporating multi-band or multi-channel cirsu to satisfy the several wireless system
standards. One way of realizing the multi-bardmulti-channel communication systems is by
incorporating the tunable micr@ave components, circuits and devices into them. The tunable
devices can be designed to operabt just in one frequency i but in several of them. For
example, a single frequency agile filter with embedded tuning elements can replace the
requirement of switching betweeseveral filters to have moreah one frequency response. In
comparison to a fixed bank of filters, a single tunable filter is capable of switching the filter
response between different frequencies, it is ligimeveight, smaller in footprint, and the same
hardware circuitry can be re-used for multiplerposes, which also reduces the total cost. In
some cases, the tuning or reconfigurable feataresalso used in thesal-time adjustment of

circuit parameters, which are rjast limited to frequency tuning.

In order to realize the RFhd microwave tunable devices, a special tuning element has to be
integrated into the device circuitry. The magidely and commercially used tuning elements
include: semiconductors (varactor diodes, PIN dsp@ad transistor), micro-electro-mechanical
systems (MEMS), ferroelectrics materials, anddeagnetic materials. Each of these tuning
elements or techniques has their own advantagdsdisadvantages. Their use largely depends
upon, the required type afinability (discrete ocontinuous), operating power, design frequency,
and also manufacturing complexity and totastc@he RF and microwave systems are made up
of a number of components and devices inclgdioscillator, antenna, phase-shifter, amplifier



etc. Each of these devices can be made tutgbilecorporating any one of the above mentioned
tuning elements. To cover all of the microwatunable devices is beyond the scope of this
chapter. Therefore, a general overview of eaghng element in theealization of a tunable
microwave filter is only presented. Since the purpokéhis thesis is to realize ferrite loaded
magnetically tunable SIW devices, a comparasugdy of ferrite materials with other tuning

elements in terms of performance, cost, afidbiity is also discssed and presented.

1.1 Semiconductor tuning elements

In this section, a detailed discussion on RF amctowave tunable bandaps filters that make
use of semiconductor as key building elementgrésented. Semiconductisrknown to be the
most popular and widely usedchnology in the realiziain of fast tunablentegrated RF and
microwave components and circuits. They are alvesgociated with low cost, light weight and
small footprint, and most importantly they dmown to offer a very vde tuning range with
adaptive options, depending on diodes and transisign platforms. However, they can only
offer a lowQ factor at microwave frequencies [Torrega-Penalva et al. (2002)]. For example,
the Q factor of a varactor diodes proportional to frequencgnd junction capacitance at low
frequencies (1 MHz) whereas it is inverselpgortional at higher frequency (>100 MHz) values
[Norwood, and Shatz (1968)]. Moreover, parasiieries resistance of the diode caused by
packaging also increases at higher frequency. ,Timesuse of varactdechniques is generally
limited to frequencies below 10 GHz as theyfesufrom higher insertino loss. However, an
attempt has been made to compensate the losa@edse the Q factor by incorporating FETs as
a negative resistance device [Chandler et al. (1968)]. Of course, any active compensation can be
made possible at the expense of additional pa@aesumption and potential non-linear effects.
There are basically three reported different $ypé& semiconductor devices that are integrated
inside a microwave circuit as tuning elementsiciwhnclude varactor diag PIN diode, and field
effect transistor (FET). Naturally, any activeodiés and transistors can be used as tuning
elements, depending on their technical merits. Theag elements are usadthe realization of

tunable devices that are made eithalistrete mode or in continuous mode.



1.1.1 Varactor diode

Varactor diode is also known as a variable t@aevhich means a device whose reactance can be
made variable by the application of a DC biaiage. The reactance in the case of a varactor
diode is a simple depletion layer capacitanceclviis formed at the junction of p-type and n-
type semiconductor materials. Depending upon tharppland the strengtbf the applied bias
voltage, the depletion layer width changed, which in turn alefanges the junction capacitance
value. Since the capacitance value of the varattole can be changed even by a slight variation
of applied bias voltage, it findgpplication as a continuously tlie device. Varactor diodes are
very useful in realizing a vaty of devices including tunabldtér, tunable phase shifter, and
voltage controlled oscillator (VCO), parametamplifier, and mixer. In this section, a brief
overview of tunable filters based on vamaliodes are discussed and presented.

There is a growing interest the design and realization of RIiRd microwave systems that have
multi-channel and multi-band functionalities. Since fili® one of the most critical parts of the
system design, it is highly beneficial to realizetsa filter that is fully adaptive to any changes
in connection with the system Heeviour. Tunable filter can redeiche complexity of a system
design by avoiding the need of filter banks, whidmsist of multiple filters with distinct filter
responses for each frequency band. The use of aléufiber allows the coverage of the whole
frequency bandwidth. Early work of tunabféter designs involved the tuning of center
frequency using various kinds of tuning devicesd anaterials. Presently, the focus of a tunable
filter design has not only been on changing tkeater frequency but also on making it fully
reconfigurable in terms of bandwidth and selést Varactor diode has been one of the most
promising technologies that have been widelgdusn the realizatiorof a wide variety of
electronically tunable filters. In the early wook varactor tuned filter developments, the center
frequency was tuned by loading the varactor diattebte ends of resonating stubs [Hunter, and
Rhodes (1982)]. It was noticed that, the banob stharacteristic othe filter was largely
dependent upon the coupling gap between therfgadansmission line and the parallel stubs.
Since the coupling gaps of therakel stubs are highly frequencependent, it was suggested in
[Hunter, and Rhodes (1982)], to tune the capac#tariche gaps in accordance with the tuning
capacitances in order to preservethe band stop characteristics. In
[Makimoto and Sagawa (1986)], a varactamndgd ring resonator filter using microstrip

technology was presented. The egnfrequency of the filter veaconfigured by changing both



filter's coupling and tuning capacitances. In [MlsAnguiano et al. (2002)] a fully adaptable
band stop filter, which is ablte reconfigure its center frequey, bandwidth, and selectivity, was
demonstrated. The bandwidth tuning is achiebgdvaractor diodes that are used in coupling
resonators to transmission line, whereas theecefrequency is controlled by varactor diodes

connected at the end of transmission line resonators.

Since the varactor diodes are made up of semdigctor materials, thesuffer from non-linearity
when injected with high power signals. dp#te non-linear behaviours of semiconductor
materials, it has been demonstrated that thactar diodes can also be used for realizing high
power filters [Swartz et al. (1980at UHF band. Recently, a varactoned band-pass filter with
improved linearity has been presented in [Ywlet(2012)]. The filter dpology consists of an
open-ended transmission line whick-to-back varactor diodésaded at one end. The back-to-
back varactor diodes enhance tmearity of the filter while the mixed electric and magnetic
coupling scheme keeps the absolute bandwidih ednstant value when the frequency of the
filter is tuned. Thus, varactor diode presentdfigeery promising low cost, highly tunable, and
adaptive semiconductor tuning element that can bd isrealizing tunakl filters at relatively

low tuning voltage.

