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Abstract

The speedy growth of wireless telecommunication systems has led to an increasing
demand for hand-held devices with more and more stringent requisites for microwave
filters including better performance, miniaturization and reduced costs.

Until the end of the 90s, filters used in mobile telecommunication applications were
based on ceramic and SAW technologies. Ceramic filters could work with acceptable
losses of up to 2 GHz but they were large and bulky. SAW filters offer good miniatur-
ization due to their acoustic wave-based operation but they present good performance
only at the lower mobile telecommunication frequencies. Moreover, neither ceramic fil-
ters nor SAW filters can be integrated on-chip because they are not compatible with
CMOS technologies.

A new RF filter technology has emerged during the last decade: BAW technology.
BAW filters are perfectly suitable as miniaturized high performance filters for high
frequency and power applications. Compared to SAW filter technology, BAW filter so-
lutions can provide lower insertion loss, better selectivity, CMOS compatibility, higher
power handling and higher operation frequency.

A BAW CREF is one of the latest BAW filter topologies to offer a range of new and
interesting properties compared to its predecessors. Based on the concept of acousti-
cally coupled resonators, it can provide classical and advanced Chebyshev responses,
better bandwidths, more miniaturization and mode conversion.

The complexity of a CRF is considerable in terms of design and fabrication due to
the quantity of films that it comprises. The number of layers that make up a BAW
resonator is already high: a transducer layer composed of a piezoelectric material,
electrodes that can be formed of several layers of different metals to combine their
properties, temperature-compensation layers to compensate the negative temperature
coeflicient for stiffness of the piezoelectric materials and passivation layers. In the case
of SMR resonators, multiple layers acting as a Bragg reflector confine the acoustic wave
in the resonator. A CRF comprises at least two resonators with their associated layers
and also the set of coupling layers that control their mechanical interaction.

The design of BAW filters is based on sizing the layers of the physical device. It
becomes complicated with this amount of layers, and optimization procedures may not
be efficient due to the number of variables involved in the process. A methodology to
analyze and synthesize BAW CRFs is presented in this work. The techniques can deal
with multilayered structures in a straightforward way.

This dissertation focuses on the CRF device and is divided into two main blocks.
The first block presents a set of fully electric circuital models that simplify, represent
and gather the behavior of CRF's, devices that work both in the electrical and the
mechanical domains. The block starts with a chapter in which the analogy between
mechanical and electrical variables and the one-dimensional approximation of propa-



gation in thin-film plates enable the network representation of a BAW resonator. A set
of tools to analyze the resonator by means of network theory is established and is the
basis for analyzing structures composed of several resonators and multiple thin-film
layers. In the following chapter, a model for the most basic CRF is developed using
network transformations and approximations regarding the frequencies of operation of
the BAW devices. The model presents a simplified circuit topology that will enable
the device to be linked with filter synthesis techniques. Then, the model is extended to
more complex situations with a higher number of coupled resonators and asymmetric
structures. Lastly, the set of coupling layers, a key mechanism in CRFs, is discussed
and a set of closed-form expressions for their design is presented.

In the second block a profound analysis of BAW CRFs is presented using the pro-
posed models as an enabling tool to guide the analytical procedure. The analysis of
those filters facilitates a better understanding of their performance and a way to estab-
lish the limits on the responses that they can provide. Systematic filter design method-
ologies are presented in order to obtain the structure geometries and topologies of
BAW filters to fulfill prescribed responses in such a way that fully time-consuming and
sometimes not very controlled optimization-oriented procedures are avoided. There-
fore, the design of the filter from a clear understanding of its performances facilitates
the exploitation of its inherent characteristics. Then, advanced responses with trans-
mission zeros or stopband filters coming from new devices are synthesized by means of
the proposed methodologies.



Resum

El rapid creixement de sistemes de telecomunicacions sense fils ha portat a un aug-
ment en la demanda de dispositius mobils que incorporin filtres de microones amb
requisits cada vegada més exigents incloent millors prestacions, miniaturitzacié i re-
duccié de costos.

Fins a finals dels anys 90, els filtres utilitzats en aplicacions de telecomunicacions
mobils estaven basats en tecnologia ceramica o SAW. Els filtres ceramics podien operar
amb perdues acceptables fins a 2 GHz pero eren grans i voluminosos. Els filtres SAW
ofereixen un alt grau de miniaturitzacié gracies a la seva operacié basada en ona
acustica pero només presenten un bon comportament a les freqiiencies baixes de les
aplicacions de telecomunicacions mobils. A més a més, cap de les dos tecnologies pot
ser integrada on-chip degut a la seva incompatibilitat amb tecnologia CMOS.

Una nova tecnologia de filtres de RF ha emergit durant la darrera decada, la tec-
nologia BAW. Els filtres BAW s6n perfectament adequats per al seu us com a filtres
miniaturitzats de elevades prestacions per a alta freqiiencia i per a aplicacions de
poteéncia. En comparacié amb la tecnologia SAW | les solucions basades en filtres BAW
ofereixen menors perdues d’insercié, una millor selectivitat, compatibilitat CMOS, ma-
jor maneig de poteéncia i poden operar a freqiiencies majors.

Un CRF és una de les topologies de filtre BAW més recents i ofereix una serie de
noves 1 interessants caracteristiques respecte els seus predecessors. Basat en el con-
cepte de ressonadors acoblats acusticament, pot oferir respostes de tipus Chebyshev
classiques i avancades, millores en ’ample de banda, alts graus de miniaturitzacié i
conversié de modes.

La complexitat d’'un CRF és considerable en quant a disseny i fabricacié degut a
la quantitat de lamines que el composen. Tan sols el niimero de capes que composen
un ressonador BAW ja és elevat: una capa de transduccié composta per un material
piezoelectric, electrodes que poden estar formats per diferents metalls per combinar les
seves propietats, capes de compensacié de temperatura i capes de passivacio. En el cas
de ressonadors de tipus SMR muiltiples capes implementen un reflector de Bragg que
confina ’ona actstica en el ressonador. Un CRF esta composat de com a minim dos
ressonadors amb les seves corresponents capes i a més, el conjunt de capes d’acoblament
que controlen la seva interaccié mecanica.

El disseny dels filtres BAW consisteix en dimensionar les geometries de les capes
que composen el dispositiu fisic. Aixo resulta complicat amb aquesta quantitat de capes
que hi sén presents i per tant tecniques d’optimitzacié poden no ser eficients degut a
I’elevat nimero de variables que intervenen en el procés. En aquest treball es presenta
una metodologia per analitzar i sintetitzar dispositius CRF. Les técniques presentades
permetran tractar complexes estructures multicapa d’una manera senzilla i clara.

Aquesta tesi esta enfocada en el dispositiu CRF i esta dividida en dos blocs



principals. El primer bloc presenta un conjunt de models circuitals completament
eléctrics, que simplifiquen, representen i reuneixen el comportament dels CRF's, dis-
positius que operen en els dominis electric i mecanic. Aquest bloc comenca amb un
capitol on s’estableix 'analogia entre les variables electriques i mecaniques i s’explica
I’aproximacié unidimensional de propagacié en lamines primes que permet la repre-
sentacié circuital del ressonador BAW. S’estableixen un conjunt d’eines per analitzar
el ressonador mitjancant teoria de xarxes i aquestes serveixen de base per analitzar es-
tructures composades de varis resonadors i per multiples lamines. En el segiient capitol,
es proposa un model pel CRF basic desenvolupat mitjancant transformacions de xarxes
i aproximacions al voltant de les freqliencies d’operacié dels dispositius BAW. El model
presenta una topologia circuital simplificada que permetra enllagar el dispositiu amb
tecniques de sintesi de filtres. Llavors el model s’estén a situacions més complexes
amb un major nimero de ressonadors i a estructures asimetriques. Finalment, les
capes d’acoblament, mecanisme clau en el CRF, s’analitzen i s’ofereixen un conjunt
d’expressions pel seu disseny.

En el segon bloc s’analitza en profunditat el CRF mitjancant els models proposats
com a eines que permeten guiar el procés d’analisi. L’analisi d’aquests filtres permet un
millor enteniment del seu comportament i una forma d’establir els limits en les respostes
que poden oferir. Es presenten metodologies de disseny de filtres per tal de dimensionar
les geometries de les estructures i definir les topologies dels filtres BAW que permeten
satisfer respostes prescrites de tal manera que s’eviten els processos d’optimitzacid
que poden arribar a ser massa costosos en quant a temps de disseny i de vegades
no massa controlats. Per tant, el disseny del filtre a partir d’un clar enteniment del
seu comportament fa possible explotar les seves caracteristiques inherents. Llavors, es
sintetitzaran respostes avangades amb zeros de transmissié i filtres rebuig de banda a
partir de nous dispositius proposats a partir d’aquestes metodologies de disseny.



Resumen

El rapido crecimiento de sistemas de telecomunicaciones inaldmbricas ha llevado a
un aumento en la demanda de dispositivos méviles que incorporen filtros de microondas
con requisitos cada vez més exigentes incluyendo mejores prestaciones, miniaturizacién
y reduccién de costes.

Hasta finales de los afios 90, los filtros utilizados en aplicaciones de telecomunica-
ciones moviles estaban basados en tecnologia ceramica o SAW. Los filtros ceramicos
podian operar con pérdidas aceptables hasta 2 GHz pero eran grandes y voluminosos.
Los filtros SAW ofrecen un alto grado de miniaturizacién gracias a su operacién basada
en onda acustica pero sélo presentan un buen comportamiento en las frecuencias ba-
jas de las aplicaciones de telecomunicaciones moviles. Ademds, ninguna de las dos
tecnologias puede ser integrada on-chip debido a su incompatibilidad con tecnologia
CMOS.

Una nueva tecnologia de filtros de RF ha emergido durante la ultima década, la
tecnologia BAW. Los filtros BAW son perfectamente adecuados para su uso como filtros
miniaturizados de elevadas prestaciones para alta frecuencia y aplicaciones de potencia.
En comparacién con la tecnologia SAW, las soluciones basadas en filtros BAW ofrecen
menores pérdidas de insercién, una mejor selectividad, compatibilidad CMOS, mayor
manejo de potencia y pueden operar a frecuencias mayores.

Un CRF es una de las topologias de filtro BAW mas recientes y ofrece una serie de
nuevas e interesantes caracteristicas respecto a sus predecesores. Basado en el concepto
de resonadores acoplados acusticamente, puede ofrecer respuestas de tipo Chebyshev
clésicas y avanzadas, mejoras en el ancho de banda, altos grados de miniaturizacion y
conversién de modo.

La complejidad de un CRF es considerable en cuanto a diseno y fabricacién debido
a la cantidad de laminas que lo componen. Tan solo el nimero de capas que componen
un resonador BAW ya es elevado: una capa de transduccién compuesta por un material
piezoeléctrico, electrodos que pueden estar formados por diferentes metales para com-
binar sus propiedades, capas de compensacién de temperatura y capas de pasivacion.
En el caso de resonadores de tipo SMR miltiples capas implementan un reflector de
Bragg que confina la onda actstica en el resonador. Un CRF estd compuesto de al
menos dos resonadores con sus correspondientes capas y ademads, el conjunto de capas
de acoplamiento que controlan su interaccién mecanica.

El diseno de los filtros BAW consiste en dimensionar las geometrias de las capas
que componen el dispositivo fisico. Esto resulta complicado con tal cantidad de capas
presentes y por tanto técnicas de optimizacién pueden no ser eficientes debido al ele-
vado nuimero de variables que intervienen en el proceso. En este trabajo se presenta
una metodologia para analizar y sintetizar dispositivos CRF. Las técnicas presentadas
permitirdn tratar complejas estructuras multicapa de una manera sencilla y clara.



Esta tesis estd enfocada en el dispositivo CRF y estd dividida en dos bloques prin-
cipales. El primer bloque presenta un conjunto de modelos circuitales completamente
eléctricos, que simplifican, representan y retnen el comportamiento de los CRFs, dis-
positivos que operan en los dominios eléctrico y mecénico. Este bloque comienza con
un capitulo donde se establece la analogia entre las variables eléctricas y mecénicas,
explica la aproximacién unidimensional de propagacién en ldminas delgadas que per-
mite la representacién circuital del resonador BAW. Se establecen un conjunto de
herramientas para analizar el resonador mediante teoria de redes y estas sirven de base
para analizar estructuras compuestas de varios resonadores y por multiples laminas. En
el siguiente capitulo, se propone un modelo para el CRF bésico desarrollado mediante
transformaciones de redes y aproximaciones en torno a las frecuencias de operacién
de los dispositivos BAW. El modelo presenta una topologia circuital simplificada que
permitird enlazar el dispositivo con técnicas de sintesis de filtros. Luego, el modelo se
extiende a situaciones més complejas con un mayor niimero de resonadores y estruc-
turas asimétricas. Entonces, las capas de acoplamiento, mecanismo clave en el CRF,
se analizan y se ofrece un conjunto de expresiones para su diseno.

En el segundo bloque se analiza en profundidad el CRF mediante los modelos prop-
uestos como herramientas que permiten guiar el proceso de andlisis. El analisis de estos
filtros permite un mejor entendimiento de su comportamiento y una forma de establecer
los limites de las respuestas que pueden ofrecer. Se presentan metodologias de diseno de
filtros para dimensionar las geometrias de las estructuras y definir las topologias de los
filtros BAW que permiten satisfacer respuestas prescritas de tal manera que se eviten
los procesos de optimizacién que pueden llegar a ser demasiado costosos en cuanto a
tiempo de disenio y a veces no demasiado controlados. Por lo tanto, el disefio del filtro
a partir de un claro entendimiento de su comportamiento hace posible explotar sus
caracteristicas inherentes. Entonces, se sintetizaran respuestas avanzadas con ceros de
transmision y filtros rechazo de banda a partir de nuevos dispositivos propuestos a
partir de estas metodologias de disefio.
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Chapter 1

Introduction

1.1 Wireless Telecommunication RF Filters Scenario

The requirements of wireless devices are continuously changing due to the coexistence
and convergence of communication and computing technologies. Wireless wide area net-
works, WWANSs, using mobile telecommunication cellular network technologies, have
evolved producing new systems that add to the existing ones, creating a current sce-
nario with a variety of applications such as UMTS, GPRS, EDGE, CDMA2000, GSM,
HSDPA, HSUPA, LTE, etc. Wireless local area networks, WLANS, are also extended
in the wireless communications, especially the IEEE 802.11 set of standards carrying
out WLAN communication in the 2.4, 3.6 and 5 GHz frequency bands. Wireless per-
sonal area networks, WPANSs, for communication in short distances such as Bluetooth,
UWRB or ZigBee are also demanded. Wireless metropolitan area networks, WMANSs, es-
pecially the family of standards IEEE 802.16 commercialized under the name WiMAX
are becoming established in the wireless scenario. GNSSs such as the currently fully
operational GPS are also being integrated with wireless products and the future Euro-
pean Galileo positioning system or the upcoming restored Russian GLONASS system

will also be taken into account once operational.

As can be observed, the network environment is therefore extremely heterogeneous,
bringing with it huge challenges for devices that will have to be able to operate under
a wide range of frequency bands and protocols. As a consequence, it is highly valuable

to use the available frequency spectrum more efficiently.

The control of the spectrum of signals and the handling of interferences in wireless

1
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systems is carried out by means of microwave filters. A microwave filter is a two-port
network used to control the frequency response in a microwave system by providing
transmission at frequencies within the passband of the filter and attenuation in the
stopband of the filter. Guard bands are unused parts of the spectrum between bands
that prevent interference. In order to obtain more useable bandwidth the part of the
spectrum wasted by guard bands has to be minimized. The minimum width of a guard

band is determined by the selectivity of the filter.

The mentioned existing and emerging applications in the constantly growing field of
mobile communications are continuously requiring more and more stringent requisites
for microwave filters in hand-held devices including better performance, miniaturiza-

tion and reduced costs.

Ceramic and Surface Acoustic Wave (SAW) filters dominated the markets of wire-
less telecommunication RF filters until approximately the end of the 90s [1]. Ceramic
filters use striplines [2], coupled striplines [3] and other elements with resonant be-
havior to implement the filters. The size of the ceramic resonators depends on the
wavelength of the electromagnetic waves. Although ceramic materials with high dielec-
tric constants are used to shrink the filter, they are still very bulky and large and they
usually occupy significant space on the PCB of hand-held devices.