1.1.2 PIN diode

Figure 1.1-1: Photograph of the fabricated switchddalnd-pass filter [Brit@rito, et al. (2008)].

PIN diodes are semiconductor based tuning dewdeish are popularly used to produce discrete
states reconfigurable filters. In this sectiorreef review of tunableilters based on PIN diodes
is presented. In [Lugo, and Papapolymerou (ZD@PIN diode based reconfigurable filter for
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wireless applications was demonstrated. The designed filter falls into a category of admittance

inverter coupled resonator filter, with two discrete bandwidths at 5.6 GHz

The PIN diodes being semiconductor device, non-lieffacts of the diode ithe filter structure

are also studied. In [Brito-Brif@t al. (2008)], a band-pass filighich is switchable between two
central frequency states is presented. The designed filter uses PIN diodes for switching, such that
in each frequency states a constant bandwidtimaintained. In Fig. 1.1-1, the fabricated
prototype of the switchable band-pass filter igsttated. By changing the polarity of the bias
voltage, the filter is switched between 1.5 GiHd @ GHz center frequencies respectively [Brito-

Brito, et al. (2008)]. In [Karimet al. (2009)] a miniaturized renfigurable and switchable band

pass filter is presented. By shorting the open stdiltise filter using PIN diodes, the UWB filter

is reconfigured from band-pass to bandstogpoese. Moreover, with the addition of half-
wavelength stub to the existing reconfiguralffleer, it is switchel from UWB to 2.4 GHz

narrowband filter response.

Figure 1.1-2: Fabricated SIW filter with via pesislands for the connection of PIN diodes
[Armendariaz, Sekar, and Entesari (2010)].

A new type switchable band-pass filter hse SIW technology and using PIN diodes was
presented in [Armendariaz, Sekar, and Ent¢2&10)]. The two-pole bandags filter is switched
between six states ranging fraltb5 GHz to 2.0 GHz. The SI\8avity resonators are equipped
with multiple via posts, which are either contexl or disconnected from the top metal layers
using PIN diodes, thus producindgferent switching states (séeg. 1.1-2). Another SIW based
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digitally tunable band-pass filter was demonstratel®irci, Martinez, and Boria, (2013)], where
discrete frequency tuning with nearly 8 eqsphced frequency responses from 4-4.4 GHz is
obtained. In [Bakhit, and Won(2013)], switchable band-past#tdr using stepped impedance
resonator was presented. The designed operatesdretwo states, in thersi stated the filter
produces a band-stop response.sBytching the PIN diodes to Ostate, the filteresponse then

changes from band-stop to alss filter characteristics.

1.1.3 Transistors

In [Lin, and Itoh (1992)], using the concepttbfee-terminal MESFET varactor tunable active
band-pass filter was demonstratedtie two pole filter configurabin, one transistor is used to
provide center frequency tuning, ikéhthe other is used to providiee negative resistance to the
circuit. The negative resistancetbé transistor improves the over@lifactor and improved filter
response. In [Torregrosa-Penalva, et #2Q0@)], a wideband tunable combline filter using
gallium arsenide field effect transistor as aig element was presented which is illustrated in
Fig. 1.1-3. The filter resonators are loaded wigid effect transistors to produce the desired
tunability. A systematic approach in designingahble combline filters and the non-ideal effects

in the overall performance oféHilter are also discussed.

Figure 1.1-3: Fabricated filter prototypEorregrosa-Penalva, et al., (2002)].
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In [Pantoli, Stornelli, and Leuzzi (2012)], a hi@htunable filter with a single transistor active
inductor (Al) was presented. Thiest order band-pass filter ba central frequency of 2400 GHz,

the total frequency tuning range is 100 MHz.

1.2 MEMS techniques

Although it has been studied saearly 60s, MEMS has become emerging technology that is
very useful in realizing variable capacitossyitches, and reconfigurable RF and microwave
devices. Compared with semiconductors, ferrigesl ferromagnetic materials based tunable
devices; MEMS techniques offer much high@rfactor with very low power consumption.
Moreover, as opposed to the solid state devites; offer linear signal transmission with low
signal distortion. Hence, MEMS have attractaedch attention, which present very promising
scheme in realizing a widenge of RF and microwave tunabtomponents and devices. Tunable
filters, realized using MEMS technology geally make use of MEMS switch or MEMS
varactors as tuning elements. This section shawgraéfilter topologies to produce discrete and

continuous tuning of the filter parameters.

1.2.1 Tunable filters using MEMS switches

MEMS switches are generally uséat re-routing RF signals andsal they are widely used in
realizing tunable filters. Since MES based switches operateanly two states: on and off, the
tunability of filters designed usgy MEMS switches are discrete in nature. From the structure
point of view, such switches are either cantilever types or bridge types. An example of cantilever
type MEMS switch is illustrate in Fig. 1.2-4.

(a) (b)
Figure 1.2-4: Schematic of electstatically actuated cantileveype RF MEMS switch (a) OFF
state (b) ON State [Ocera, et al. (2006)].
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The electrical performance of a cantilever typaawargely depends upon the quality of contact
in the ON state as illustrated kig. 1.2-4(b). There are basicallydwypes of electrical contacts
used in MEMS switches: direct contact anditest through a capacitive membrane also known
as Metal-Insulator-Metal (MIM) contact. Compdr to the MIM contact, the direct contact
switches have lower insertion loaad better isolation. Howevedue to direct contacts between
metals, the direct contact switch sufferenfr metal corrosion and has a shorter life time
compared to MIM switches. Two well-known prebiatic issues in thedevelopment of MEMS
devices are related to high adioa voltage and relatively low speed because of a mechanical
process. In addition, MEMS techniques may betwell suitable for gh-power applications

even though significant research efforts hlagen invested to remedy this situation.

() (b)
Figure 1.2-5: Schematic of electrtatically actuated adilever type RF MEMS switch (a) layout

of the filter (b) simulation and measurement resilitstrating three states of tuning [Chan, et al.
(2012)].