SAW filters are based on the propagation of surface mechanical waves and they
can be built very small due to the fact that sound velocity is a factor approximately
10,000 times lower than the velocity of electromagnetic waves [4]. Although SAW filters
match the requirements of traditional phone bands, they are not suitable for the most
demanding applications. Their limitations stem from the efforts and costs that arise

when the filters must work above 2 GHz and their poor power handling capability.

Bulk Acoustic Wave (BAW) technology has emerged during the last decade and
is becoming established as a solid option in those applications with stringent require-
ments [6]. Fig. 1.1 shows the market evolution of filters and duplexers based on BAW
technology during recent years. The market of filters has increased every year and has
grown exponentially for duplexers. BAW based filters offer high performance, small
size, and low cost. Compared to SAW filter technology, BAW filter solutions can pro-
vide lower insertion loss, better selectivity, higher power handling, higher operation
frequency, and better ESD protection. With these advantages, BAW filter technology

has been gaining more market share in wireless communication applications [7]. More-
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Figure 1.1: Market evolution for BAW filters and duplexers [5].

over, BAW technology offers CMOS compatibility, a key element in RF frond-ends

based on SoC or SiP with other circuitries [8].

Fig. 1.2 shows the broad space that BAW filters may fill in the RF filter scenario.
BAW filters are perfectly suitable as high performance filters for high frequency and
power applications. SAW filters will probably keep the market for the applications
that they are currently serving. This dissertation focuses on BAW technology due to
its projection in the RF filter field.

Current BAW technology comes from the classical quartz-crystal technology and
the efforts carried out for decades to bring it to RF frequencies. The first publication
of a thin film bulk acoustic resonator appeared in 1980 [10] and Zinc Oxide, ZnO, was
used as piezoelectric material. In 1982, Lakin, one of the pioneers in BAW technology,
stated the potential of thin film BAW resonators [11]. Aluminum Nitride, AIN, was
proposed as an alternative piezoelectric material. The advantage of AIN was that it
could be easily integrated into an IC facility, while ZnO presents negative aspects in

IC facilities such as volatility and contamination.

During the 80s, firms such as Westinghouse researched and assessed resonator use-

fulness in filter and oscillator circuitry [12]. Research on this technology continued until
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Figure 1.2: Mobile commercial applications mapped to current RF filter technologies, perfor-
mance and frequencies [9].

the decade of the 90s when it vanished due to the reproducibility difficulties of those
devices. Nevertheless, in the late 90s, the need for the above-mentioned miniaturized
and high-performance filters and the advances in wafer processing in microelectron-
ics aroused interest in BAW technology again [13]. Currently, BAW technology has
matured enough to be one of the main trends in RF filters for hand-held devices.
Companies that are able to manufacture good RF filters with BAW technology are
experiencing success. Many SAW companies are dedicating efforts to research and de-
velop BAW technology due to their success and expectations to cover a great market
share. From the research point of view, BAW technology is still a challenging and

attractive field where improvements and creations can still take place.

1.2 Bulk Acoustic Wave Resonators

The BAW resonator is the core element of BAW technology. It is a piezoelectric device,
meaning that the piezoelectric effect brings about the electromechanical conversion.
BAW resonators have gained huge popularity in filters but they can also be applied to
other applications such as sensors [14] or oscillators [15]. This work focuses on filter

applications.

The most basic BAW resonator is composed of a piezoelectric plate sandwiched
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Figure 1.3: (a) Cross-section of the simplest BAW resonator and (b) electrical equivalent
model of a BAW resonator, the BVD model.

between metallic electrodes and having reflecting boundaries to confine the acoustic
wave as shown in Fig. 1.3(a). Geometrically, the resonator is in the form of a simple
capacitor. When a voltage difference is applied to the electrodes, an acoustic wave is
generated. The main mode of operation of BAW resonators is the thickness or longitu-
dinal mode, meaning that the bulk acoustic wave reflects the larger plate surfaces and

the resonance is caused by the wave excitation to the thickness direction.

The frequency at which the resonance occurs is determined by the thickness and
properties of the piezoelectric layer and the electrodes. In the case of more complex
resonators, any additional layer will affect the resonance. There is only one-half of an

acoustic wavelength in the resonator plates at the fundamental resonance.

1.2.1 Electrical Input Impedance Characteristic

The equivalent circuit of a BAW resonator valid near the fundamental resonance is
known as the Butterworth-Van Dyke (BVD) model and its lossless version is shown
in Fig. 1.3(b), where Cj is the static capacitance, C,, is the motional capacitance
and L., is the motional inductance. This circuit is of second-order, and it presents a
zero and pole as shown in the measured input impedance of a BAW resonator in Fig.
1.4(a). The zero defines the series or resonant frequency f,, and the pole defines the
parallel or anti-resonant frequency f,. The motional branch composed of the series
L,,C), circuit gathers the acoustic resonance behavior, and parallel to Cp, forms the
parallel resonance. The behavior between the two resonances is inductive; the angle
of the impedance is 90°. The behavior out of this range is capacitive with an angle
of —90° and leaning towards Cp. The Smith chart plot in Fig. 1.4(b) also shows the
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Figure 1.4: (a) Measured electrical input impedance of a BAW resonator and (b) its Smith
chart (courtesy of Triquint).

inductive behavior between f, and f, and the capacitive behavior outside this range

of frequencies.

1.2.2 Confinement of the Acoustic Wave

BAW resonators can be classified depending on the mechanism that confines the acous-
tic wave in the resonating structure: FBAR (Film Bulk Acoustic Wave Resonator) and
SMR (Solidly Mounted Resonators).

In the case of FBAR, the resonator is surrounded by air by means of microma-
chining techniques. Fig. 1.5(a) shows the cross section of a FBAR manufactured using

the pothole process where a pothole is etched from the rear of the wafer [11]. Air
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confines the acoustic wave very well due to its very low impedance related to the res-
onator materials. Fig. 1.5(b) shows a SEM image of the first FBAR created using a
surface machining approach to create the lower air boundary. Surface micromachining

is reported to be a more manufacturable process than bulk micromachining.

piezoelectric

} substrate

Figure 1.5: FBAR technology. (a) Cross section diagram of a FBAR resonator with pothole
process manufacturing and (b) SEM micrograph of an ”Air Bridge” FBAR resonator [16]
manufactured using surface micromachining.

(a)

In the case of SMR, see Fig. 1.6(a), an acoustic mirror underneath the device
confines this mode. The idea behind the SMR is to obtain a more solid thin film res-
onator structure than in FBAR which presents more fragile membranes [17]. In [18],
the problem of mounting thickness mode piezoelectric resonators on solid structures
was addressed for the first time with impedance transforming properties of quarter-
wavelength transmission lines. This approach comes from optics and has been exten-
sively developed in that field. The mirror, also known as the Bragg reflector, is formed
by a sequence of alternating layers with low and high acoustic impedance forming an
approximated acoustic short-circuit or very low effective acoustic impedance seen from
its interface with the resonator. Fig. 1.6(b) shows a reflector composed of tungsten and
oxide to confine the acoustic energy. Nevertheless, the mirror degrades the quality fac-
tor of the resonators and the effective coupling coefficient [19]. In this way, the mirror
is an additional part to take into account during the design and optimizations of SMR
devices. Recently, a new approach based on reflectors that differ from the traditional
quarter-wave nominal thickness has been proposed to avoid losses coming from leaks

in the shear mode of propagation [20].
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Figure 1.6: SMR technology. (a) Cross section diagram of a SMR resonator and (b) SEM
cross-section of 2-pair Tungsten/Oxide composing the SMR [21].

(a)

1.2.3 Parameters of Interest

Electromechanical Coupling Coefficient

Electromechanical coupling coefficient, k:gf 8 is one of the biggest challenges in thin-
film BAW. It is a highly important parameter for the design of BAW filters because
the width of the filter passband that can be achieved depends on it.

The determination of the kgf sofa BAW resonator can be obtained from the reso-
nance and anti-resonance frequencies that are measured from its impedance response
using:

T fr 1
kefo =" (1.1)
2 fatan ( g}%)

The values of k:gf # achieved in state-of-the-art BAW resonators are about 6.7% at
2 GHz using AIN [22]. This coupling is strongly affected by the electrode materials
and configuration and the layer stack including the Bragg reflector. Therefore the set
of layers that make up the resonator along with a piezoelectric layer and those layers
that modify its boundary conditions can enhance or degrade the coupling depending

on their design.

Quality Factor

The quality factor, @), is a measure of the loss of a resonant circuit and is defined as
the ratio of the stored energy divided by the power dissipated in that network over

one cycle [23]. @ is a function of the frequency and in this way the quality factor



Chapter 1. Introduction 9

in a BAW resonator is defined both in the resonance frequency, @s, and in the anti-
resonance frequency, @), [24]. Several methods can be found in the literature to calculate
the quality factor, such as, for example, calculations based on the BVD model [25] or
calculations based on the phase of the impedance extracted from the recorded S71 data
[26]. Some of the causes of the losses in a BAW resonator are: electrical resistivity of
the electrodes, acoustic leaks, substrate conductivity and acoustic propagation losses.

Quality factors of BAW resonators over 2000 have been reported in the literature [22].

The FOM (figure of merit) is defined as the product of the quality factor and
the electromechanical coupling constant k:gf 7 [19], and sometimes is used to determine
how good a resonator is because it gathers the two main parameters of interest of a

resonator.

1.2.4 Materials

In this subsection, a brief summary of the most common materials in BAW technology
is presented. Although a huge variety of materials has been tested in the literature,
here, those materials that have become established in the industry because of their

properties, cost, reproducibility and stability have been selected.

Piezoelectric Materials

Aluminum Nitride is the most common material for the piezoelectric plates in a BAW
device. It can be deposited with high quality in semiconductor facilities on typical
metallic electrode materials and can be manufactured in high volumes providing good
stability and reproducibility. BAW resonators fabricated with AIN piezoelectric plates

can provide typical coupling values of around 6.7%.

Zinc Oxide presents a better coupling coefficient with reported values of kgf ;= 9%
[27]. However, ZnO is not currently a viable alternative to AIN for high volumes due
to the higher manufacturing difficulties and worse performance in terms of acoustic

losses at high frequencies.

Lead zirconate titanate, PZT, presents good performance in terms of coupling,
values of k:gf = 19.8% have been reported in [28], but it presents high intrinsic losses
at high frequencies. Lead zirconate titanate also presents a very low acoustic velocity

that implies very thin films which render difficult the control of the acoustic behavior.
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Electrode Materials

Aluminum, Al, and alloys of Al present good electrical conductivity but also poor
acoustic characteristics because their acoustic impedance is low, which implies a low
electromechanical coupling coefficient [29], and therefore, its sole use limits the attain-
able bandwidths.

Tungsten, W, has a high acoustic impedance and is an excellent material to be
used at the Bragg reflector due to the high impedance ratio required between the
alternated layers that compose it, and also, at the electrodes due to maximization of
the piezoelectric coupling constant [30], [29]. However, its conductivity is significantly
lower than Al.

Molybdenum, Mo, has slightly lower acoustic impedance than W and similar con-

ductivity.

The combination of different metals in the electrodes can be used to obtain the
good properties of each material: good conductivity and high acoustic impedance. In
this case, the outer electrodes are of such high conductivity that they present quite
a uniform electrical potential along the layer, and therefore, voltage drops due to
current flow along the lateral dimensions of electrodes should not significantly degrade
the performance of the resonator. Meanwhile, to achieve an electromechanical coupling
enhancement the inner electrodes should exhibit a larger mechanical impedance than
the piezoelectric. In [31], a combination of Al and W is used in the electrodes of BAW

resonators for this purpose.

Research on electrode materials with good conductivity and high acoustic
impedance is still in process. Although some promising materials such as Iridium (Ir)
could provide those properties, their compatibility with micro-electronic integrated
circuitry processing has still to be assessed [32]. Many other materials have also been

investigated such as Platinum [33] and combinations of Tantalum and Ruthenium [34].

Dielectrics

Silicon dioxide, SiO2, presents low acoustic impedance which is favorable for Bragg
reflectors. Si02 has a positive temperature coeflicient and can be used to offset the -25

ppm per degree C coefficient of aluminum nitride [35]. Silicon nitride, SiN, can be used
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as a passivation layer like in semiconductor manufacturing [36]. Silicon, Si, is basically

found in the substrate.

1.3 Types of BAW Filters

BAW filters can be classified in two main coupling categories: electrically connected res-
onators, such as ladder and lattice configurations, and acoustically coupled resonators:
such as Stacked Crystal Filters, SCFs, and Coupled Resonator Filters, CRFs. Other
kinds of BAW filters can be created by combining those basic topologies, or by applying

slight changes to the original ones.

1.3.1 Ladder Filters

The typical topology of a ladder-type filter using BAW resonators can be found in
Fig. 1.7(a) and a corresponding layout in Fig. 1.7(b). In this case, there are 4 series
resonators and 3 parallel resonators and it is called a 4-3. To simplify the analysis of
the filter, it is assumed that all the series resonators are identical and all the parallel
resonators are identical, but they are different from each other. The frequency difference
between the resonance frequency of a series BAW resonator and the parallel one is often

called the detuning frequency.

Figure 1.7: FBAR technology. (a) Ladder filter topology and (b) layout [7]
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Figure 1.8: (a) Transmission response of one stage of a ladder filter and electrical input
impedance of parallel and series resonators and (b) response of a ladder filter with 6-6 con-
struction having equal size series and shunt resonators [37]

The working principle of one stage of a ladder formed by one BAW resonator in
series position and one in parallel can be seen in Fig. 1.8(a), where the transmission
response is plotted together with the electrical impedance of the series and parallel
BAW resonators. The main feature of this filter is the pair of transmission zeros next
to the filter passband, which cause a steep rejection near the passband which is highly
desirable for applications that need high selectivity. The lower transmission zero is
caused by fF at which the parallel resonator presents very low impedance grounding the
electrical signal, while the upper transmission zero is caused by f7 at which the series
resonator presents very high impedance, blocking the way of the electrical signal to the
output. Inside the passband, ff and f¥ take place, and the series resonator presents
minimum impedance, and the parallel resonator blocks the way of the electrical signal

to ground allowing transmission between the input and output.
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The drawback of ladder responses is the low rejection at frequencies far from the
passband due to the capacitive voltage divider intrinsic to the ladder circuit when the
resonators operate as capacitors far from the resonances. This rejection can be im-
proved by adding more stages to the filter but the insertion losses also increase for
each new added stage. Fig. 1.8(b) shows the response of a 6-6 ladder filter presented
by Lakin et al in TFR Technologies Inc.; the notches typical of ladder filters are dis-
tinguished. High bandwidths are difficult to achieve in ladder filters because when the
detuning frequency between the series and parallel resonators is too high, the passband
is damaged. The design of ladder filters can be performed by means of optimization

procedures on the response or by means of systematic analytical procedures [38].

One of the main challenges in BAW filters that require wide relative bandwidths,
beyond 4%, is obtaining BAW resonators with piezoelectric coupling constants that
can implement them. In recent years, ladder filters have benefited from advances in
technological manufacturing processes and from improvements in the quality of the

materials.

1.3.2 Lattice Filters

Lattice filters, also known as balanced bridge design, are a kind of filter configuration
suitable for applications that need balanced networks for direct connection with RF

ICs [39].

Fig. 1.9(a) shows one stage of a lattice filter implemented with BAW resonators. It
is composed of a bridge structure of 4 resonators: 2 series resonators are placed on the
upper and lower branches of the bridge and 2 parallel resonators are connected to the
diagonal branches. As is the case with ladder filters, series and parallel resonators are
detuned in frequency. When a balanced signal is applied at the inputs of the filter, if
all the resonators have the same intrinsic capacitance, the stopbands will present very
high attenuation at frequencies far from the resonances, where the resonator behavior
is capacitive, due to the perfect balancing structure where the opposite sign and same
absolute value input signals cancel each other out. Inside the passband, the path of
the electrical signal to one output is allowed from one input where there is a BAW
resonator operating with minimum impedance at the resonance frequency, and the
path from the other input is blocked by a BAW resonator operating with maximum

impedance at the anti-resonance frequency. In this way, inside the passband, there is
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no signal cancelation at the outputs. Excellent attenuations can be achieved in the
rejection bands with only one lattice stage. The main drawbacks of this configuration
are that it offers low selectivity and requires properly balanced input signals. Input

signals with phase errors are not filtered correctly.

Fig. 1.9(b) shows a two-stage lattice filter manufactured in the MARTINA project
[40]. Fig. 1.9(c) shows its transmission response; the rejection is lower than -50 dB.
Configurations with slight variations on the original lattice topology can also be found,

as for example in [41], basically combining lattice and ladder sections.
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Figure 1.9: (a) Lattice filter topology, (b) two-stage lattice BAW filter top view and (c) its

corresponding transmission response [40]

1.3.3 Stacked Crystal Filters

The stacked crystal filter (SCF) device was proposed in [42] for quartz resonators
operating below 10 MHz and according to the principles of thickness modes of vibration

in arbitrary stacks. In [43], a thin film implementation of the SCF was presented to
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cover microwave applications that were formerly beyond the performance range of
quartz crystal SCFs. In [44] experimental results with SCF working up to 12 GHz are

presented.

The SCF configuration is shown in Fig. 1.10(a); it is composed of 2 BAW resonators
in direct contact and stacked on top of each other separated only by a common ground
plane electrode. In the SCF, the 2 BAW resonators are acoustically connected by the
direct contact of their faces. The whole stack behaves as a two-port resonator rather

than two coupled resonators because there is no acoustic decoupling.
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Figure 1.10: Stacked Crystal Filter. (a) Cross section, (b) electrical equivalent circuit, (c)
representative theoretical response of SCFs showing the three main resonances and, inset, the
corresponding internal acoustic displacements for fundamental, second, and third resonances
and (d) experimental results for 2-stage SCF [43].

The electrical equivalent circuit of a SCF can be derived from the Mason model
as demonstrated in [45] and [46], and is shown in Fig. 1.10(b). It is composed of one
shunt capacitor at the input and one at the output of the device modeling the intrinsic

capacitance of the resonators. The resonant behavior is modeled by means of the LC
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series resonator.

The general nature of the filter passband is illustrated in Fig. 1.10(c) for a theoreti-
cal calculation of the filter response for a frequency range covering the three resonances.
The inset for Fig. 1.10(c) illustrates the three resonances associated with the three main
filter responses. The lowest frequency response corresponds to the fundamental thick-
ness resonance where there is a half wavelength across the entire structure. The second
overtone corresponds to a half wavelength across each plate and has the strongest cou-
pling. The filter exhibits the widest bandwidth and lowest insertion loss at the second
overtone. Typical experimental devices employ this mode. The third overtone has the
weaker coupling. Fig. 1.10(d) shows the measured response of a two-stage SCF working
at 963 MHz designed at the second overtone. It presents insertion loss lower than 1.3
dB and a filter bandwidth of 1% [43].

1.3.4 Coupled Resonator Filters

The Coupled Resonator Filter (CRF) was proposed in [47] and can be considered as
an extension of the SCF structure. It is the key to providing multi-pole filter synthesis
by means of resonance splitting due to propagating wave effects as will be shown in
this dissertation. A CRF presents a set of coupling layers, as shown in Fig. 3.1, used to
acoustically decouple the vertically disposed resonators in such a way that they begin to
act as independent resonators rather than as a single resonator. The CRF was initially
thought to overcome the limited bandwidth of the SCF thanks to the decoupling of
the resonators. However, a basic CRF can be seen as a filter of order 2 and a SCF as
a filter of order 1 because of the number of resonators they comprise, which will be
shown below in this dissertation. Fig. 1.11(b) shows the electrical equivalent model of
the CRF [48] which anticipates the topology of a filter of order 2. It is similar to the
SCF model with the difference of having two LC resonators separated by means of an

impedance inverter controlling their acoustic coupling.

CRF devices have gained popularity in the last years due to their ability to offer
wider bandwidths, Chebyshev responses, miniaturization due to the vertical stacking

of resonators and mode conversion.

In [49], a CRF for W-CDMA applications was presented. Aluminum nitride res-
onators with molybdenum electrodes were acoustically coupled through a W/SiO2

multi-layered stack and insulated by a fully dielectric SiN/SiOC Bragg mirror. A min-



Chapter 1. Introduction 17

input
piezoelectric plate
coupling

layers

output

(b)

Figure 1.11: Coupled Resonator Filter. (a) Cross section and (b) electrical equivalent circuit.

imum insertion loss of 2.9 dB was measured whereas strong spurious resonances were
observed. Fig. 1.12(a) and Fig. 1.12(b) show the top-view and the interferometric pro-
filometer view of the CRF device composed of two basic stages electrically connected by
means of the lower electrodes of each stack. Fig. 1.12(c) shows the W-CDMA response
of the filter.

In lieu of the traditional multi-layer decoupling structure, a technique in which
only a single thin polymer layer with appropriate acoustic impedance is used in [50].
The device was called a DSBAR (Decoupled Stacked Bulk Acoustic Resonator) and it
demonstrated a 0.4 mm x 0.5 mm filter operating at 2.45 GHz with a bandwidth at
the 2 dB points greater than 4%, in-band return loss of less than -10 dB and excellent
out-of-band rejection. In [51], the operation of the DSBAR is discussed and it is stated
that although it presents a simpler manufacturing process, it is counterbalanced by the
high acoustic attenuation of suitable coupler materials. It is also demonstrated that
the typically poor near-band rejection of coupled resonator filters can be improved at
the die level by connecting a small capacitance between the input and output of the

filter to produce a pair of tunable transmission zeros.

In [52], Fattinger et al presented a CRF configuration to provide BAW filters with
mode-conversion (single ended to balanced) as well as impedance transformation. Ex-

perimental results for CRF's operating at 1.8 GHz manufactured at Infineon Technolo-
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Figure 1.12: (a) Optical and (b) interferometric profilometer view of a two-stage CRF. (c)
Transmission and reflection response [49].

gies were presented. The total area of the device was of 0.32 mm x 0.42 mm. In [53] the
suppression of spurious resonances in CRFs were demonstrated, and unwanted pass-
bands were overcome by modifying the acoustic mirror that attenuated the spurious
peaks around 3 GHz by at least 20 dB.

A duplexer based on CRF's for W-CDMA application is presented in [54]. The aim
is that the device be integrated in a RF module for cellular phones. It was composed
of a single-ended to single-ended filter and a mode conversion filter. The minimum
insertion loss for the Tx and Rx filter is better than -3 dB and the isolation between
Tx and Rx ports is greater than 60 dB. The rejection of the Tx filter is better than
-50 dB in the Rx frequency range and is up to -67 dB in the Tx frequency range. The
CRF's are reported to handle up to 27 dBm at Tx center frequency. Coupled resonator
filters combined with ladder filters can be found in [55].



Chapter 1. Introduction 19

1.4 Objectives

Bulk acoustic wave devices are based on stacks of multiple thin film layers. Each one of
these layers has a specific function in the BAW device to make it operate or to improve
its characteristics as explained above. The total number of layers in a BAW device can
be raised and that is especially relevant when we refer to multiple stacked resonators
such as in SCFs and CRFs. This Ph.D. dissertation focuses on BAW filters based on

acoustically coupled resonators with special attention to the CRF.

Since there are no temperature-compensated piezoelectric materials readily avail-
able in thin film form, composite structures composed of positive and negative coeffi-
cient characteristics may be used. The negative temperature dependence of materials
such as AIN, W or Mo, typically present in the resonator stack can be compensated by
placing an oxide layer inside the stack which presents a positive temperature coefficient
[56].

Regarding the electrode structure, heavy conductor materials such as W or Mo are
preferred for metallization in order to increase the electromechanical coupling coeffi-
cient. However, their electrical conductivity is not as favorable as other materials such
as Al In this way, as commented above, combinations of heavy materials in the inner
electrode layers and good conductor materials in the outer electrode layers can be used
to get the best of both kinds of materials [57].

Silicon nitride layers may also be found as a passivation layer like in semiconductor

manufacturing [58] and in membrane type-resonators as a supporting membrane [36].

Another important part in the BAW CRF structure is the set of coupling layers
implemented between resonators that acoustically connect them and control the degree

of acoustic coupling.

Lastly but no less important, the device can lie on a free-standing membrane man-
ufactured following the FBAR approach or on a multilayered Bragg reflector following
the SMR approach.

As can be seen from the described CRF layer configuration, there can be a consid-
erable amount of layers in the stack. This level of complexity causes a difficult situation
at the moment of analyzing the behavior of the structure and its different parts. It also

complicates the design of the filter to fulfill a prescribed response.
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The main objective of this work is to offer a procedure that provides a way to
analyze the filtering mechanisms and to design a CRF handling with layer structures
of any complexity. Relying only on optimization techniques to size a CRF can lead to
local solutions that may not make best use of the characteristics of the device, and
they may even not converge on a desired point due to bad starting points of solutions.
More importantly, a design process focused only on optimization can lead the designer
to an obscure process that is far from understanding the mechanisms and effects that
take place in the structure. Meanwhile, a clear understanding of those mechanisms can
help the designer to choose the best configurations, starting points or even substantial

device modifications to improve the overall behavior or to obtain new characteristics.

As a BAW technology device, the CRF works both in the acoustic and in the elec-
tromagnetic plane and as a device based on coupled resonators, the way in which its
behavior matches the type of coupled resonator circuits developed in electromagnetic
filter theory will be demonstrated. A fully electrical circuit will be developed to gather
the filter behavior along with its internal coupling and resonating mechanisms. An elec-
trical circuit representation of the device can connect it to the mature electromagnetic
filter design theory exploiting its techniques to analyze and synthesize a pure CRF and

more complex devices based on CRFs.

This dissertation proposes a set of filter synthesis techniques that have not been
applied so far to BAW technology and that facilitate the analysis and design of CRF
devices. The strength of the technique is that it can deal with complex multi-layered
structures in the same way that it can simple ones. Behavior trends can be obtained
to predict how structural changes can modify the device’s characteristics and perfor-
mance limits can be reached. Moreover, a full design and sizing of BAW CRF's can be

performed to meet specifications.

Another objective of this work is to propose new devices based on acoustically
coupled resonators that are able to synthesize more advanced filter responses than
the conventional CRF in terms of obtaining a steeper roll-off for high performance

applications.
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1.5 Outline of the Dissertation

Chapter 1 introduces the BAW technology and reviews its background. The BAW
resonator is presented as the fundamental element of this technology and the main
BAW filter configurations are explained. The objectives and research contributions of

this work are presented.

In Chapter 2, the principles of BAW devices are reviewed paying special attention
to the one-dimensional approximation of bulk propagation in thin film plates which is

widely extended in BAW device analysis and design.

Chapter 3 develops the equivalent electrical model of the most basic CRF device
composed of two mechanically coupled BAW resonators and shows its correspondence
to a bandpass filter prototype based on impedance inverters. Therefore, the link be-
tween the electro-mechanical device and a fully electrical circuit is created. The model
is extended to CRF's composed of a higher number of mechanically coupled resonators
and also to asymmetrical CRFs that present different mechanical boundary conditions
in different zones of the plate propagation area. Then, the coupling layers mechanism
is investigated establishing relationships between the physical slabs that implement it

and the coupling levels between resonators.

Chapter 4 uses the theory of couplings for filter design to analyze the coupling
and resonance mechanisms that take place in a CRF. A filter of order 4 composed
of two basic CRFs has been selected to illustrate the analysis because it gathers the
most representative possible couplings that can take place in CRF devices: port-to-
resonator coupling, inter-resonator pure acoustic coupling and inter-resonator coupling
by means of electric connection. The limits on the achievable couplings set the limits
on the response performances that can be obtained in terms of bandwidth and return
losses inside the passbands. The couplings technique has been used to fully synthesize
bandpass filters with classical Chebyshev responses. Then, the coupling matrix has
enabled the synthesis of more advanced responses with CRF's introducing transmission

zeros close to the passband and thus, improving the selectivity.

In Chapter 5, two functionalities of CRF's are presented beyond the bandpass one:
stopband filters and single-ended to balanced mode conversion. The use of CRF's allows
the implementation of bandstop coupling matrixes with a direct source-load coupling

providing the advantages of advanced Chebyshev responses. The way in which the
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coupling theory can be used to design filters with mode conversion is also demonstrated.

Finally, Chapter 6 ends this Ph.D. dissertation with a summary of the work and

the conclusions.

Appendix A gathers the properties of the materials used to obtain the results

presented in this work.

Appendix B presents a brief summary of the coupling matrix generation to ful-
fill prescribed filtering responses. The coupling matrix generation software developed
in this work has been an essential tool for the implementation of advances filtering

responses.

1.6 Research Contributions

This dissertation collects the work that has been carried out during the Ph.D. pro-
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Chapter 2

Bulk Acoustic Wave Device
Basics

In this chapter, the propagation of an acoustic wave through the bulk of a non-
piezoelectric plate will be analyzed. Then, the results will be extended to include
piezoelectric plates which combine the effects of acoustic and electric fields. A set of
definitions of variables and relationships will be established in three dimensions and
the assumptions to proceed with a one-dimensional approximation will be stated. Us-
ing the one-dimensional approximation, the plates are considered to be infinite in their
lateral dimensions, which means that only waves propagating in the thickness direc-
tion are present. This approximation is especially useful in BAW technology where the
layers that compose the devices are thin films which can be approximated by infinite

lateral dimension slabs related to the thickness dimension.

The analysis of the slabs will show the analogy that exists between the electro-
magnetic and the acoustic planes, and it will bring about acoustic behavior by means
of electric circuits using acoustic variables. A set of tools will be developed to model
each layer in a BAW resonator and to gather the behavior of the thickness mode of
propagation. The transmission line model for non-piezoelectric slabs and the Mason
model for piezoelectric slabs will be developed and they can be considered two relevant
tools throughout this work. The development of the one-dimensional mechanical wave,
as well as the derived electrical models, comes from the works in [59], [60], [61] and
[62].

Then, the Bragg mirror behavior will be analyzed using the propagation expres-

27



28 2.1. Types of Acoustic Waves

sions. The shear mode of propagation will be shown to be an important loss mechanism
in SMRs, and how a proper design of the mirror can correct it improving the quality

factor of the resonators will also be demonstrated.

2.1 Types of Acoustic Waves

In solid materials there are two basic types of acoustic waves: longitudinal and shear
waves [63]. In a longitudinal wave, see Fig. 2.1(a), the particle displacement is parallel to
the wave vector (i.e., along the x-direction here). The velocity depends on the material,
but is typically in the range of 5000 to 11000 m/s. The second basic wave type is the
shear wave, shown in Fig. 2.1(b), in which the displacement is in any direction normal
to the wave vector, and this generally has a lower velocity of typically 3000 to 6000

m/s.

2.2 Device Physics
2.2.1 Stress

Stress is defined as the intensity of internal forces acting between particles of a body
across imaginary internal surfaces [64]. It is a measure of the force per unit area of
a surface within a deformable body on which internal forces act. Fig. 2.2 shows a
cubic particle as a volume element in an orthogonal coordinate system. Each surface
of the particle is subject to internal forces. If the stress vectors on three mutually
perpendicular planes are known, the stress vector on any plane containing this point

can be found from equilibrium conditions at this point.