In this section, tunabliéters using direct and MIM contablased MEMS switches are presented.
The cantilever type MEMS switdllustrated in Fig. 1.2+ was used to realiza tunable hairpin
line filter in [Ocera, et al.2006)]. The filter tunability is dgeved by loading identical MEMS
switches at the end of hairpin resonators.ewlihe switches are changed between on and off
states, the equivalent electridahgths of resonators is alsbanged, thereby making the filter
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tunable. Another example of tunable filter using MEMS switch was described in [Chan, et al.
(2012)], where the microwave fiteds switched between threeatds. It is a good example in
which MEMS switches are used in controllifte resonant frequency, input/output couplings,
and couplings between resonators to achievdlyarieconfigurable band-pass filter at microwave
frequency. The measured filter response shows thffegent states of filters at 8, 9 and 10 GHz
respectively. In Fig. 1.2-5(a), the filter layoutith tuning elements is presented, and its

simulation and measurement resulte presented in Fig. 1.2-5(b)

A new type of tunable filter based on SIW teclugyl was presented in [Sekar, et al. (2011)]. The
filter topology consists of tw&IW cavities that are coupled &ach other via an iris window.
Commercially available packag®&F MEMS switches are surface méehin each cavity to tune
them separately. The two-pole filter implemehtesing two-layer SIW circuit has a total tuning
range of 28% with reflection loss better thas dB. The fabricated filter prototype and the
measurement results are illustratedrig. 1.2-6 and Fig. 1.2-7 respectively.

Figure 1.2-6: Fabricated tunableM@ass filter using direct contalEMS switches [Sekar, et al.
(2011)].

A coplanar waveguide based fullgconfigurable filter was presented in [Park, et al (2005)]. The
filter topology consists of cascaded CPW-basedperistructures which are loaded with MEMS
switches for tunability. By suitable combinatiof MEMS switches &-unit CPW lines are

combined to form a single-cell low pass filter.this way the length of the filter is increased by
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three-times the original length, and subsequemetijicing the low-pass coff frequency also by
three-times. In a similar way, a reconfigurabled@ass filter was also realized in [Park, et al
(2005)], where three band-pass units are casctprther using MEMSwitches to realize a

single larger band-pass filter having a filktesponse at low frequency region.

(a) (b)
Figure 1.2-7: Measurement results of tundd@ad-pass pass filter [Sekar, et al. (2011)].

1.2.2 Tunable filters using MEMS switch capacitors

Figure 1.2-8: Lumped element filter using MEMSitch capacitors fotuning (a) fabricated
prototype (b) equivalent cirdKim, J-M., et al. (2006)].

In this section, an overview of tunable filtdsased on MEMS switch capacitors is presented.
Similar to the direct contact cot@mparts, the switch capacitors calso be cantilever or bridge
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type as illustratedin Fig. 1.2-4. However, in the MEMSwitch capacitors, an electrical
connection is estabhgd not through an ohmic contaotit through a capacitive membrane.
Therefore, the switch operates between two ffecapacitance values: one for the ON state and
the other for the OFF state. A central freqyeaod bandwidth controlefilter using MEMS
cantilever type cap#ove switch was presentad [Fourm, E., et al. (2003)]. The switches are
loaded at the end of the coplanar resonatmchieve two center fragncy states. The MEMS
switch capacitors are also used in realizing ltmped element type tunable filters. A lumped
element type tunable filter using MEMS capize switch was designed ifKim, J-M., et al.
(2006)] for WLAN applications. Té filter is designed tselect alternate frequency bands which
are at 2.4 and 5.1 GHz. In Fig. 1.2-8, the fabricgedotype of the lumped element filter and

equivalent circuit is illustrated.

1.2.3 Tunable filters using MEMS varactors

Figure 1.2-9: Fabricatednable band-pass filter Rang, Deng, and Sen (2013)].]

MEMS varactors present an advanced fornM&MS capacitive switchesSimilar to the MEMS
capacitive switches, they are also composedapfacitive membrane between the two metal
contacts. Unlike the capacitive switches tbperate only between ON or OFF states, MEMS
varactor capacitance membrane can be tunetincmusly with an applied analog voltage. From
the operation point of view, theye very similar to semiconductor biased varactor diodes and are
useful in realizing theontinuously tunable RF/microwave éits. They are more attractive than
semiconductor varactor diodes in terms of Qdagbower consumptionna linearity. However,
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they have lower tuning speed and are more sensitive to environmental conditions for example
temperature, moisture and vibrations. A lumpéeinent type tunable K-band filter using MEMS
bridge varactor was presented in [Kim, Lee,kP@and Kim, (2005)]. Theilter consists of J-
inverters and shunt-type resonasections. The variable capacit@se loaded in the shunt type

resonators to vary the center frequency of the filter.

In [Abbaspour, Dussopt, and Rebeiz, (2003)] striiuted type band-pass filter was designed
using bridge type MEMS varactors. The @pr transmission line is loaded with MEMS
varactors to reconfigure the center frequencyheffilter. A coplanar waveguide tunable band-
stop filter using RF MEMS variable capacitwas presented in [Zhang, Deng, and Sen (2013)].
The filter is designed to operate from 8.5 to 12Kz with 35% of tunability. This filter is
another example of MEMS varactors loaded distaluype of filter. InFig. 1.2-9, the fabricated
prototype of the fiker is presented.

1.3 Ferroelectrics

Figure 1.3-10: Photographs of (a) fabricatepo® filter and (b) aa around CPW line loaded
with BST [Papapolymerou, et al. (2006)].

Ferroelectrics are one of the most promising matern realizing electronically tunable RF and
microwave components and circuits for wirelésmt-end applications. A number of tunable
devices including phase shifterescillators, and filters havéeen demonstrated by using

ferroelectric materials as key tuning elementse @ielectric constant derroelectric materials
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varies with the applied DC voltage, ranging frarfew hundreds to a few thousands. Therefore, a
device incorporating ferroelectric mesial or loaded with ferroelectric material locally generally
in the form of thin-films becomes tunable witbspect to the effective permittivity change.
Compared to MEMS, ferroelectric materialfeo a very fast tuning time like semiconductor
techniques, but they have low@rfactor. In addition, the qualitgnd properties of ferroelectric
thin-films can be strongly dependent ormogessing techniques. The most commonly used
ferroelectric material in microwave regime Barium-Strontium-Titanate oxide (BST). In this

section, a brief review of tunable micrave filters based on BST is presented.

Figure 1.3-11: Fabricated prototype of tunableer with constant factional bandwidth and

return loss [Courreges, et al. (2009)].

(a) (b)
Figure 1.3-12: Measured frequency responsesatidig (a) constant frional bandwidths and

(b) return loss [Courregeet al. (2009)].