The stress vector is broken down into two kinds of components: one normal to the
plane of the surface that receives its effect, called the normal stress, and the other
parallel to this plane, called the shearing stress. The stress vectors associated with the
planes x, y and z are also broken down into components in the direction of the three
coordinate axes. In this way the stress vector associated with each plane is composed

of one normal stress and two shearing stresses:

—

Ty = iTpe + §Tye + 2Tee (2.1)
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Figure 2.1: Types of acoustic waves in solid materials

wave.
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. (a) Longitudinal wave and (b) shear

Ty = &Tyy + §Tyy + 2T, (2.2)

—

T, = #Ty. + 9T, + 5T:- (2.3)

The nine quantities required to define the three stress vectors are called the compo-

nents of the stress tensor. From the equilibrium condition that the sum of the moments

in any axis must be zero [60], the stress can be expressed with only six independent
elements T'=1,, To=Ty,y, T3=T.., T4=T,., T5=T,., T6=Tyy, and Ty =Ty, T,).=T~,,
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Figure 2.2: Cubic particle in an orthogonal coordinate system subjected to stresses

2.2.2 Strain

Strain, also known as deformation, is the response of the particle of the body to the
stresses in terms of the change in the metric properties in the displacement from an
initial position to a final position. If the particle at 7 from the origin is displaced to
position 77’ by the force then the deformation U =7 —7 is called the displacement
vector. Taking into account the cubic particle, the displacement is defined in each of

its surfaces in the orthogonal coordinate system {, 7y, .}. And the strain is [59]

1 8“1 auk
o= = 2.4
SZk 2 <6a:k + 8901) ( )

As with stresses, strains are also classified as normal strain and shear strain (i.e.
acting normal to or along the surface of the particle respectively). For a normal strain

in direction i the strain expression is simplified

8ui
Sil N 8931

(2.5)

The strain can also be expressed with only six independent elements S1=5,;,
S2=8yy, 93=8.2, S4=28y., S5=25;., S6=254y, and Syy=>Syz, Sy:=952y, Sz:=52¢

2.2.3 Stiffness

The relationship between the stress and strain is given by Hooke’s law:
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Tij = CijkiSki (2.6)

where c is the stiffness. The stiffness matrix puts the generalized Hooke’s law for three

dimensions in matrix form:

T €11 €12 €13 Ci4 Cl5 Ci6 S1
Ty €21 C2 €23 C24 C25 C26 So
Ty | _ | c31 c32 c33 €34 35 C36 S3 (2.7)
Ty C41 C42 €43 Ca4  C45 C46 Sy '
Ts C51 C52 €53 Ces4 Cs5  C56 Ss

L 76 | | c61 Ce62 C63 Cea Co5 Co6 | L S6

2.2.4 One-dimensional Approximation

Three-dimensional equations derived from the above expressions can be extremely dif-
ficult to solve when the propagation of the acoustic wave is analyzed. Their solutions
require numerical techniques and will not be considered here. Instead, a useful and
simplifying one-dimensional approximation is assumed when the lateral dimensions
are much greater than the thickness dimension. A practical minimum lateral to thick-
ness dimension ratio 50:1 was proposed by Lakin in [65] to fulfill the one-dimensional
approximation. Then, the lateral dimensions are approximated by infinite and only
the thickness mode of propagation is assumed. When dealing with a one-dimensional
geometry, shear and longitudinal waves are treated identically. However, we will be

focusing on longitudinal waves, the dominant ones in BAW devices.

The above described physical quantities such as stress, strain and displacement
depend only on the thickness dimension. Under the one-dimensional approximation
and with the z-axis in the orthogonal coordinates system being the thickness direction,

the stress and the strain become T3 and S5 respectively and can be expressed as:

dF
T —_— — 2.
Ti (2.8)
du
= — 2.
S 7 (2.9)

where F' is the force applied to a surface of area A.

Hooke’s law can be simplified:
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T =cS (2.10)

where ¢ is the stiffness component c33.

2.3 Bulk Acoustic Wave Propagation in Non-
piezoelectric Slabs

2.3.1 Acoustic Wave Equation

Next, the equation for an acoustic wave that propagates through a non-piezoelectric

material slab will be presented.

The particle velocity is the time derivative of particle displacement:

o
ot

v (2.11)

Newton’s second law states that the net force on a particle is equal to the time rate

of change of its linear momentum in an inertial reference frame:

ov
F=m% (2.12)

where F' is the net force applied and m is the mass of the body. Assuming the particle

with volume dV and surface dA

F= /T -NdA (2.13)
0A
and
R 0%y
0A ov

where p is the density in kg/m?.

For very small volumes, the integrands of the volume integration are approximately

constant
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T -ndA
87{‘ _ 0 (2.15)
awv  Por '
and when dV — 0 the left side of the equation becomes the divergence of T
J T-ndA
T — lim 24 2.1
v V50 av (2.16)

and writing the divergence for the one-dimensional situation that we are analyzing:

or 0%u

and combining it with (2.9) and Hooke’s law (2.10) the wave equation is obtained

*u  potu
92 = cor (2.18)
for the sinusoidal steady-state condition:
2
g;; — ngU =0 (2.19)

In a similar way, combining (2.9) and (2.10) into (2.17) for the sinusoidal steady-state

condition, the following can be obtained:

PT  p

It can be seen that (2.19) and (2.20) are analogous to wave propagation equations on
a transmission line where electromagnetic fields are propagated expressed by currents

and voltages. The transmission line equations can be found in [23]:

o*V

2
0?1
5 YT =0 (2.22)

where V' is the voltage, I the electric current and v the propagation constant. The

propagation constant in the acoustic wave equation k is given by:
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k= \/Ew (2.23)

The general definition of the wave equation depending on the frequency and the phase

velocity is:

= — 2.24
b= (224)

Then, the acoustic phase velocity of the wave is given by

c
vp = 4/ — (2.25)
PV
and the acoustic impedance of the medium
Zm = +/pC (2.26)

the units of impedance are kg/(s-m?).

2.3.2 Acoustic Transmission Line Model

The particle displacement is obtained from (2.19) and it can be written as follows

suppressing the time variation:

u(z) = ute I* 4y etk (2.27)

where the e 7% term represents wave propagation in the 4z direction and the e7#* term
in the -z direction. The coefficients u™ and u~ depend on the impedance mismatch at

the boundaries of the considered slab.

A slab of thickness d bounded by the planes z=z; and z=z, is considered. The
particle velocities at the boundaries can be derived from the time derivative of (2.27)

at z=z7 and z=29:

ou

5~ U= Jjw (u+e_jkzl + u_ejkzl> (2.28)
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Ous

5 = 2= Jw (u*e*jk” + ufejk‘z?) (2.29)

Next, coefficients u* and v~ will be solved. If (2.28) is multiplied by e/*?2 we obtain:

juutelkd = piedh?2 — jou~elk#1 ik (2.30)
And (2.29) is multiplied by e 7*#2 obtaining:
juwuT = vge k72 _ gy tem k= (2.31)

where d = z3 — 21. Then, u* and u~ are obtained combining (2.30) and (2.31):

L ,UleijQ _ Q]25]'16,21

j 2.32
Jwi 2j sin (kd) (2:32)
o wgeIkEm gy ek

= 2.33
e 2j sin (kd) (2:33)

From (2.9) and (2.10), the force F' applied to an area A can be written as:

ou

F=AT = Ac— 2.34
5 (2.34)

Replacing the space derivative of the particle displacement (2.27) in (2.34):
F = jkcA (u+e_j’“ - u_ejkz> (2.35)

The impedance of the plate can be expressed as the product of the impedance of the

medium and the area, and using (2.24), (2.25) and (2.26) it can be expressed as:

A
7= ZpA =4 (2.36)
w
Then, using (2.36) in (2.35):
F=7 (jqure*jkz —jwufejkz> (2.37)

and replacing jwu™ and jwu~ from (2.32) and (2.33) at 21:
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) Jkzo _ v ejkzl ) v e—jkzl —v eijQ
Fy = Z ek [ 9€ 2 _ ik (22 L 2.38
! (e ( 27 sin (kd) ° 27 sin (kd) (2:38)

that can be simplified as follows:

h=2 < j tanl(kd) - jsin2(k:d)> (2.39)

and replacing jwu™ and jwu~ from (2.32) and (2.33) at 29 in (2.37):

=2 < jsinl(k:d) - jtanz(kd)> (2:40)

and the forces at the boundaries can be rewritten as:

VA

kd
Fl=—2 (v — Ztan (-2 2.41
L= Jsin (kd) (vt —v2) 47 an< 2 )"1 (2.41)

Z kd
Fo=——— — — izt — 2.42

where the next trigonometric identity has been used:

kd 1 1
tan <2> ~ tan (kd)  sin (kd) (243)

The following analogy is considered:

force F' — voltage V'

particle velocity v — current [

Finally, Fig. 2.3 shows the equivalent electrical circuit for the finite thickness slab. It
can be seen as an acoustic transmission line with acoustic impedance and an acoustic
constant of propagation. The electrical circuit fulfills (2.41) and (2.42); therefore it
models the behavior of an acoustic slab by means of a T of impedances or a transmission

line model.
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) kd . kd
VA — =
v, \J tan(ZJ JZtan(Zj v, \
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' sin(kd) ’

l:(vl_VZ)

Figure 2.3: Transmission line model of a non-piezoelectric slab.

2.4 Piezoelectric Plates
2.4.1 Constitutive Relations

In the case of piezoelectric materials, the coupling between the electric and acoustic

fields is taken into account by means of the piezoelectric constitutive relations [61]

T=cFS—eE (2.44)

D=eS+e%E (2.45)

where F is the electric field, D the electric displacement, c¢? is the stiffness measured at
constant electric field, ¢ is the permittivity measured at constant strain and e is the
piezoelectric constant with units C/m2. The piezoelectric constant modifies Hooke’s
law in (2.44) to include the emergence of stress associated with the presence of an
external electric field due to the direct piezoelectric effect. In (2.45), the piezoelectric
constant includes the inverse piezoelectric effect creating electric displacement when a

strain is produced in the material.

From (2.44) and (2.45)

T (14 Vs- Ep_cPs_ Ep 2.4
— P 1+ - sD=c"$ - (2.46)

where
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2

D E €
= 14+ ——= 2.47
c c ( +CEES> (2.47)

is known as the piezoelectrically stiffened elastic constant because the piezoelectric

effect is stiffening the material ¢ > ¢¥. The acoustic velocity in a piezoelectric material

D cP ck
P = = V1T K? (2.48)
p p

2 (&
K= s (2.49)

is then

where

is known as the electromechanical coupling factor and is a measure of how efficiently the
piezoelectric material is converting energy between the electric and acoustic domains.
Another parameter that is often used to measure this energy conversion efficiency is

the piezoelectric coupling constant [60].

e? K?
ki = = 2.
E7eDeS T K241 (2.50)
2.4.2 Mason Model
If the piezoelectric is dielectric, the current can be expressed as:
r=ga=224_jupa (2.51)
ot
where J is the current density.
The electric field can be expressed from (2.45) and (2.9) as:
D e Ou
F=———— 2.52
e 950z (2:52)

Therefore, the total electric field is composed of an external electric field and an inter-

nally generated electrical field generated by the piezoelectric effect.
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The voltage between z = z; and z = 23 is obtained integrating the electric field:

22
Dd
V= /Edz =5~ h(u(z2) —u(z1)) (2.53)
21
where
e
h=— 2.54
2 (2.54)

using v = jwu and (2.51) in (2.53):

1d h
V= jwAes " jw (1= %) (259
and solving for I:
I =jwCyV + hCy (2}1 — 1)2) (256)

The current is composed of a capacitance contribution and a contribution of the acous-

tic energy conversion coming from the piezoelectric effect.

If (2.34) is modified according to (2.46) and (2.51):

D
FeTA=cPsa—La_rgar g (2.57)
es jw
the left term of (2.57) corresponds to (2.41) and (2.42) at the boundaries z = z; and

z = z9. Therefore, for the piezoelectric slab, the forces at the boundaries are:

Z . kd h
Z kd h
> = Tn (k) (v —v9) — jZ tan < 5 ) v + o (2.59)

It can be seen that (2.56), (2.58) and (2.59) occur in the Mason model of Fig. 2.4.
The Mason model is a complete electrical circuital model for a piezoelectric slab; it
is named after Warren Mason, who performed much of the pioneering work in crystal

acoustics. The Mason model is composed of:
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. kd . kd
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F - F
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\

Figure 2.4: Mason model of a piezoelectric slab.

e a shunt capacitor Cyp modeling the capacitive effect between the boundaries of

the plate.

e a transformer and a negative series capacitor -Cy representing the electro-acoustic

conversion in the piezoelectric material. On one side, the acoustic domain takes

place with an acoustic current and on the other the electric domain with an

electric current.

e a non-piezoelectric transmission line modeling the mechanical wave propagation

across the plate.

The voltage on the right side of the transformer is obtained from (2.58) or (2.59):

h
V;t,m'ght =—1I

Jw
The transformer ratio is obtained from (2.56):

t = h(Cy

Therefore, the voltage on the left side of the transformer is:

I

V = —
tleft jWCO

(2.60)

(2.61)

(2.62)
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Figure 2.5: Mason model and transmission line models combined to represent a multilayered
model.

The series negative capacitor on the electric side enables fulfilling (2.62). The reactance
of the negative capacitor varies inversely like the frequency but its magnitude has a

positive value like an inductor.

The transmission line model and the Mason model for non-piezoelectric and piezo-
electric slabs have been presented respectively. The two models are of huge importance
in the BAW technology community and also for this work. Their ability to gather the
mechanical and piezoelectric behavior in simple models composed of transmission lines
and lumped elements enables a practical one-dimensional analysis of BAW devices and

their implementation in CAD tools.

As presented in the introduction of this work, in a practical case, a BAW resonator is
composed of multiple layers including a piezoelectric plate, metallic electrodes, Bragg
reflector... The simulation of the whole stack of layers is carried out by means of
cascading the acoustic transmission lines as shown in Fig. 2.5. Devices with multiple
acoustic ports such as SCF or CRF can also be constructed with the Mason model
adding conveniently placed sections. The effects of the acoustic losses can be included

by means of complex propagation constants.

2.5 Closed-form Expression for the Input Impedance of
a BAW Resonator

In this section, the input impedance of a piezoelectric slab acoustically loaded with
acoustic loads Z; and Zy at the boundaries z = 21 and z = zo respectively, as shown
in Fig. 2.6, will be obtained. Forces F} = Zjv; and F» = —Zsvy are considered at the

boundaries.
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2

7=17,

7=z,

Iz

Figure 2.6: Piezoelectric slab loaded with Z; and Zs.

Then, (2.58), (2.59) and (2.56) can be written as follows:

x Y h
=2 — — 2.63
1 (j tan (kd)  jsin (kd)> * Jjw (2:63)

T Y h
—Zoy =2 — — 2.64
2y (j sin (kd)  jtan (k:d)) + Jjw (2:64)

1 h

Zin, = v (x —y) (2.65)

I~ jwC " jw
where x = v1 /I and y = vy /1.

The electrical input impedance of the slab Z;, is obtained solving the system formed
by (2.63), (2.64) and (2.65):

L[ atete) (PE) eo(9) +sin(20)
in P (ZRT—;ZL> cos(26) + j (1 + %) sin(2¢)

=G (2.66)

where ¢ = kd/2. Z; and Z, can be calculated recursively by means of the input
impedance equation of a transmission line loaded with a known impedance, starting
with the outermost layer and moving towards the layer closest to the piezoelectric

plate.

If a resonator with infinitesimal electrodes is assumed and Z; = Zy =0, (2.66) is

1 . otan(e)
Zm - jCL)C(] <1 k’t ¢ > (267)

simplified:
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the maximum value of Z;, is reached when kd/2 = 7/2, taking into account the
fundamental mode, which is produced at the anti-resonance frequency:
Yp
=2 2.68
fo= 2 (2.68)
The minimum value of Z;, is reached when 1 = k;? tan(¢)/¢ which is produced at the

resonance frequency, fi.

the distance between the two resonances depends on the piezoelectric coupling constant

as anticipated in the introduction:

L1
PRI [ (2.69)

T2, Ir
fp tan (gﬁ)

When a practical BAW resonator is considered, it presents multiple additional layers
including non-infinitesimal electrodes and the distance between the two resonances in
the practical case depends on the effective piezoelectric coupling, k:gf f» constant which
has a different value from k?. While k? is a parameter of the piezoelectric material,

kgf f depends on the whole resonator stack and its boundary conditions.

Fig. 2.7 shows the measure of the electrical input impedance of a BAW-SMR res-
onator provided by Triquint Semiconductor which is composed of multiple layers with
the input impedance calculated using the Mason model for the piezoelectric plate and
the transmission line model for the non-piezoelectric plates. The model response shows
good agreement with the measure throughout the entire fundamental resonance range

of frequencies.

2.6 Bragg Reflectors
2.6.1 Quarter-wave Reflector

The SMR, concept comes from the field of optics in which an optic reflector is imple-
mented and is known as the Bragg mirror or reflector. In thin film SMR technology,
the basic Bragg mirror is a structure that consists of an alternating high and low
acoustic impedance sequence of layers of two different materials. The Bragg mirror can
be straightforwardly analyzed by means of the transmission line models presented in

section 2.3 and section 2.4.
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Figure 2.7: Electrical input impedance of a measured BAW-SMR resonator (dashed line) and
the corresponding Mason model (continuous line)

The initially used configuration was composed of a quarter-wave mirror, where each
layer thickness corresponds to one quarter of the wavelength for which the mirror is
designed. Several SMR designs following this approach can be found in [66], [67] and
[68].

The principle of operation can be understood as follows. Each interface between
the two materials contributes a reflection. For the design wavelength, the acoustic path
length difference between reflections from subsequent interfaces is half the wavelength;
in addition, the reflection coefficients for the interfaces have alternating signs. There-
fore, all reflected components from the interfaces interfere constructively, which results
in a strong reflection. The reflectivity achieved is determined by the number of layer

pairs and by the acoustic impedance ratio between the layer materials.

Fig. 2.8 shows a SMR that has been designed in this work with a Bragg mirror
composed of \/4 layers at a design frequency of 2.4 GHz. The reflector is composed
of Si02/W/Si02/W/SiO2 and the resonator of W/AIN/W. The properties of the
materials can be found in Appendix A. The stress distribution along the propagation
direction shows good confinement of the acoustic wave inside the resonator layers
because of the good reflectivity of the mirror. The acoustic wave vanishes as it travels

to the substrate presenting a slight longitudinal wave leakage.
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Figure 2.8: BAW resonator on top of a Bragg mirror composed of A/4 layers and the absolute
value of the normalized stress in each layer at the operation frequency fy=2.4 GHz.

Fig. 2.9(a) and Fig. 2.9(b) show the longitudinal mode reflectivity and transmissiv-
ity of the reflector respectively. It presents the minimum level of transmissivity at the
design frequency where it reaches -37.1 dB. The reflectivity is high over some band-
width, depending on the acoustic impedance contrast of the materials used and on the

number of layers of the reflector.

2.6.2 Shear Wave Leakage

SMRs were initially designed following the quarter-wave configuration which only takes
into account the longitudinal mode of propagation. That configuration provides the
best confinement of the longitudinal wave for a set of mirror layers. However, modes
other than the longitudinal wave are not taken into account at the time of containing
the mechanic energy inside the resonator structure. In [20], the shear wave leaks across
the reflector structure are presented as an important loss mechanism that significantly
reduces the @ factor of a SMR. Shear waves can be created by the reflection or re-
fraction of longitudinal waves at non-perpendicular angles of incidence to a material

interface.

The shear wave velocity of typical materials is about half of the longitudinal wave

velocity. Therefore, for the design frequency of the mirror the set of layers of the
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Figure 2.9: (a) Reflectivity and (b) transmissivity of the SMR with quarter-wave layers.

reflector are approximately A\/2 for the shear mode of propagation and the reflector
becomes a stack with good transmissivity of the shear wave to the substrate. Those
shear wave leaks reduce the amount of contained energy inside the resonator at the
resonance.

Fig. 2.9(a) and Fig. 2.9(b) also show the shear mode reflectivity and transmissivity
of the quarter-wave reflector respectively. The transmissivity at the design frequency

is -0.7 dB which proves the shear wave leaks.

A way to calculate the effects of the shear losses on the overall @) of the resonator
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was proposed in [20]:

l _ AE‘tot _ (Elong> 1 + <Eshear> 1 (270)
Q Etot Etot Qlong Etot Qshear

where Qiong and Qspeqr are the individual @ values for the longitudinal and shear loss

processes respectively. Ej. is the total energy composed of the longitudinal and shear
wave components Ejy,g and Egpeqr respectively. AEy,; are the total losses in the system
and are assumed to be composed of longitudinal and shear wave losses through the

mirror.

Calculating a possible case can offer an idea of how dramatic the @ drop can be
when there are shear leaks. A distribution of 99% of the energy in the longitudinal mode
and 1% converted to shear waves is assumed. A resonator with a value of Q4,,=10000
can seem to be a very good resonator if only the longitudinal mode is considered during
simulations. However, if the shear losses are included with Qspeqr=10, the quality factor
of the resonator drops to Q=910.

The shear wave loss mechanism explains the fact that calculations of the acoustic
reflectance of a standard quarter-wavelength mirror stack leads to theoretical @) factors
well above 10000 while experimental SMR devices with this type of quarter-wavelength
mirror show values of typically well below 1000. Initially, this discrepancy was explained
by lateral waves which leaked out of the resonator active area and mechanical losses.
However, the shear wave loss mechanism is much more important than those former

explanations.

2.6.3 Optimized Reflectors for Longitudinal and Shear Modes

The shear wave leaks can be reduced by means of a proper design of the reflector
layers. The thicknesses of the reflector layers can be found by means of an optimization
procedure on the transmission of the longitudinal and shear waves through the mirror
stack. The thicknesses are the set of variables to optimize and the goal is to minimize
the transmissivity of both modes at the design frequency. The weight assigned to the
transmissivity of each mode in the optimization function can be adjusted depending on

the assumption on the distribution of energy between the two modes of propagation.

After applying the optimization routine, the set of mirror layers has been
modified in this work regarding the original situation presenting the thicknesses
[0.171/0.830/0.601/0.830/0.942] x A /4, where A is the wavelength of the longitudinal
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Figure 2.10: BAW resonator on top of a Bragg mirror composed of optimized layers to
present good reflectivity in both the longitudinal and shear mode and the absolute value of the
normalized stress in each layer at the operation frequency fy=2.4 GHz.

mode at the design frequency and the layers are arranged from left to right ascending
from the substrate to the resonator. Fig. 2.10 shows the SMR with an optimized Bragg
mirror and the stress distribution in the longitudinal mode along the propagation di-

rection.

Fig. 2.11(a) and Fig. 2.11(b) show the simulated longitudinal and shear mode re-
flectivity and transmissivity of the optimized reflector respectively. The value of the
transmissivity of the longitudinal mode at the operating frequency is -30.5 dB. Thus,
the reflectivity is slightly worse than the reference quarter-wave case. However, the
transmissivity of the shear mode has considerably improved to a value of -23 dB. The
longitudinal mode reflectivity has been sacrificed a bit in order to better trap the shear

wave in the resonator.
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Figure 2.11: (a) Reflectivity and (b) transmissivity of the SMR with layers thicknesses opti-
mized to offer good reflector behavior in both the longitudinal and the shear mode.
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2.7 Summary

In this chapter, the basic physics of BAW devices have been reviewed. The set of
variables and laws that govern the acoustic wave propagation and the piezoelectric
effects have been stated. Two types of materials have been considered: non-piezoelectric
and piezoelectric materials. The assumption of one-dimensional propagation in the thin
film layers has been taken into account which is valid in typical BAW technology devices

and simplifies the analysis.

First, the acoustic wave propagation in a non-piezoelectric slab was analyzed. A
transmission line can accurately model the behavior of the slab. The acoustic trans-
mission line model is analog to the well-known electrical transmission line model but

using acoustic impedance and propagation constant instead of electrical.

Then, the analysis was extended to include piezoelectric slabs which are gov-
erned by the constitutive relations. The piezoelectric slab can be considered as a
non-piezoelectric slab modeled by means of the acoustic transmission line with the
addition of a circuit that includes the piezoelectric transduction between the electric

and the acoustic fields. The resulting model is the Mason model.

The transmission line model and the Mason model were combined to analyze
BAW technology devices in a one-dimensional approach. These models have been used
throughout this work and are of great importance in the analysis and design of BAW
filters. The general expression for the electrical input impedance of BAW resonators

was derived and described.

Finally, the Bragg reflector of SMRs was analyzed by means of the above presented
propagation relationships. The longitudinal and the shear mode of propagation were
considered. Both of them can be analyzed using the one-dimensional approach and the
corresponding acoustic velocities of each mode. The way in which the shear mode can
be an important mechanism of losses in quarter-wavelength mirrors was demonstrated
as well as how the mirror losses can be improved by means of an optimized design that

takes into account both modes of propagation.



Chapter 3

Equivalent Electrical Models for
Acoustically Coupled Resonators

The aim of this work is to synthesize BAW filters, in particular Coupled Resonator
Filters (CRF's). BAW filters formed by acoustically coupled BAW resonators present a
transmission response where the signal path is affected in both the electrical and the
acoustic fields and also by the piezoelectric transduction between them. Considering
the thickness extensional mode of propagation, the Mason model presented in the
previous chapter can fully describe the effects that take place in every thin layer that
makes up the structure. It is unquestionable that the Mason model is a very valuable
structure analysis tool and it has been widely validated for several decades. However,
the resulting network complexity that arises when the Mason model is applied to
complex multilayered structures such as CRFs does not facilitate the linking of the

physical model with filter design systematic tools.

In [45], Lakin proposes a lumped equivalent electrical circuit model for the SCF.
It is developed from the Mason model for single mode plane wave propagation in a
piezoelectric plate. This model offers the advantage of evaluating the device behav-
ior combining the electrical and acoustical fields in a purely electrical circuit. More
importantly, the model provides a valuable tool for use with standard filter synthesis

techniques as shown in [69].

The purpose of this chapter is to provide a set of equivalent electrical models for a
CRF and its variants in order to link the physical device with filter synthesis procedures

that will be developed in the next chapters. The models will be used as tools that gather

51
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the behavior of the devices and also channel the circuit into device design techniques.

This chapter extends the contribution of [45] proposing a novel electrical model for
the Coupled Resonator Filter, the natural evolution of the SCF, where a set of coupling
layers allows the existence of 2 effective resonators instead of one as with SCFs. Then,
a second evolution on the CRF which includes additional non-transducer resonators is
also electrically modeled. Furthermore, a CRF composed of resonators with different
active areas is considered and a general approach to analyze asymmetrical structures

is presented.

Finally, a set of closed-form expressions for the design of the CRF coupling layers
will be presented. The expressions will relate the geometry of the layers with the value
of the inverter that is part of the CRF models. A new coupling mechanism approach

consisting of a single very low acoustic impedance layer will be assessed as well.

3.1 CRF Equivalent Electrical Model

The most basic CRF is composed of two BAW resonators piled on top of each other and
separated by means of a set of coupling layers as shown in Fig. 3.1. The interaction
between the resonators takes place in the acoustic plane by means of the physical
contact between layers which allows the propagation of the longitudinal wave across

the structure.

A set of assumptions can be taken to simplify and clarify the steps to obtain an

electrical equivalent model for the CRF without loss of generality:

e A symmetrical structure is considered with identical top and bottom resonators
in terms of material parameters and geometry. The modelling of the structure can
be extended to asymmetrical structures as shown in section 3.3, where different

size resonators are taken into account.

e The electrode thickness of the resonators is considered infinitesimal and the res-
onator is approximated to a pure piezoelectric plate. This assumption facilitates
the illustration of a clear process to obtain the CRF model with neat networks
and sequential transformations. Moreover, a set of closed-form expressions that
relate the circuit model to the physical parameters in terms of geometry and

material parameters are obtained. Those relationships link the filtering behavior
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Figure 3.1: Coupled resonator filter cross section.

with the structure of the device. The resulting model is completely general and
it could be derived taking into account an elevated number of layers for each
resonator including complex electrodes. However, when multiple layers for the
resonators are taken into account, the networks become cumbersome and the
closed-form expressions are too long and recursive. For this reason, the use of
numerical methods is more convenient to find the values of the elements of the
proposed model when complex sets of layers are considered in such a way that
the model behavior fits the CRF behavior.

The set of coupling layers is modeled by means of an impedance inverter. The
goal of the coupling layers is to control the degree of acoustic coupling between
resonators, and this function can be modeled by means of an impedance inverter

which performs this role in a bandpass filter.

The boundaries at the outer faces of the resonators are considered perfect acoustic
short-circuits. The upper boundary is generally air and its low acoustic impedance
is quite close to an acoustic short-circuit. The lower boundary can be air or a
Bragg reflector, depending on the manufacturing approach, and has also been

approximated to a short-circuit.

3.1.1 Definitions and Network Transformations

In order to model the CRF, the Mason model is applied to each piezoelectric resonator

and the network is organized as shown in Fig. 3.2(a). The input and output ports of

the equivalent circuit are the electric ports of each resonator.
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The values of the impedances are:

Z1 = jZptan <§> (3.1)
Zy = —jZpcosec (6) (3.2)

where 6 = kd is the acoustic length, k£ is the acoustic wave propagation constant
and d is the thickness of the piezoelectric plate. The mass loading effect caused by
the electrode thickness is omitted for the sake of simplicity and so, the piezoelectric

thickness is:
d= Up/Qfa (3.3)
where v, is the acoustic wave propagation velocity of the piezoelectric and f, is the

anti-resonance frequency at which the input electrical impedance of a single resonator

reaches its maximum value.

The characteristic impedance of the equivalent acoustic transmission line, Z,, is
the acoustic impedance, and depends on both the area A and the acoustic impedance

per unit area of the piezoelectric material (Zgp).

The piezoelectric effect is included in the model by the impedance transformer,
representing the conversion of electric energy to acoustic energy, and the negative
capacitance. In turn, the dielectric effect is modeled by the shunt capacitor at the

input of the electric port. The transformer ratio is given by:
e
t=-Cy (3.4)
€

where e (C/m?) is the piezoelectric constant, ¢ is the material dielectric permittivity
and the value of the static capacitor is given by:

A

Co ¥

(3.5)

The two resonators interact by means of the interconnection of one of their respec-
tive acoustic ports. The remaining acoustic port of each resonator is grounded because
a perfect acoustic short-circuit is assumed at the outer boundaries of the device. Unlike
an SCF, in a CRF the link takes place by means of the coupling layers modeled with

an impedance inverter of value Kcoupiing-

Since the two resonators are assumed to be identical, the technological parameters
are the same for both, as well as the circuit elements of the model, resulting in a

symmetrical topology.
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Figure 3.2: Set of network transformations to obtain the CRF electrical equivalent model. (a)
Original network where the Mason model is applied to each piezoelectric plate. (b) Absorption
of the transformers. (¢) T to II transformation. (d) Network simplification around the anti-
resonance
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In order to simplify the network the impedance transformers are shifted to the
same node circuit, so that the effect of the transformers is mutually cancelled out due
to symmetry, obtaining the network shown in Fig. 3.2(b). The circuit elements must
be modified according to the transformation rules caused by the displacement of the
transformers. The values of the impedances that compose the acoustic transmission

line and the inverter are scaled in the form:

Z 6
! D
Z = It tan (2> (3.6)
Zy = i 0 3.7
2 ——jt—Qcosec( ) (3.7)
K coupii
éoupling = CO:;QP = (38)

The network in Fig. 3.2(b) can be reduced by network analysis applying a T to II

transformation and obtaining the Fig. 3.2(c) network, where:

2
Zo=71"+22y — -

et (3.9)

7' Z,

Ly= —-——
b Z/Q—l/ij(n

(3.10)

For the sake of simplicity, it is interesting to show a compact relation between (3.9)
and (3.10):

Zb::Zi(Q—%é?) (3.11)

Now, if we suppose that the device operates in a frequency range around the anti-
resonance frequency, f,, the impedance 7/ reaches a very high value and we can apply

an interesting approximation for Z, to (3.11):
1 1\!
Zy=2(=— - =
' <Za Za>

By means of this approximation, the behavior of the Fig. 3.2(c) and Fig. 3.2(d) net-

~ 97, (3.12)
(z;) ' —o0af,

works can be easily matched calculating the resulting ABCD matrixes of the elements

between the shunt capacitors in both networks and equating their results:
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The value of the central inverter, K;nyerter, models the degree of electrical coupling
between resonators, and it is directly related to the design parameters of the CRF
structure: the degree of acoustic coupling that implements the set of coupling layers

and the transformer ratio.

!/
Kinverte'r = COZpllng = CZUZ;“”Q (3 1 5)

Finally, the impedance Z,, as we will analyze in the next section, presents equivalent
behavior to a series inductance-capacitance (LC) resonator near the anti-resonance
frequency. The elements of the LC resonator will be determined by the technological

parameters of the material and the geometry of the piezoelectric resonator.