Before beginning with the depi of tunable RF and microwavdevices using ferroelectric
material, it is very important to first characterize in terms of tunability and losses. In [Ouaddari,

et al. (2005)], a computer-aided-design modeleigeloped, to characterize the BST thin films in
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the frequency range from 1 to 16 GHz. Coplamaveguides (CPWSs) annter-digital capacitors
(IDCs) are fabricated on BST thin films, to determine the complex dielectric constants, voltage
tunability andQ-factor. Once the material is correctlyachcterized, very accurate designs of the
tunable devices can be realizata given frequency. In [Pgpalymerou, et al. (2006)] a slow
wave miniature, tunable 2-polffilter operating from 11.5 GHio 14 GHz was presented. The
filter consists of a section of a coplanar transmission line that is loaded with several ferroelectric
BST highQ capacitors. The totahsertion loss of the device nes from 5.4 to 3.3 dB in the
tuning range of the filter. A DC variation betwe@B0 V is applied to achieve the tunability of

the filter. In Fig. 1.3-10, the photographs of fabmchprototype of the tunable slow wave filter
loaded with BST as a tuning element is présénin order to achieve high tunability using
ferroelectric material, in [Delat, et al. (2007)] a study was pamrhed to establish a correlation
between the lattice parameter of BST films wité thelectric tunabilitylt was concluded that, a
broad tunability can be achieved on low costrowave devices based on BST films provided
the internal elastic stress of the film is lo&.microstrip based tunable filter with improved
selectivity was presented in [Lourandakis, et(2D09)]. The frequency tuning of the filter is
achieved by loading BST based & diodes on the microstripsonators. From the frequency
response it was demonstrated that the desighedifad a better frequency response compared to
the conventional combline filter in terms of frequg selectivity. In [Cotreges, et al. (2009)] a
two-pole X-band tunable filter with constant fractional bandwidth and return loss was presented.
To achieve the frequency tunability, ferroelecBST material is used. A total tuning range of
7.4% is achieved with a minimum applied voltag&0V. In Fig. 1.3-11, t& fabricated prototype

of the filter is presented, wh in Fig. 1.3-12, the measuremeneisult indicating the constant
bandwidth and return loss is presented. Inndjaet al. (2012)], an asymmetric inductively-
coupled tunable band-pass filtesing ferroelectric BST as turg element was presented. Similar

to the work in [Courreges, et al. (2009)], the filter is able to tune the center frequency but at the

same time maintain a constant fractional bandwidth and return loss.

1.4 Ferromagnetic

Ferrites or ferromagnetics are materials withedectric anisotropy. They are very useful in
realizing non-reciprocal devicéscluding circulators, isolatorsnd gyrators. Such non-reciprocal

devices are generally fixed frequency types, Wrace designed for particular applications. The
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frequency of operation for a ferrite materiaiglely depends upon the external DC magnetic bias
that is applied on it. Therefer the non-reciprocal devices ogting at a constant frequency
constitute a fixed permanent magtiet delivers a constant valoé magnetic bias to the ferrite
material. When the applied magnetic bias value is changed, however the effective permeability
value presented by the ferrite material alsanges. Note that permeability and permittivity
present the same contributions to the changenémission phase or propagation constant. Since
the frequency of an electromagnetic wavedisectly proportional tothe square root of
permeability, any changes in permeability alsongjes the frequency. Therefore, ferrite materials
are not only useful in realizing fixed frequency fregiprocal type devices but they present also
similar features as ferroelectrics in reglg tunable RF, microwave and millimeter wave
components and circuits. The evolution of toleafilters based on ferromagnetic materials and

their present status are discussed in the following.

From mid-1950’s, ferrites materg@ahave drawn considerable intergsthe realization of tunable
devices including tunable cavities, filters anéguency modulation of the generated signal
[Jones (1956)] and [Fay (1956)]. It can be obsd that in both works presented in [Jones
(1956)] and [Fay (1956)] rectangulamaveguide technology is usedrealize the desired tunable
devices. The higher power handjicapabilities, lower loss,nd more convenient of biasing
ferrites could have been one feiv reasons why rectangular veguide technology would have
been used. Moreover, withingtrectangular waveguide, the pasis of electric and magnetic
fields for a given mode of operation ({Eor example) are clearly defined. Since ferrite materials
strongly interact with magnetic fields, they cangi&ced in the positionsf the highest magnetic
field strength without perturbg electric fields. In this ection, tunable filters based on
rectangular waveguide technology and their subsggemolutions into planar forms are briefly

discussed.

In [Fay (1956)], a magnetically tunable cavitgsonator based on rectangular waveguide
technology was presented. The toitity is achieved by placing slab of YIG along one of the
sidewall of the rectangulavaveguide, where the magdiwefield component of Tk, mode is
dominant. By the application of an external D@gnetic bias, the resonant frequency of the
cavity is tuned towards higher frequency vallée magnetically turkde cavity resonator
presented in [Fay (1956)] uses a block YIG dlatachieve the magnetic tunability. Since the

ferrite blocks are usually polycrystalline material therefore they suffer from losses when used in
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microwave and millimeter wave regions. In order to improve the total tuning range and to reduce
the losses, a magnetically-tunabliefi consisting of single-cryal YIG was proposed in [Carter
(1961)]. It is demonstrated thsihgle-crystal YIG are very useful realizing low loss and highly
tunable microwave filters. In [@ter (1961)] a filter with adjuable 3dB bandwidth and center
frequency tunability was demonstrated. Howetee, filter has a low tuning speed, and possesses

fabrication difficulties in precisely placinghd biasing the single-crystal YIG sphere.

Figure 1.4-13: Structure of planamable filter using ferromagnetdaisks (a) filter structure (b)
frequency response [Murakami, et al. (1987)].

After the earlier works of filter design usingctangular waveguide tboology, the interest has
slowly shifted in incorporating the ferrite matds in planar form; thereby realizing magnetically
tunable planar filter ccuits. In [Murakami, et al. (1987)] mable band-pass filter using YIG film
that is grown by Liquid Phase Epitaxy (LPE)sMaresented. A total tuning range from 0.5 GHz
to 4 GHz has been achieved with low insertmss. In Fig. 1.4-13, the proposed schematic of the
filter and the frequency response is presgni® tunable resonator based on ferromagnetic
resonance was presented in [Tatarenko, et @06}. The designed cavity resonator is tunable
due to the magnetoelectric interactions betweenalyers of ferrite and ferroelectric those make
up the resonator. In [Oates, Di@nand Slattery (2009)] a tunla resonator faricated on a
polycrystalline ferrite substrate waresented. It is demonstrat@dthis work that, the applied

stress can influence the magnetization of thetéemiaterial. Frequency tunability is achieved by
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an application of stress on the ferrite gwte. Maximum tunability of 300 MHz is

experimentally achieved.

In [Tai, and Qiu (2009)] a tunable band-pamsd bandstop filters based on ferromagnetic
resonance (FMR) absorption is presented. Thematic of the tunableandstop filter topology

is presented in Fig. 1.4-14.

Figure 1.4-14: Schematic of tunable microwdand-stop filter baseon FMR [Tai, and Qiu
(2009)].

As illustrated in Fig. 1.4-14, the bandstop filtmwnsists of YIG/GGG layer placed upon the
microstrip line based upon the GaAs substrate. A bandstop characteristic of the filter occurs,
when the incoming microwave signal are absofethe YIG/GGG substrate layer. This occurs
when the FMR frequency of the YIG/GGG stibte coincides with the frequency of the
incoming signal. In [Popov, et al. (2012)] magnefic tunable dielectric band-pass filter based

on nickel ferrite was presented. The filter isdble from 18-36 GHz and has an insertion loss
between 2-5 dBm.

1.5 Discussion

Based on the brief overviews of different tuningmeénts and techniques that are widely used in

the realization of tunable microwave cavities and filters, it can be concluded that each scheme has
its own advantages and limitatiomsperformance. In the followintable, the key parameters of

each tuning scheme are compared and summarized in terms of losses, tunability, power

consumption and response time, when they ard usthe realizatioof tunable filters.
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Tunable Q-factor Tunability Power Response time
elements consumption
Semiconductor Moderate High Poor Fast
MEMS Very high Low Excellent Slow
Ferroelectric Moderate High Excellent Very fast
Ferromagnetic High Very high Moderate Moderate

Semiconductor diodes present lower cost, ligeight, easy biasing, low voltage, and small
footprint. However, they wodl inherently produce non-lineaffects and suffer from inter-
modulation noises and transmission losses. MBBIniques, on the other hand, are highly
linear in comparison to semiconductor schemesvéder, the response or the switching time of
MEMs is much slower compared to semiconduaounterparts. They are also vulnerable to
environmental conditions, for example, tempemtwibration in which they operate. Thus, they
may require a stringent packaging conditionrréelectric materials are highly suitable for
integrated microwave devices because they can de mahin-film or thick film forms, and they
also offer a relatively high tubdity. Nevertheless, the dielewt loss tangent of ferroelectric
materials is generally very gh and the inherent paittivity of ferroelectric materials may
present highly dispersive behar, which may not be good fa wide-ranged frequency tuning.
Thus, they offer a very loW-factor with limited bandwidth@plications. Tunable devices based
on ferromagnetic materials can handle more power compared to semiconductors and MEMS
technologies, and they are highly tunable and higheFlowever, biasing the ferrite materials
requires the use of solenoidownded with current ceying coils or larg@ permanent magnets.

Therefore, the tunable circuit usingriee materials can sometimes be bulky.

It has been found that the one-dimensional elecirimagnetic tuning may not be effective in
terms of tuning range and design complexity. In this work, to increase the scopes of tunability
and at the same time improve the performanddefievice in the whole tuning range, a concept

of two-dimensional tuning is proposed. Themrsed two-dimensional tuning technique may
present an attractive and emerging alternativesfmultaneous electric and magnetic tuning,

which may fundamentally change the desigrdkcape of tuning structures and circuits.
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CHAPTER 2 MAGNETICALLY TUNABLE FERRITE LOADED
SUBSTRATE INTEGRATED WAVEGUIDE

In the previous chapter, a general overviewRénhand microwave tunabltechnologies has been
presented. State-of-the-art tiha technologies including: semainductors, MEMS, ferroelectric

and ferromagnetic materials and their use in thezagan of tunable filters have been discussed
and presented. As it was discussed, RF andomayre tunable components and devices can be
realised by incorporating tumg elements into circuit topolagg that are based either on
microstrip, coplanar or metallic hollow waveguide technologies. The exact use of a circuit
technology also depends upon user requiremerttsapplications. For example, for high power
and some specific millimeter-wave applications, rectangular hollow waveguides are more
preferable than planar transmission lines heeaof loss and powdrandling issues. On the
contrary, for miniaturized and highly integrateucuits applications, planar transmission lines
like, microstrip lines, coplanar waveguidesdastriplines are prefred. Although, planar
transmission line and circuits being very usefurealizing miniaturizeddevices, they are not
very suitable for high power applications. Gme other hand, the bulkiness of rectangular
waveguide technologies does nallow any possible integraih amenable into favorable
miniature forms. Therefore, there is the pnegsneed of a technology which can combine the
qualities of both rectangular waveguides arahpl transmission lines technology into one. SIW
technology, which is part of theubstrate integrated circuitsI(S) family, is an emerging
technology, which combines the features ofhboéctangular waveguidand planar circuit
technologies. SIW inherits almoall the properties of rectangulwaveguide including: higher
power carrying capabilities, lower in loss, lower in cost and at the same time it is also easily
compatible with other planar circuitries. Om®st important purpose amttmonstration of this
thesis is to realize tunable microwavemmmnents and devices for high power radar or
communication application at 12 GHz. SIWgia very promising technology for low-loss and
high power applications, it is chosen to beedusn the realizatiorof microwave front-end’s
components and devices. In order to make the @&Wces tunable, ferritmaterials are chosen

to be placed inside them. Ferrites are also kntaw their lower-loss and higher power carrying

capabilities. Therefore, a newpie of microwave tunable device is proposed in this thesis, which
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makes use of SIW technology and ferrite materialshichapter, a brightroduction of ferrite

materials and SIW technology is presented.

2.1 Ferrites for microwave devices

Ferrite materials possess a property of magnatisotropy (tensor permeability), and their
behaviour can be influenced withe application of an external D@agnetic bias. In contrary to
passive devices (or igopic devices), the electromagnetigrgls propagating tbugh the ferrite
material behave differently wharavelling in different directins. This non-isotropic behaviour
of ferrite has led to the realization of aga number of non-reciprocal devices including:
isolators, circulators, and gtors [Fay, et al. (1965)], [D'@zio, and Wu (2006)], [Pozar
(2005)]. Their use is not only limideto the realization afion-isotropic materiabut they are also
very useful in the realization of magneticallynable devices in RF, microwave and millimeter
wave regime. The value of an effective permeability of the plane wave propagating in the ferrite
material is largely dependent on the valok applied magnetic bias. Since the operating
frequency is proportional to ¢hsquare root of the permeabilisalue, any change in the
permeability also changes the frequency of operaki@mce, ferrite materials are very useful in

the realization of non-isotropicd magnetically tunable devices.