Furthermore, it is interesting to note that by means of the procedure followed we can
arrive at the same result for an SCF as that in [45]. That is, if the SCF was analyzed,
the only difference would be not considering the coupling layers and removing the
inverter. For the SCF case, the product of the ABCD matrixes of Fig. 3.2(c) excluding

the shunt capacitors and taking into account the approximation of (3.12) is:

5 S E L 5]

This results in the impedance Z, in series between the shunt capacitors, corre-

sponding perfectly with the model proposed in [45].
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Figure 3.3: Comparison between the impedance Z,/2 and the impedance of the series LC
resonator, Zc.

3.1.2 Synthesis of the Series Impedance 7,/2

In order to synthesize the series impedance Z,/2 in (3.9) and the impedance of a series
LC resonator, Zr ¢, with inductance L and capacitance C, were expanded in first order
Taylor series for frequencies around f,, achieving good agreement between them. The
values of L and C can be obtained by equating the coefficients of the two resulting

Taylor expansion series

1/7\% 1
L = -|—) =—/—= 3.17
8<kt> C()lwg ( )
8
C = ———~Cn (3.18)
(£) -
where
2 ¢ 3.19
ki=——"-— .
t Z0pEoErvp ( )

In Fig. 3.3, Z,/2 and Zpc are compared showing good agreement close to the
anti-resonance frequency. A piezoelectric plate of AIN with the properties detailed in
Appendix A has been assumed as well as a geometry with an area of 400x400 pum?

and a thickness of 2.75 um that presents an anti-resonance frequency at 2 GHz.

The operation bandwidth of the model will be limited up to an anti-resonance
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Figure 3.4: Equivalent circuit model of a Coupled Resonator Filter.

Table 3.1: Variables and Elements of the CRF model

Symbol Value Symbol Value
A 400x400 pm? Co 5 pF
d 2.75 pm L 24.5 nH
t 0.086 C 0.27 pF

Kcoupling 0.277 kg/S Kinverter 9.46

frequency span of 50%, a limitation caused by the validity range of the approximation

of the impedance Z,/2 by means of a series LC resonator.

It is important to point out that by means of (3.17)-(3.19), the lumped element

values of the electrical model can be directly related to the resonator geometry.

Indeed, replacing the impedance Z,/2 with the inductor L and the capacitor C' in
series, the equivalent circuit model of Fig. 3.4 is obtained. The proposed model captures
the performance of any CRF at frequencies around f,. It is composed of electrical
elements: inductors, capacitors and an impedance inverter. It facilities working with

the CRF in a straightforward way from a completely electrical standpoint.

3.1.3 Validation of the Proposed Model of a CRF

In order to validate the proposed model, the transmission response of a two pole CRF
is evaluated by means of the Mason model and the proposed all electrical lumped

element model.

A stack of two resonators is considered, assuming AIN as piezoelectric material and

neglecting the mass loading effect produced by the electrodes.

A set of coupling layers between the resonators is assumed that implement a cou-
pling value of K oupiing=0.277. All the parameters to reproduce the simulation of the

model are summarized in Table 3.1.
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Figure 3.5: Simulated transmission response for the proposed equivalent circuit model of the
Coupled Resonator Filter (circled line) and for the Mason model based Coupled Resonator
Filter (continuous line).

From an acoustic point of view the coupling degree between resonators is
K coupling=0.277 kg/s. Section 3.4 will show how the coupling layers can be modeled
by means of an impedance inverter. From an electrical standpoint and in accordance

with (3.15) an equivalent electrical inverter Kipyerter=9.46 is necessary.

The transmission response of the proposed model is shown in Fig. 3.5, along with
the transmission response of the CRF device simulated by using the accepted Mason
model to include the piezoelectric effect. The transmission responses in both cases
are practically identical over the whole frequency span simulated in relation to the

anti-resonance frequency.

Several simulations have been carried out with different material parameters, areas
and frequency bands. All of them accurately fit the frequency spans of up to 50% of
the transmission responses simulated by means of both the proposed model and the

reference Mason model.

3.1.4 Bandpass Prototype Filter Analogy

The electrical equivalent model of the CRF presents a filtering behavior that can be
linked to a bandpass prototype filter composed of impedance inverters and series L.C
resonators. In order to create this link, the network has been reconfigured as shown in

Fig. 3.6(a). Two changes have been performed regarding the original model of Fig. 3.4:
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Figure 3.6: (a) Reconfigured network of the CRF model (b) Absorption of the transformers.
(b) CRF network drawn in order to match the bandpass prototype filter. (c) General bandpass

filters using impedance inverters.

e two series capacitors of identical absolute value C, and opposite sign have been

placed between the shunt parallel plate capacitors Cy and the series LC res-
onators. The two capacitors cancel each other out in such a way that no real
elements are added to the network and its behavior is unchanged. The purpose
of the inclusion of those capacitors is merely to identify the blocks of elements

that implement purely impedance inverters and series LC resonators.

a transmission line with a characteristic impedance equal to the port impedance
Zy and electrical length ¢ is placed between the shunt parallel plate capacitor
Cy and the port. The transmission line is innocuous because it presents the same
impedance as the ports and it only represents a phase shift on the So; and S1;
responses. In this way, the transmission line is included to form an impedance
inverter, but it can be removed causing only a phase shift. The inclusion of this

innocuous transmission line is useful for analyzing the CRF filtering behavior.

Fig. 3.6(b) shows the model represented in such a way that the pure LC resonators

and impedance inverters are identified. The LC resonator has been formed from the
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lumped elements L and C' and adding the series capacitor Cy. In this way, the LC
resonator is formed by L and C, = (C‘l +C7 1)_1. The negative capacitor —C, and
the transmission line contribute to form the impedance inverter along with C as shown
in Fig. 3.7. This equivalence can be easily shown by means of ABCD matrixes. The
ABCD matrix for the left block can be equated to the ABCD matrix of an impedance
inverter as follows:

Bt ol | I e B Il ICE™

Solving the set of equations coming from each element of the resulting ABCD
matrixes for a frequency w = wy, the values of the variables C; and ¢ that implement

an inverter of value K, naturally formed, are given by:

1+ Z3wiC

= 21
¢ ZgwgCo (3.21)
PN |
¢ = tan <Z0w000> (3.22)
Z
K = 0 (3.23)

/1+ Zgw(g]Cg

The three parameters depend on the impedance Zy and the capacitor Cy. In this
way, in a CRF, an inverter of value K given by (3.23) is naturally formed for a particular
parallel plate capacitance of the resonator and port impedance. The capacitor C, is
very useful because it helps to determine the effective series LC resonator that is
formed inside the bandpass filter structure. Having the impedance inverters and series
resonators identified and represented will facilitate the full use of the classical coupling

theory for microwave filter design in the following chapters.

The lumped elements L and C' of the CRF model present a resonance frequency
1/V/LC that is generated from the mechanical resonance that takes place inside the
plates of the resonator and the piezoelectric effect. It is thought to be from the Mason
model, removing the shunt capacitor Cy and taking only into account the motional
branch composed of the acoustic transmission lines and the transducing network which
includes the impedance transformer and the negative capacitor. Or it can simply be
seen as the motional branch of the BVD model for a single resonator. When the BAW
resonator is part of the CRF device, the motional branch of the resonator is located in

the series position and the electrical branch composed of the capacitor Cj is located
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Figure 3.7: Impedance inverter equivalence at fj.

in the shunt position. The impedance inverter is created between the port and the
resonator. However, as a shunt capacitor cannot implement an impedance inverter by
itself, the inverter is naturally formed absorbing part of the motional branch which
is modelled by means of the capacitor —C. This fact has an effect on the effective
motional resonance which is taken into account by means of the capacitor C,. In this
way, the effective resonator is composed of the series elements L, C and C,. The
effective resonance can be calculated as 1/v/LC;, where C, is formed from the series

capacitors C' and C,.

The CRF model represented in Fig. 3.6(b) can be easily related and equated to
the general bandpass filter of order 2 composed of series resonators and impedance

inverters of Fig. 3.6(c).

3.2 CRF with Multiple Acoustically Coupled Resonators

The previous section considered the most basic CRF composed of two acoustically
coupled BAW resonators. It has been demonstrated that this basic CRF structure
behaves essentially as a filter of order 2. The concept of CRF can be extended to
include more complex structures having multiple acoustically coupled resonators where
the order of the filter is determined by the number of acoustically resonating plates.
For example, the near band rejection of a CRF response could be increased by adding
a third acoustic resonator as shown in Fig. 3.8 resulting in a filter of order 3. Note
that this additional resonator can be composed of a piezoelectric or a non-piezoelectric
material because its function is solely resonating unlike the input and output resonators
which present a double function as resonators and transducers between the electric and

mechanic fields at the same time.
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Figure 3.8: Cross section of a coupled resonator filter with an additional non-transducing
resonator.

This structure contains more layers than the two-pole filter, so it is more difficult
to design and to manufacture [70]. In this section, the electrical equivalent model of
the previous section is extended for CRF's that include additional non-transducing res-
onators. An accurate electrical modeling of this structure facilitates a systematic design

procedure to obtain the device geometry for a given technology and specifications.

3.2.1 CRF Equivalent Network

As observed in the previous section, the Mason model is applied to the input and
output piezoelectric resonators with infinitesimal electrodes. The set of coupling layers
are taken into account by impedance inverters and the device is considered symmetric.
The middle resonator is represented by means of a transmission line as shown in Fig.
3.9(a).

The values of the impedances that implement the transmission lines for the piezo-
electric plates (Z1,1 and Z3;) and for the non-piezoelectric plate (Z;2 and Zs») are
given by (3.1) and (3.2). It is considered a piezoelectric plate of acoustic impedance

Zop and velocity v, and a non-piezoelectric plate of impedance Zyq and velocity vg.

The considered piezoelectric plate thickness is:

d= UP/Qfa (3.24)

the considered thickness for the non-transducing resonator plate is:

dy = Vg, (3.25)
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Figure 3.9: (c) Original network where the Mason and transmission line models are applied
to each piezoelectric and non-piezoelectric plate respectively. (b) Electrical equivalent circuit.
(¢) CRF network in the form of bandpass filter

where f; is the unique resonance that takes place in the pure resonator plate and a

thickness of A/2 has been assumed for the middle plate.

3.2.2 Equivalent Electrical Model for the Multi-resonator CRF and
Bandpass Filter Analogy

The network shown in Fig. 3.9(a) can be reduced to the network shown in Fig. 3.9(b)
by means of similar network transformations and approximations as it has been done

in the previous section for the CRF of order 2.

The resulting circuit elements are determined by the geometries and the material

parameters. The values of lumped elements L and C' are given by (3.17) and (3.18).

The value of the impedance inverters for this configuration is:
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Table 3.2: Variables and Elements of the CRF of order 3 model

Symbol Value Symbol  Value
A 400x400 pm? Co 5 pF
d 2.75 pm L 24.5 nH
da 2.81 pym Lo 67.6 nH
t 0.086 C 0.27 pF
Kinverter 18.92 Co 0.09 pF
K coupling 0.277 kg/s - -
Kinverter = % (326)

The values of the lumped elements that model the behavior of the middle non-

transducer resonator are given by

ZogA
Ly = 3.27
2 2 fqt? (3.27)
t2
Cy = ———+— 3.28
2 2704 A fy (3.28)

Using the same approach as in section 3.1.4, an input and an output inverter can
be formed to equate the CRF network to a bandpass filter prototype of order 3 as
shown in Fig. 3.9(c). In this way, CRF's of higher orders can be implemented by means

of adding additional resonating layers in the structure.

Fig. 3.10 shows the response of a CRF of order 3 with input and output resonators
composed of piezoelectric plates and a middle resonator composed of SiO2 with the
properties shown in the Appendix A. The geometries and variables considered are given
in Table 3.2.

3.3 Asymmetrically Coupled Resonator Structures

In most cases, coupled resonator structures are assumed to be symmetrical in terms
of area, that is, the top and bottom BAW resonators are stacked and aligned, and are
assumed to have the same area. In this case, the mechanical load condition in the whole
area of the structure is the same and can be modeled by means of cascading Mason
models of each BAW resonator only approximating a propagation of the thickness

mode. The electrical response of these structures presents a wide bandwidth and a very



Chapter 3. Equivalent Electrical Models for Acoustically Coupled Resonators 67

S,1 (dB)

15 1.6 1.7 1.8 1.9 20 21 22 23 24 25

Frequency (GHz)

Figure 3.10: Simulated transmission response for the proposed equivalent circuit model of
the Coupled Resonator Filter of order 3 (circled line) and for the Mason model based Coupled
Resonator Filter (continuous line).

good out-of-band rejection, but unlike ladder or lattice filters, transmission zeros in the
transmission response are not achievable. However, forcing different load conditions in

the structure, a transmission zero can be obtained as found experimentally in [71].

The analysis of this kind of asymmetrical structure has to take into account all the
load conditions over the considered plates. Due to the continuity conditions in terms of
electrical field and mechanical displacement, each of the regions of the structure under
the same load conditions will be modeled with an independent Mason model. The
significance of this consideration is based on the possibility of using the one dimensional
Mason model in modeling two dimensions, and the chance of applying this to a more

general case.

3.3.1 Structure Definition

The most basic CRF structure is composed of two stacked BAW resonators and a set
of coupling layers. Each resonator is defined by thickness d;, and area A; with i = 1,2
for the upper and bottom resonator, as shown in Fig. 3.11. Infinitesimal electrodes
are assumed to simplify the structure and to illustrate the process of obtaining the
model. Note that when A; = Ay and di = ds the structure corresponds to the standard

symmetrical CRF and also that by removing the acoustic coupling layers a SCF section
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Figure 3.11: Basic scheme of an acoustically coupled resonator asymmetrical structure.

can be revealed. Taking into account the different areas of both resonators, two different
regions must be distinguished in the structure: a common active area, given by Ay,
shared by all the layers in the stack; and a free-load area in the bottom resonator that
corresponds to the area given by AA = As — Ay in which the mechanical load is air,

which behaves like an acoustic short-circuit.

The one dimensional Mason model comes from the analysis of the propagation
of the acoustic wave through the structure. This means that this model can only be
applied to that region or area which has the same mechanical load conditions. In this
case, it is straightforward to state that each area of the structure, the active and the
free-load area, must be modeled with an independent Mason model. Of course, both
areas must fulfill the one dimensional conditions [60]. Taking this into account, both
the active and free-load area will be modeled with the Mason model setting an area
A1 in the first case and AA in the second.

Although the load condition in each region is different, continuity from the electrical
and mechanical point of view must be accomplished. Since there is electrical continu-
ity in the bottom resonator, the Mason model of each region must be connected in
shunt configuration, accurately modeling the longitudinal mode response of the whole
structure. Taking all these considerations into account, the electrical model can be
developed, as well as the electrical equivalent circuit, which presents a useful electrical

network.
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Figure 3.12: (a) Network of the asymmetrical structure using the Mason model. (b) Electrical
equivalent circuit.

3.3.2 [Electrical Equivalent Circuit

In Fig. 3.12(a), the complete asymmetrical structure by means of the Mason model
is shown. Here, the active area is modeled like the classical symmetrical CRF struc-
ture, while the free-load area is electrically connected in a shunt configuration with its

corresponding Mason model.

The network is made up of two parallel branches for each region of propagation. The
input and output ports of the equivalent circuit are the electric ports of each resonator.
In the region corresponding to the active area, the two resonators are connected to each
other by means of one of their respective acoustic ports. In a CRF, the mechanical
coupling takes place by means of the coupling layers. The degree of acoustic coupling

is modeled with the impedance inverter (K oupiing)-
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The values of the impedances in the applied Mason models can be expressed as:

71 = jZop A tan <92> (3.29)
Zo; = —jZopAicosec (6;) (3.30)
Zy 9 = jZopAAtan <922> (3.31)
Zy o = —jZopAAcosec (62) (3.32)

with ¢=1, 2, where Zy, is the acoustic impedance per unit area of the piezoelectric

material and 6 is the acoustic length.