2.1.1 Basic properties of ferrite materials

Figure 2.1-1: lllustration of spinning electrontivangular momentum vector [Pozar (2005)].

Inside a ferrite material, there are magnetic dippoments. The dipoleoments are due to the

electron spin. The spinning electron possessespin angular momentum. In Fig. 2.1-1, an
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illustration of spinning electron is shown, with magnetic dipole mom@ntand angular

momentums vectors.

The spin angular momentum of the electron isteelavith the Planck’sanstant which is given
as [Fuller (1987)] and [Pozar (2005)],

E.
The ratio of spin magnetic moment and spimgular momentum of the electron is known as

S (2.1)

gyromagnetic ratio,whose value is given by,

J g 1.759 16'C kg. 2.2)

When the ferrite material is applied with external magnetic blga torque is exerted on the

magnetic dipole that is given by,

T  PSJH, (2.3)
Since the time rate of changéangular momentum produces toeque, the following relation is
obtained

‘3—? P H,. (2.4)

The relation given by (2.4) describeg tmotion of a magnetic dipole momemtnside the ferrite
material when applied with the external magnetic bigs The relation given in (2.4) is for a

magnetic dipole moment due to single spinniigctron. Assuming theris N number of

spinning electrons per unit volume, ther tbtal magnetization value is given by,

dm —
o PMW H,, (2.5)

whereM Nm.

In the absence of external magnetic bias, the dipole moments are oriented more or less in

random directions, producing atmaagnetization value of zero. Wh the ferrite material is
applied with an external magnetic field, the matgndipole moments begin to align themselves

in the direction of the applied fiél At a certain value of the alpg field, all the dipole moments
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are aligned in one direction and the ferrite mataesiaaid to have rehed a state of saturation

magnetization.

Figure 2.1-2: Magneticnoment of a ferrite materialersus applied magnetic fielty [Pozar
(2005)].

In Fig. 2.1-2, a relation Ibeeen the magnetic dipole momevit and the applied bias field is
illustrated. It can be noted that the magneticmant increases linearly with the applied fiélgl

until it reaches a state s&turation magnetizatidvi.

The relationship given by (2.5) describes the orotf dipole moments in ferrite material when

applied with static DC magnetic bias, where tliygole moments are in a natural state of free

precession aroundH, axis. As illustrated in Fig. 2.1-1, it has to be noted that the natural

precession of the dipole moments aroufidaxis, exists as long as tfegrite material is lossless.

In the presence of loss or the damping force,rthtural precession of the dipole moments cease

to exists and its motion will spiral down to align with the abdis.

Until now it has been assumed that, the ferrite nates applied only with the static magnetic

bias field. When a magnetically saturated ferigteapplied with small signal AC (microwave)
magnetic field, the dipole moments will undergo a forced precession arourtdi, theis. The
frequency of precession of the dipole mometgpends upon the frequency of the applied AC
field. Hence the total magnetiefd and magnetization value become,

A A, A (2.6)

t

And
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M, Mg M. (2.7)
In (2.6) and (2.7)H, and M, represent the total magnetic field and magnetization valuesidand

and M represent the magnetic field and magnetization value due to the small signal AC

magnetic field. In [Fuller1987)] and [Pozar (2005)], lmear relationship betweehl and M

has been derived which is given by,

a XX ny 00 F
M >H @&, , OHF F (2.8)
«0 0 Oy,

where >F is the tensor susceptibilityhose elements are given by,

« Fy g_%% (2.9)
. Fo %F (2.10)
In the above derivation of components of susceftibit has been assumed that the direction of
the applied static magnetic bias is al@djrection as illustrated in Fi@.1-1. In (2.9) and (2.10),
4 PHY Z  PMLand Zis the angular velocity of applied AC signal.

From the tensor susceptibility, the relation for tengermeability can be derived, which is given
by,

a P 0° N
>P@U P > @ F>0Q N P (2.11)
<0 0 Ry

The above relation is fardirection biased ferrite.

The elements of the permeability tensor are given by,

8 .
R 1 —f/ﬁz , _P (2.12)
0 L ‘© <Z °1

. | z
WO Xy J 0@ 0_5%

For x- andy- direction biased ferrite, the permeability tensor will be of different form. For

H, XH,,

Polpxx OFyy

P F (2A3)
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P 0 02 0
-~ K« »
P @ P N 5 (2.14)
0 N K v,
Similarly for H, yH,,
PO jN 0
« »
> @P, 0. P 5 (2.15)
j 0 N« P ¥,

In (2.12) and (2.13), when Larmor frequencyasi& to the frequency of the applied small signal
(AC), then the elements of the permeability tensor becomes infinite. Physically, this happens
when the forced precession frequency oé ttipole moments becomes equal to the free
precession frequency. However, every ferrite miate suffer from magnetic losses, which will
avoid this singularity. The effect of the magnétiss can be taken inttonsideration by making

the resonant frequency complex

Z Y £ . D Z (2.16)
In (2.16), L is the damping or the loss factor. Thus, after substituting the valug of (2.9)
and (2.10), the susceptibility values become dempnd their real and imaginary parts can be

written as [Pozar (2005)],

22z 7z, 2% ZD

re : 2.17
2z 2" 4 Az 2z (17)
2 2 2 o
go D2F 2 2 R eadh
iz 204tz z '
z z1 °
£S - ¢ 2 5 (216
2z1 20 4tz 2z
27 722 D
59 2 2 2 2 A’ (2.20)
2z*1 2" 4tz Zz D

Using the relationship between tensor permeability and tensor susceptibility as given (2.12) and

(2.13), a similar set of equatioman be derived for tensor pezability. In the above relations,
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the damping factor as represented byis also related to the line widttH of the susceptibility

curve near the resonance.

In this work, two different ferrite matedis, namely YIG and Nickel ferrite (NiE®@,), are
considered in the realization of SIW based nedigally tunable devices. YIG is a ferrimagnetic
material whereas Nickel ferrite is composefd Nickel and Oxides. Ferrimagnetic materials
possess higher resistivity and anisotropy compaoeférromagnetic materials [Pozar (2005)].
Both YIG and Nickel (Ni) felite are manufactured at Natioridhgnetics Groups TCI ceramics,
PA, USA. The two materials possess complettifferent properties inerms of losses and
magnetization values. YIG is low-loss materiaithwiow value of saturation magnetization and
Ni ferrite suffers from higher magnetic losses @adsaturation magnetizata value is also high.
Because of the diverse nature of the two maltgrithey are considered to be used in the
development of novel microwave tunable devibased on SIW technology. In Table 2.1, some
of the properties of the ttvmaterials are compared:

Table 2.1: Comparison bed®n YIG and Ni ferrite:

Ferrite material Saturation Line width ( 0H) Dielectric
Magnetization constant (Q)
(4 ®s)
YIG 1780 G "17 Oe 15
NiFe204 5000 G "198 Oe 13.1

Based on the information provided in Table 2rdd using the relations given by (2.12) and
(2.13), the components of the perability tensor for YIG and Ni feite are plotted in Fig. 2.1-3
and Fig. 2.1-4. By consideringdteffect of magnetitoss as given in (2)6the components of
permeability tensor becomes complex, yieldingsgtiative and dispersive components of tensor

permeability.