The value of the static capacitors is given by:

A

Coi 4 (3.33)
do

In order to model the asymmetrical CRF in such a way that the device’s behavior
can be easily understood, the same approach of section 3.1 is followed taking into
account the new geometry variables of the asymmetric structure to obtain the circuit
presented in Fig. 3.12(b).

The model obtained consists of a part belonging to the active area, which is similar
to the symmetrical CRF but contains different element values and the presence of a
transformer due to the asymmetry of the device, and a part belonging to the free-
load area of the CRF which performs like a single resonator. The device behaves in
the same way as a CRF, where asymmetric thickness can be assumed, connected to
an independent resonator in parallel at one port. The lumped element values of the

equivalent circuit are:

1/7\? Cor
Ly =~ 3.35
'8 <kt> 032“’21 ( )
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From Fig. 3.12(b) it can be predicted that the ground derived LC resonator will
introduce a transmission zero at its resonance frequency because here it behaves like
a short-circuit. In this way, a one-dimensional analysis approach can be extended to
several regions on a two-dimensional plane. The model presented in Fig. 3.12(b) is

useful to understand the behavior of the structure.

The Mason model has been extensively validated in literature as a tool to model 3D
structures in which the boundaries of the plates share the same boundary conditions
on all their surfaces. However, our proposal involves the parallel connection of one-
dimensional Mason models to gather the behavior of 3D structures with different load
conditions on different parts of the surface in some boundaries. Therefore, in order
to validate the proposal, the next section includes a 3D simulation of the acoustic

structure.

3.3.3 Validation of Asymmetrical Structures Using 3D Simulations

In the previous section, the electrical equivalent circuit for an asymmetrical structure

was developed, in which the presence of a free-load area was modeled by a shunt
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Table 3.3: Definition of Asymmetrical CRF Geometry

Layer Dimension
(um X pm X pm)
Top electrode 60x60x0.2
Top resonator Piezoelectric plate | 60x60x1.06
Bottom electrode | 60x60x0.2
Si02 60x60x0.525
Coupling layers W 60x60x0.785
Si02 60x60x0.525
Top electrode 180x180x0.2
Bottom resonator | Piezoelectric plate | 180x180x1.06
Bottom electrode | 180x180x0.2

resonator. From the electrical point of view, we can state that the shunt resonator will
contribute a transmission zero placed at its own resonance frequency f,.. The model has
been developed from the parallel connection of Mason models to gather the effect of
different boundary conditions on the same surface of a plate. In order to demonstrate
the validity of the proposed Mason models connection, a 3D simulation has been carried
out using ANSYS software.

The proposed structure is composed of two BAW resonators that are acoustically
coupled by a set of coupling layers SiO2/W/SiO2. The upper resonator has been cen-
tered over the lower resonator and both BAW resonators are square shaped. The di-
mensions of the layers of the asymmetric structure are listed in Table 3.3. As discussed
previously, the lateral dimensions should be much greater than the thickness to ensure
the resonator mainly operates in the thickness mode. In [65], a lateral-to-thickness ra-
tio of 50:1 is preferred. In general, the higher the ratio, the better the one-dimensional

approximation of the thickness mode.

In Fig. 3.13, the asymmetrical CRF transmission response is shown. Both the 1D
simulation by means of the equivalent electrical circuit and the 3D simulation agree.
Unlike the 1D simulation, some ripple due to the lateral modes of the structure ap-
pears in the 3D simulation. These modes cannot be predicted by the 1D simulation
since it only takes into account the propagation of longitudinal acoustic waves through
the structure. However, the most important fact lies in the presence of a transmission
zero, which is a contribution from the free-load area of the structure. When the acous-
tic waves propagate from the top to the bottom BAW resonator, not only the active
area must be considered. The mechanical displacement at the bottom resonator gener-

ates a longitudinal electrical field. Due to the electrical continuity, the electrical field
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Figure 3.13: Transmission response for the asymmetrical CRF structure by means of 1D Ma-
son model (dashed line) and 3D simulation (solid line) including the electrical input impedance
of the free-load area..

will be distributed in the whole area of the electrodes. In this case, the free-load area
will behave like a single BAW resonator, with a certain resonance and anti-resonance
frequency. At the resonance frequency, the free-load behaves like a short circuit, con-
tributing a transmission zero, whereas at the anti-resonance frequency, the bandpass
response of the structure is not degraded since the free-load area behaves like an open
circuit. In Fig. 3.13, the electrical impedance of the free-load area is also shown in

order to confirm the previous statement.

In Fig. 3.14(a), the mechanical displacement at the frequency of maximum trans-
missivity of the filter response is shown. It can be seen that the mechanical displacement
is mainly concentrated in the active area, being almost negligible in the free-load area.
In the same way, an examination of the mechanical displacement at the frequency of the
transmission zero, which is shown in Fig. 3.14(b), reveals that the mechanical displace-
ment is mainly concentrated in the free-load area, whereas it is almost negligible in
the active area. This situation confirms the previous statement that the free-load area
should be modeled as an independent BAW resonator that is electrically connected in

a shunt configuration with the bottom resonator of the active area.
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Figure 3.14: Mechanical displacement vector sum for: (a) frequency of maximum transmission
and (b) free-load area resonance frequency.

3.4 Coupling Layers Mechanism

The sections presented above have modeled the set of coupling layers in a CRF as an
impedance inverter. This section will demonstrate that model and will establish a set
of closed form expressions that relate the geometry and the material parameters of the

coupling layers with the inverter value.

3.4.1 Multiple Coupling Layers as a Coupling Mechanism

From the microwave engineering perspective, a coupling between resonators can be
implemented by means of several mechanisms that can be modelled by impedance
inverters at a frequency of operation [72]. From the thin film bulk acoustic wave tech-
nology perspective, the only acoustic coupling mechanism between resonators that can
be implemented at the moment is by means of thin film layers. A thin film layer is ana-

log to a transmission line, and it is well-known that one of the most basic impedance
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inverters is a A/4 transmission line which presents an inverter value K equal to its
characteristic impedance. Therefore, it could be thought that the most logical way to
couple the two resonators is by means of a thin film layer of A/4 thickness assuming the
acoustic wavelength in such a way that the longitudinal wave will travel an acoustic
length of 7/2 across the coupling layer, and the value of the acoustic impedance of the

transmission line will be the desired inverter value K.

However, the main obstacle to implementing this approach is the impossibility
of fulfilling a desired coupling value, or in other words, a required impedance inverter
value. The coupling value that only one layer of a conventional material can implement
is too high to fulfill the typical bandwidths required by applications to which BAW
filters are targeted such as UMTS, ISM or GPS. That is to say, the impedance of
the material is too high regarding the desired impedance inverter value K. Moreover,
the acoustic impedance Z, is given by the product of the intrinsic acoustic impedance
of the material Z,9 and the active area of propagation of the longitudinal wave A.
The active area is determined by the resonators which transduce the signal between
the electrical and the mechanical fields. There is no control on the intrinsic acoustic
impedance of a material and the set of available materials is limited to those used
in the thin film and semiconductor industry. In this way, there is no control on the

acoustic impedance of the coupling layer.

The first issue was solved using the Bragg reflector approach which is based on the
combination of a set of alternatively placed high and low impedance layers to achieve
a mechanism block that presents an effective, very low impedance. This mechanism
block is called coupling layers. Initially, those layers had a thickness corresponding
to A/4 [73]. However, as the number of available practical materials in the industry
is limited, the number of coupling values that can be implemented is very limited as
well. Currently, research on materials with very low impedance is being carried out in
the BAW industry. For example in [50], a thin polymer film is investigated as unique
coupling layer due to its very low acoustic impedance < 0.5 107 kg/s/m?, compared
to materials like SiO2 which has a value of 1.2 107 kg/s/m?2. Other materials such
as organic films and certain oxides are possible candidates to act as a single coupling
layer. The main drawback of some of these materials is that they are relatively lossy.
Porous silicon (PS) dioxide is investigated in [74] where a large mismatch between
the acoustic impedances of a Bragg mirror is needed to broaden the bandwidth of the

mirrors. Acoustic impedances of 0.95 107 kg/s/m? are reported for PS layers. In this
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way, PS could also be a suitable candidate for single layers CRFs.

Then, the second issue was solved using the thickness of the coupling layers as a
design variable, not restricting them to a thickness of A/4 [49]. This additional degree
of freedom in the designing of the coupling layers brings a wide range of coupling values

that can be implemented.

In general, the design of the coupling layers has been performed by means of op-
timization procedures together with other layers that implement the CRF, including
the resonators, to achieve a required acoustic transmissivity trying to find an optimal
coupling to fulfill the filter specifications. Those optimization procedures are time-
consuming because of the high number of design parameters to be optimized and their
convergence on local solutions can avoid the use of the full potential of CRFs. More-
over, a loss of understanding about the coupling and resonance mechanisms that take

place in the structure happens when just one optimization process is carried out.

In this section, the coupling layers mechanism is analyzed in such a way that the
coupling trends are shown and the implementable coupling value limits are stated. In
addition, a set of closed-form expressions to fulfill a desired coupling value is presented.
This approach is useful to implement the coupling theory of filter design that will be

developed in next chapters.

3.4.2 Generalized Impedance Inverter

Next, the set of coupling layers will be analyzed and the way in which they can imple-
ment an impedance inverter will be demonstrated. The coupling layers can be treated
as acoustic transmission lines with their associated acoustic impedance and velocity.
Two types of materials are considered herein: high and low acoustic impedance mate-
rials, because their high acoustic impedance ratio offers the widest range of possible
coupling values as can be observed below. Taking into account the acoustic impedance
of the selected materials, it is possible to find the acoustic transmission line (TL)
lengths that will fulfill the desired coupling value between resonators. If we consider

the transmission matrix for the i-th lossless TL as [23]:

cos (¢i) jZisin(¢;) ) (3.42)

ABCDy, ,, = ( isin(éi) g (04)

k3
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Figure 3.15: (a) Three coupling layers behaving as impedance inverter and (b) five coupling
layers behaving as impedance inverter.

where ¢; is the acoustic TL-length and Z; is the acoustic characteristic impedance of
the i-th layer. The transfer matrix for the layer structure will be an impedance inverter

by definition if the hereafter equality is given at a determined frequency:

ABCDy, - ABCDyy - - - -ABCDy,, = ABCDinyerter = ( ijo/ . i{)K ) (3.43)

3.4.3 Closed-Form Expressions for the Coupling Layers Dimensions

As a first approach a three layer structure will be analyzed. Fig. 3.15(a) shows its
equivalent transmission line circuit. The impedance and acoustic length sequence is
summarized in Table 3.4. The layers placed in odd positions present a low impedance
material (Z1 = Z3 = Zjo,) and the same acoustic length ¢1 = ¢3. The layer placed in
the middle of the stack presents a high impedance material (Zy = Zj;q,) and length
¢2. Note that the contrariwise configuration can be implemented with high impedance
in the odd layers and low impedance in the even ones. Solving the system of equations
resulting from (3.43), it is possible to obtain the acoustic TL-lengths according to the

desired coupling value K and the available material impedances Zj,, and Zp;gp:
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Table 3.4: Structure of the multi-layer inverter

Layer | Three-layer structure ‘ Five-layer structure ‘ Example structure
Z; o; Z; b; Thickness (um) Material
Layer 1 Zlow (]51 Zlow ¢1 0.270 SIOQ
Layer 2 Zhigh (bg Zhigh (bg = 90° 0.420 W
Layer 3 Zlow ¢3 = ¢1 Zlow (;53 0.270 SIOQ
Layer 4 Zhigh ¢4 = 90°
Layer 5 Ziow b5 = 1
K2 _ 72
high
tan(¢1) 1 2 Zlow (344)
Zlow - K2Zhigh
2 2
¢ ¢ \/ low K2Zh igh \/K2 hzgh Zlow) 7 (3 45)
an{ez 1T 79 274 274 172 high :
ZiowZhigh — K215, — K thgh + K220

Now a continuous range of values is available to implement the required inverter control.
However, the range of feasible values for the inverter control is limited because the

acoustic lengths must be a real number. The upper and lower limits are:

ZQ
—low < K < Znign (3.46)
high
The contrariwise configuration extends the range in the upper limit but reduces it in
the lower limit. The analyzed configuration is more appropriate because of the small

typical required inverter values.

As stated above, in some cases the required inverter control value could be outside the
feasible value range using three layers. However, this situation rarely occurs for typical
applications where CRF's are used. A way to extend this range is using five symmetrical
stacked coupling layers. The transmission line equivalence is shown in Fig. 3.15(b). The
full coupling structure is summarized in Table 3.4. For the sake of simplicity, layers
placed in even positions will have a quarter-wave length and the acoustic lengths of

the remaining layers are:

K2Z2 _ ZZ
! high
tan(¢y) = 5 0“’}(22419 Ziow (3.47)

low high
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(K2 - Zl20w) \/KQleow - Z?Ligh \/Zl60w - KQZﬁigh

6 4 _ K278 _ 278 472 4
Zlothigh K Zlow K Zhigh+K Zlothigh

tan(¢s) =

Z?n‘thlow (3'48)

In this case, the range of feasible values has been increased:

Z3 Z7;
Zlow o g gk (3.49)
Zhigh Zlow

3.4.4 Coupling Layers Frequency Behavior

The inverter implementation by means of transmission lines has an inherent limited
bandwidth. The multi-layer approach is considered at a single frequency at which the
set of layers presents a total acoustic length of 90° and the desired inverter value. In

this way, the multi-layer inverter presents good behavior in narrowband.

In order to exemplify the coupling layers’ behavior, the inverter that models the
coupling layers in section 3.1 of value Kinyerter=0.277 kg/s is implemented with the
three-layer inverter solution. It has to be noted that in section 3.1, for the sake of
simplicity, the simulation of the acoustic inverter was implemented by means of an ideal
acoustic inverter having an impedance that does not exist in conventional materials.
Herein, the acoustic inverter is implemented by means of a set of real conventional

materials.

The thicknesses of the layers summarized in Table 3.4 can be obtained from (3.44)
and (3.45), using silicon dioxide, SiOq, as low impedance material, tungsten, W, as high
impedance material and an acoustic propagation active area, A, of 400x400 pmxpm
determined by the filter synthesis procedure. In this way, Z,, = Zsio, A and Zyign =
Zw A, where Zg;0, and Zy are the acoustic impedances per area unit of each material

in kg/(m?s). The acoustic impedances of W and SiO2 are given in Appendix A.

Fig. 3.16 shows the acoustic lengths that must be implemented using the 3-layer
solution for a specific inverter value between resonators. Note that one of the solutions
presents a negative sign, meaning that an angle of m rad needs to be added to that
solution to obtain an implementable layer. The minimum coupling takes place when

all the layers have an angle of 7/2, the quarter-wave layers solution. Therefore, any
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Figure 3.16: Required acoustic lengths to fulfill a particular inverter value using the 3-layer
inverter solution.

coupling value obtained by modifying the thickness of the layers will be higher than

the quarter-wave reference.

The magnitude and phase responses of the proposed inverter are shown in Fig.
3.17. In order to evaluate this behavior, the inverters have been simulated with the
ports matched to the ideal inverter value. In this way, we can check the transmission
coefficient both in magnitude and phase and thus, we can assess the quality of the
multi-layer inverter that is implemented. The transmissivity deviation is better than
0.1 dB inside the passband of the filter. The phase response is between the range of
80° and 100°, being 90° at the center frequency of the filter. The phase slope makes
the layers’ behavior move away from the ideal inverter behavior at frequencies far
from the design frequency. Fig. 3.17 also shows the response of the filter once the
coupling layers have been implemented, compared to the response obtained using an
ideal inverter modeling the coupling layers that show good agreement, close to the
center frequency of the filter. The presented example filter has been simulated and
validated using the Mason model. A slight reduction of the bandwidth occurs due to

the narrowband behavior of the coupling layers around the design frequency.