In Fig. 2.1-3 and Fig. 2.1-4, calculated dmsgive and dispersive ngponents of YIG and Ni
ferrite are plotted against the internal magnetic fidjd The permeability components of an
infinite ferrite medium are plottebased on the provided valuesuvid and (H values of YIG and
Ni ferrite. The permeability components are chlted at an intendedesign frequency of
12 GHz
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Figure 2.1-3: Calculated dissipative componewitsYlG and Nickel ferrite’s complex tensor

permeability. .

Figure 2.1-4: Calculated dispersive componesftsylG and Nickel ferrite’s complex tensor

permeability. .

In Fig. 2.1-3 and Fig. 2.1-4, the ferromagne&sonance region occunear 0.45 T of applied
magnetic bia;. Since the line width valuedd) of Ni ferrite is much higher than YIG, in
Fig. 2.1-3, the magnetic loss due to Ni ferritgibe to increase significély even from 0.2 T of
applied magnetic biakli. Near the ferromagnetic resonance region, the Ni ferrite suffers from
much higher losses compared to YIG. Duehigher magnetic loss near the ferromagnetic

resonance region, the tunable devices presentbe imext sections will be designed in the region
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below the ferromagnetic resonance. Similary in Eid@-4, it can be noteddhthe rate of change
of dispersive permeability compongntof Ni ferrite below the ferromagnetic resonance region
is much higher compared to YIG. This suggest®n a low value of magnetic bias is sufficient
to produce a significant change the dispersive permeability mponent value of Ni ferrite.
Hence, it can be concluded thdtie to the low loss property, YIS more suitable in the design
of low loss devices where the tunablitly is mmiportant. Whereas, Ni ferrite is suitable in the
design of highly tunable devices where some m@grhesses are tolerable. Therefore, in this
work, YIG is used in the realization of low-logmable resonators and filters, while due to high
tunability, Ni ferrite is usedn the realization of non-recipcal devices like gyrator and

circulator, where all the desigase based on SIW technology.

2.2 Substrate integrated waveguide (SIW)

Figure 2.2-5: Schematic of an SIW guide realinedplanar dielectric sutrate [Wu, Deslandes,
and Cassivi (2003)].

SIW is a new type of transmission line, whicombines the features of both rectangular
waveguide and planar transmission lines. Simoarectangular waveguide, the SIW is a single
conductor device. Therefore, SIW cannot supp@i mode of transmission. As illustrated in

Fig. 2.2-5, it consists of a substrate materiated with metal plates on its both sides. Two rows
of parallel metallic via posts or slots are madanecting the top and bottom conductors to guide
the electromagnetic signal. Since, via posts agequal in a discrete fashion and do not form the
continuous wall, they pose the discontinuity éosurface current on the SIW walls. Therefore,
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SIW are not capable of supporting TM mod@sing a single conductor device they support only
TE type of modes in this case. SIW inheritmast all the propertiesf a rectangular hollow
waveguide. It is lower in loss, and can hanaleo a higher power compared to other planar
transmission lines. However, the power handling capability of SIW is lower and the losses of
SIW are higher compared to rangular hollow waveguide, due the presence addlielectric
material. Thus, the performance of SIW is layg#dpendent also upon thdesgion of dielectric

material and geometrical topology.

As illustrated in Fig. 2.2-5, the diameterof holes, the spacingbetween holes, and the spacing
W between the two rows are the physical patarsethat are necessary for the design of the
guide. There are basically twogign rules that must be followed in realizing the SIW guide

given by,

D< Q/5 (2.21)
b d2D (2.22)

In (2.21), ¢ is the guided wavelength. The above twiesiare necessary to follow for realizing

an optimal SIW guide with negligible radiatiors& Once the design rules are met, the SIW can

be modeled with reference to a contemal rectangular waveguide design.

In Fig. 2.2-6 and Fig. 2.2-7, electric and gnatic field vectors of SIW transmission lines are
presented. The field componsrare plotted for dominant T& mode of SIW. As it can be seen
the field vectors are orthogonal to the directiopmpagation of wave. Erelectric field strength

is highest along the central region while the magrietid strength is highéslong the sidewalls.

In this work, a new type of tunable device basederrite loaded substeintegrated waveguide
(FLSIW) is presentedUnlike the conventional bulky designis,is a purpose othis work to
realize planar ferrite based raponents and devices. SIW tecltowy inherits almost all the
properties of rectangular waveguide, and still plenar in nature making suitable candidate for
the realization of planar fete based tunable dexas. Moreover, it hastagher power handling
capability compared to other planar counteipatherefore a highly tunable microwave
components and devices for high power applicatars be realized using the combination of

SIW and ferrite materials.
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Figure 2.2-6: Simulated SIW tramission line which illustrates ¢helectric field component of

dominant Tkg mode.

Figure 2.2-7: Simulated SIW tramission line which illustrates¢hmagnetic field component of

dominant Tkg mode.
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CHAPTER 3 MAGNETICALLY TUNABLE SIW BASED DEVICES

In this chapter, magnetically tunable dms8 based on SIW technology are presented. The
magnetic tuning is achieved by loading the fermhaterials onto the sidewalls of SIW lines
where the magnetic field strength of the dominaniyhtode is highest. The ferrite materials that
are used in this work are polycrgbine ferrites, which are cut into pieces to fit into the slots that

are created inside the SIW.

3.1 Ferrite loaded SIW

In literature, it can be found that, most of teerite based devices are based on rectangular
waveguide technology, which is bulky in natuHowever, due to their large geometry, they
cannot be easily integrated withhet planar circuites. It is thus, a purpos# this work to bring

the ferrite based devices into planar forms asd élsuggests a suitable biasing mechanism for
it. Since SIW technology inheritdmost all the properties of rectgular waveguide, and still is
planar in nature, it is a suitable candidate thze realization of plaar ferrite based tunable
devices. Moreover, it has a higher power hamglicapability compared to other planar
counterparts; therefore a hightunable microwave components and devices for high power

applications can be realizeding the combination &IW and ferrite materials.

3.2 Ferrite loaded SIW cavity resonator

SIW technology is used to design a magneticaihable ferrite-loaded cavity resonator. The high

Q characteristic and easy integration of ferglabs in SIW based transmission lines present a
motivation in the design and realization of tmagnetically tunable resonator. The evaluation of
ferrite-tuned resonant caviti@s a rectangular waveguide wassfimade by Fay [Fay (1956)]. In
[Fay (1956)], a single ferrite slab was loadd#dng the end wall of theavity. A DC magnetic

field, orthogonal to the direction of the propaga of the electromagnetic field was applied, to
tune the cavity's resonant frequency. In [Hegl€R2010)], an electronidig tunable SIW cavity at
X-band was demonstrated, where a varactor dicaie used to tune theavity electronically. In

this work, a magnetically tunable SIW cavity resonator is presented and experimentally
demonstrated. Planar ferrite slabs are loadeahatiioe sidewalls of the SIW, where the value of

magnetic field is the highest. External magnetashs applied to alter the effective permeability
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of ferrite slabs, which in turn changes theamant frequency of the cavity. To compare the
results obtained from [Fay (19563nd [He, et al. (2010)], 12 GHg deliberately chosen to be
the design frequency. Measurement and sitimrlaresults of frequency tuning ranges apd
factors of single and double ferrite loaded caviéiespresented. It is seen from the measurement
results that the frequency tuning range is more than 10%Baind which is significantly higher

compared to the varactor tuned cavityaeator reported by [He, et al. (2010)].

3.2.1 Theoretical and topological considerations

SIW cavity design

SIW technology is used to realise a magneticallyable ferrite loadedavity resonator. The
cavity resonator is designed to resonate at 12 GHz, witly;, T8 a fundamental mode of

operation.

(@) (b)

Figure 3.2-1: Top view of a sirfated rectangular cavity resonatbsplaying (a) Electric field of
dominant Tko; mode and (b) Magnetic field of dominant;pEmode.

In Fig. 3.2-1, the field plot of a cavity resaaaobtained from the eigemode simulation using
Ansoft HFSS 13.0 is presented. As illustratedrig. 3.2-1 (a) and Fig. 3.2-1 (b), the dominant
TEi101 mode of the cavity has a maximum valueetdctric field at its center and a maximum
value of magnetic field along its sidewalls. Sirfeerite materials intex strongly with the
externally applied magnetic field, it is advageous to place them along the sidewalls of the
cavity. Placing the ferrite slabs along the sidewatis only enhances threinteraction with the
magnetic field present in the cavitput also the dielectric loss (tah which is due to the
interaction between the material and the eledteld also reduces. Hence, keeping the ferrite
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slabs along the sidewalls of the cavity not only &gka the magnetic tunability but at the same

time reduces the dielectric losses.

In Fig. 3.2-2 the fabricated prototype of an St@vity resonator is presented. As illustrated, the
SIW cavity has a square geometry with equal lehg#md widthW. The thickness of the cavity
alongy-direction is represented byThe gap between the rectangular metallic dlgtholds the
substrate togethemd its appropriate sizes reduces the wave leakages subjected to SIW. The
signal is coupled into the cavity by means dhart circuited sectionof a Conductor Backed
Coplanar Waveguide (CBCPW). In 3.2-2, thielth of the CBCPW lie is represented Iy and

the gap between the line and tireund plane is represented @y.

Figure 3.2-2: Fabricated M cavity resonator at 12 GHz.

Since the propagation of a JHike mode in SIW is similar to the TEmode of a rectangular

cavity, the resonant frequency of the cautysIW is given by [Cassivi, Wu (2003)],

2
% m3

2
q- 8 -
fr(TEqu) 2 ~ Pr W@ Lo1 . (31)

© -1

In (3.1),f; is the resonant frequency of the bEmode,W andL are the width and the length of
the cavity, respectively. Since metallic via slots ased in synttsizing the rectangular cavity, it
has enabled the use of actual dimensionsthef cavity in (3.1) instead of the effective

dimensional values.
Ferrite loaded SIW cavity

It has been mentioned in the previous sectia, ttlue to the presence of the highest magnetic
fields, ferrite slabs are loaded along the sidesvallthe SIW cavity. In Fig. 3.2-3, the top views
of the fabricated SIW cavity loadedth two planar ferrite slabs ailkustrated. It can be seen that

the ferrite slabs are coveredthvhighly conducting tapes on bagides in order to achieve upper
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and lower metal covering. For a better contaithwhe SIW, the conductor tapes are soldered

along its periphery.

Conductor tape
'Y

ZI_.
y X
(@) (b)

Figure 3.2-3: Fabricated SIW cavity loaded wito rectangular ferrite abs along the sidewalls.

In Fig. 3.2-4, the cross-sectional views of theifie loaded cavity of Fig. 3.2-3 when viewed in
yzplane are presented. In Fig23l, the width of the substratedion and the widit of the ferrite
sections are represented lpyandl,, respectively. Static magnetic bigs is applied along thg-
direction as indicated, which arallel to the direction of thelectric field vector of the T

mode.

(@) (b)

Figure 3.2-4: Cross-sectional view of the SIWitaloaded with (a) a sgle ferrite slab and (b)

two ferrite slabs aing the side walls.

The width of the substrate sectiondathe width of the ferrite slabs alormdirection are
represented by andl,, respectively. In order to evaludtee property of the ferrite loaded SIW
cavity resonator, transmission line theory is usedietermine its characteristic equation. The
solution of the characteristic equation will provide a relationship between the resonant frequency

of the cavity and the applied DC magnetic bias. As illustrated in Fig. 3.2-4(a) and Fig. 3.2-4(b),
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single and double ferrite loaded cavity resonatalisseparately be considered to determine their

respective frequency tuning curves.

Single ferrite loaded SIW cavity:

In Fig. 3.2-4(a), the input impedandg seen from the reference plaaaHowards the ferrite

loaded section is,

Z, jZytan A, (3.2)

whereZ is the wave impedance of the ferrite sectigns the propagation constant of the ferrite

loaded section. The expression Zgris given by,

Z, Lﬁ (3.3)
Wi H O
In (3.3), cis the effective permeability of the ferrite materigl,is the guided wavelength of the
ferrite loaded section@ is the permittivity of the ferrite material and is the free space
wavelength. The effective permeabilityis a tensor permeability given by [Pozar (2005)],
p PN
P

where Rnd FRre the components of Polder tensoriciwidescribe 