Fig. 3.18 shows the filter response in a wider span of frequencies to illustrate the

presence of spurious peaks stemming from the resonances of the structure caused by the
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Figure 3.17: Filter response implemented with an ideal inverter such as coupling layers (con-
tinuous line) and with real coupling layers (circled line). Evaluation of the implemented multi-
layer inverter by means of the magnitude (squared line) and the phase (crossed line) when its
ports present the impedance of the desired coupling value, 0.277 kg/s.
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Figure 3.18: Out-of-band spurious resonances originated from the multi-layer structure in a

CRF with an inverter modeling the coupling layers (continuous line) and with real coupling
layers (circle line).
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multi-layer coupling structure. Depending on the chosen solution for the inverter, the
spurious peaks are placed at different frequencies. The resonance periodicities depend
on the number of layers used to implement the inverter, their thicknesses and the

reflection coefficients between the several layers.

3.5 Single Coupling Layer

[51] demonstrates that there are materials with sufficiently low acoustic impedance,
that the two resonators in a CRF can also be sufficiently decoupled with only one
layer as shown in Fig. 3.19(a). In this case, a single coupling layer is placed between
resonators. Some organic materials present acoustic impedances of around 2.8 kg/s/m?
and can be used as the single coupling layer. However, the drawback to using these

materials is that they are relatively lossy, between 1000 and 2000 dB/cm.

piezoelectric L C ZC ,0 L C
— Y Yy
coupling layer
, : C,
piezoelectric

:»Tl—-m—lf—-—uy—ir—uy——m—u' “T‘:F
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Figure 3.19: (a) CRF layered structure, (b) CRF with Single Coupling Layer Model and (c)
redrawn model to identify resonators and impedance inverters.

The coupling degree between resonators may be controlled by means of the thick-
ness of the single coupling layer. This section will present how to modify the equivalent
electrical model for the coupled resonator filter in order to include the effects of having

a non-quarter-wave coupling layer as a coupler.

A model can be obtained for the CRF with a single coupling layer as shown in Fig.

3.19(b) based on the equivalent circuit model proposed in section 3.1. In this case, the
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coupling layer is not represented by means of an impedance inverter but a transmission
line of acoustic length 6. This is so, because it does not assume the role of inverter
by itself, since is does not have an acoustic length of 90°. Actually, part of the BAW
resonator contributes to creating the inter-resonator impedance inverter and also the

input/output inverters.

As can be observed in Fig. 3.19(c), the fact that the resonators are contributing
to the couplings is modeled by the capacitors C, in the case of the external couplings
as shown in section 3.1, and the capacitors Cy in the case of inter-resonator coupling.
When the resonator contributes to the coupling with C, and Cy, its resonance behavior
is naturally modified and it will be modeled by modifying the capacitor C which absorbs
the opposite sign capacitors -C, and -C,, and becomes C,=1/(1/C+1/Cy+1/C,).
That is to say, the effective resonance of the BAW resonator is being modified when a
part of this resonator also contributes to the strength of the acoustic coupling. Using
ABCD matrixes, it can be demonstrated that a transmission line with a characteristic
impedance Z. and acoustic length 6 placed between two series negative capacitors of
value -Cy behave as an impedance inverter at a frequency fo. The value of C, that

makes the structure behave as an impedance inverter K for a value of 6 can be obtained:

_ tan()
Ze
K=o (3.51)

Thus, a modification of the effective resonators in a CRF takes place when a non-
quarter-wave single coupling layer is used as a coupling mechanism besides the modi-

fication that comes from the static capacitor.

3.6 Summary

This chapter proposes an equivalent electrical model for the electro-acoustic device
studied in this dissertation, the CRF. The model and its extensions are a link between
the physical device and the filter prototypes. The component values of the models
are related to the geometries of the device and the material parameters of the layers.
Closed-form expressions have been derived for the component values following a set

of simplifying assumptions without loss of generality. Complex multilayered structures
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match the proposed models and the component values can be easily extracted matching
the response of the model and the structure. Equivalent electrical models have been
derived for the most common CRF structure composed of 2 resonators, and it has been
derived to variations such as CRFs with 3 resonators and asymmetrical CRF's, that is

to say CRFs with resonators of different geometries both in thickness and area.

This chapter has also demonstrated the behavior of a typical CRF as a filter of
order 2, and it has also shown that adding acoustically coupled resonators to the stack
leads to higher order filters. However, the behavior of a CRF is significantly modified
when resonators of different areas are considered. A transmission zero appears in the

transmission response due to acoustic boundary conditions.

The coupling layers of CRF structures can be modeled by means of impedance
inverters. The inverter values have a relation with the properties and geometries of
the layers. A single coupling layer with very low acoustic impedance as a coupling
mechanism between resonators is being investigated in the BAW community. The con-
trol of the coupling degree in single layers is carried out by means of modifying of its
thickness, and when it occurs, the CRF model must be modified in order to take into

account the effects of the coupling layer on the resonances.

More importantly, for the purpose of this dissertation, the models draw a clear
picture of the filter mechanisms that take place inside the structure: resonances and

couplings.



Chapter 4

Design of Acoustically Coupled
Resonator Filters

The aim of this chapter is the synthesis of bulk acoustic wave (BAW) coupled res-
onator filters (CRFs) from a set of filtering specifications. The geometries of the BAW
structures and the values of other possible external elements will be determined when
needed. Therefore, the physical dimensions of the filter for fabrication can be obtained.
The techniques presented in this chapter can deal with the complex multilayered struc-

tures typically present in BAW technology discussed in the introduction of this work.

The design of CRFs has typically been based on optimization procedures on the
geometries of the device in order to obtain a response that fits the required filter
specifications. The thickness of the layers and the active area of the structure are
common design variables. The input data in the design process are material properties
such as density, acoustic velocity, permittivity or electromechanical coupling constant
in piezoelectric layers. The Mason model presented in section 2 is the workhorse of
BAW resonator design and analysis [75]. It provides an accurate modelling of the
acoustic longitudinal mode wave propagation thorough the stack of thin film layers of
BAW devices and also of the piezoelectric effects. In this way, optimization procedures
on the 1D Mason model are far more rapid and convenient than 3D simulations and
also provide accurate results of the main mode of propagation. However, a BAW filter
design process which only relies on optimization procedures skips information and

understanding of the behavior of the structure and its parts.

There is a general technique for designing coupled resonator filters in the sense that

85
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it can be applied to any type of resonator despite its physical structure. The coupling
theory for coupled resonator circuits was developed extensively in [72] by Hong and
Lancaster. The technique has already been applied to a variety of electromagnetic filters
such as waveguide filters, dielectric resonator filters or microstrip filters. In this chapter,
the basics of the technique will be reviewed for their application to CRFs. The design
process will take into account the particularities of BAW technology which presents a
particular case of resonator and operates in both the electrical and mechanical fields.
The coupling theory will also provide a deep understanding of the behavior of the filter

structure.

The coupling theory is very useful for the design of coupled resonator circuits, in
particular the narrow-band bandpass filters. This design approach is based on coupling
coefficients of inter-coupled resonators and the external quality factors of the input
and output resonators. The procedure to obtain the couplings and the external quality
factors to fulfill a set of specifications implementing advanced filtering responses is
based on the coupling matrix. The coupling matrix gathers all the possible couplings in
a coupled resonator filter. The full process to obtain the coupling matrix is described in
[76]. In this chapter, the relationships between the coupling matrix and the transmission
and reflection responses of filters will be established, as well as the relationships between
the coupling matrix and the coupling between resonators and the external quality
factors. Appendix B briefly reviews the principles of the coupling matrix generation
and presents the program that was developed in MATLAB software in this work for

this purpose.

The most common and extended CRF topology will be analyzed and its synthesis
methodology will be presented. This topology consists of two identical basic CRF
stages electrically connected by the electrodes of the lower resonators and having the
input and the output at the upper resonators. The performance limits of this topology
in terms of bandwidth and return losses will be presented from the analysis of the
structure and using the coupling theory. The equivalent electrical model for a CRF
presented in Chapter 3 will be the enabling tool to understand the behavior of the
different parts of the structure. The Mason model presented in Chapter 2 will be the
tool used to simulate any multilayered structure that arises from the filter design steps

and any final filter structure.

Then, the synthesis technique will be extended in order to obtain advanced re-

sponses based on CRFs. In this work, the advanced responses considered refer to fil-
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tering responses with transmission zeros to increase the selectivity of the filter. Three
topologies with improved selectivity will be presented: parallel connected CRFs, CRF's

in folded canonical configuration and parallel connected SCFs.

4.1 Coupling Matrix of Coupled Resonator Circuits
4.1.1 The N + 2 Coupling Matrix

A nodal representation of a filter network is shown in Fig. 4.1 where the different types
of couplings are drawn. Each filled node represents a resonator of the filter, where
there is a total of IV resonators. An empty node represents a source or load port. The
coupling between resonators is represented by means of a line of union between nodes.
The coupled resonator circuit can be represented by means of the coupling matrix in

4.1. That is known as the normalized N+2 coupling matrix M.
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Figure 4.1: Nodal representation of a multicoupled resonator network.
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The order of the matrix is N+2 and the order of the filter is V. If the coupling
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is between sequentially numbered nodes M; ;11 and also Mg and My, it is referred
to as mainline coupling. The elements of the main diagonal M;; are the self-couplings
and they basically involve a resonance frequency of the resonator ¢ different from the
center frequency of the filter fo. The self-couplings are only M;; # 0 for asymmetric
response filters. The rest of the couplings between nonsequentially numbered nodes are

cross-couplings.

The passive network presents the property of reciprocity Se; = Si2 and then the
coupling matrix is symmetrical regarding the main diagonal M;; = Mj;. In the case of
all-pole synchronous filters, without transmission zeros in the stopbands, its elements

are all equal to zero except those in the first two subdiagonals M; ;1.

The impedance matrix of the network can be calculated from the N+2 coupling
matrix [72]:
z=R+j(M+W) (4.2)

where R is the termination N+42 impedance matrix which contains the normalized

source and load impedances in the Rgg and Ry, positions and all the other entries are

Z€ero: -~ _
Rs 0 0 -~ 0
0 0
R=| 0 (4.3)
: .0
0 0 Ry |

and W is the lowpass prototype frequency variable matrix with elements different than

0 only in its diagonal:

o0 0 --- 0
0 w
W=0 (4.4)
: w 0
| 0 0 0|
The admittance matrix can be obtained from the inverse of impedance matrix:
_ -1
y =1z (4.5)

The transmission response can be calculated from the elements of the admittance

matrix yn42.1, y11 and yy42 y12 as follows:

So1 =2/ RsRryn+2.1 (4.6)
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and the reflection responses:
S =1-2Rgsyn (4.7)

Soo =1—2RrLyn12,N+2 (4.8)

and for symmetrical networks S1; = Sos.

In this way, a coupled resonator filter has an associated coupling matrix that pro-
vides a determined filter response. The synthesis of the N+42 coupling matrix from
polynomial functions that implement a desired response can be found in [77]. The
N+2 coupling matrix is an extension of the N x IN coupling matrix that can be found
in [78] and [79]. The advantages of the N+2 coupling matrix regarding the N x N
coupling matrix are: 1) Multiple couplings between resonators and source or load can
be accommodated (e.g. Mg1, Mga, Mir, May,...). 2) Fully canonical functions can be
implemented, that is N degree filters with N transmission zeros. And 3) it makes some

synthesis processes that make similarity transforms easier.

The topology of the N+2 coupling matrix M that emerges from the synthesis
procedure is called the transversal topology. However, it may be necessary to apply
a further series of rotations or similarity transforms to the matrix, to transform it
into a more convenient or more practical form for the application in hand. The use of
similarity transforms ensures that the eigenvalues and eigenvectors of the matrix M
are preserved, to such an extent that under analysis, the transformed matrix will yield
exactly the same transfer and reflection characteristics as the original matrix. Two
specific topologies will be taken into account to implement advanced responses with

CRFs: 1) the folded canonical and 2) the parallel connected topology.

For further information about the coupling matrix, the reader is referred to [76].

4.1.2 Relationships between Coupling Matrix Elements and External
Quality Factors, Coupling Coefficients and Resonance Frequen-
cies

Once the coupling matrix has been synthesized, suitable parameters characterizing
the filter in the original band-pass frequency domain must be evaluated. Microwave
filter designers are usually more familiarized with the external quality factor . and
the coupling value k to express the coupling levels between a port and a resonator
and between two resonators respectively. Those parameters can be seen as a way of

representing the couplings of the coupling matrix in a frequency denormalized way.
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The relationships between the external quality factor and the elements of the cou-

pling matrix are [80]:

1
Qe, 51 = (4.9)
M2
1
Qert = ~5— (4.10)
MW

where k is the index of the considered resonator connected to the source or load port
and W is the relative bandwidth.

The relationship between the coupling value k£ and the elements of the coupling
matrix is [80]:
ki,j == WM,L'J‘ with ¢ 75 ] (411)

The elements in the diagonal of the coupling matrix M;; produce a shift in the

resonance frequency in the denormalized resonators [80]:

(4.12)

mWQH_MW
2 2

foi = fo (

4.1.3 Extraction of Coupling Coefficients and External Quality Fac-
tors

Once the denormalized bandpass coupling parameters are obtained for the desired
filtering characteristic, a relationship between the value of every required coupling
coefficient and the physical structure of coupled resonators must be established. In

this way, the physical dimensions of the filter for fabrication can be obtained.

In order to measure the coupling value k£ between resonators, they are decoupled
from the rest of the filter network, see Fig. 4.2(a), and the transmission response is
measured. Fig. 4.2(b) shows a typical transmission response obtained from two cou-
pled resonators. Two resonances are present in the response located at the resonance
frequencies f,1 and fp2. When the resonators interact, the coupling effect splits the
original resonances of a single resonator. The coupling coefficient for synchronous res-
onators, which both of them resonate at the same frequency fy, can be calculated from

the resonances frequencies f,1 and fpo [72]:

2 2
o= 42p2 ‘Pl 4.13
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Figure 4.2: (a) Two resonators and their coupling are treated independently to extract the
coupling value. (b) Transmission response of the two coupled resonators with their ports de-
coupled.

and for asynchronous resonators, which independently resonate at different frequencies
f01 and fog [72]:

1 (fo2 for »— fo ’ fo — I ?
e A AV ps  “pl _ (402 JO1 4.14
2 <f01 " foz) ( o+ §1> (f82+f§1> (14

The external quality factor can be extracted from the response of the resonators

connected to the ports. In this case the considered port and resonator are decoupled
from the rest of the network (see Fig. 4.3(a)) and the reflection response Si; is mea-
sured. Then, the @), can be extracted by means of different ways. It can be calculated
from the absolute bandwidth between the +90° points of the phase of Si1, Aw4gge
[72]:

wo

Qe (4.15)

"~ Awigpe

Alternatively, the ). may be extracted from the group delay of Si; at resonance [72]:

_ WoTS1, (wo)

Q. = =

(4.16)
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Figure 4.3: (a) A resonator connected to a port and their coupling are treated independently
to extract the external quality factor. (b) Group delay response of Sy;.

where 7g,, is the group delay of Si;. Fig. 4.3(b) shows a typical response of the group

delay of S11 where the maximum value takes place at its resonance frequency fo.

For further knowledge about the extraction of coupling coefficients and external

quality factors, the reader is referred to [72].

4.2 The Coupling Technique in Bulk Acoustic Wave Cou-
pled Resonator Filters

In this section, the coupling technique presented in section 4.1 is applied to the par-
ticular case of a CRF. The theory of couplings can involve complex multilayered thin
film structures because it can be applied to any type of resonator despite its physical
structure. It is highly advantageous for BAW filters composed of an elevated number

of layers.

To exemplify the process, one of the most used CRF configurations is considered.
It consists of 2 basic CRF stages connected in series by their lower resonators, while
the upper resonators are the input and output ports as shown in Fig. 4.4(a). Although
no external elements are included in the BAW structure in this analysis, they could
be added and the analysis procedure would be identical. Source and load impedance

Zp=50 € is considered as well as a symmetrical Chebyshev filter response which will
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result in a symmetrical filter structure. In this way, the two CRF single stage stacks
are identical and can be processed at the same time. Nevertheless, any asymmetrical

filter structure could be implemented with the proposed approach.

This configuration corresponds to a mainline type because it is composed exclu-
sively of mainline couplings as described in subsection 4.1.1. The nodal diagram is
represented in Fig. 4.4(b). Its performance is analyzed in such a way that the res-
onance and coupling mechanisms involved in the filtering process are identified and
interpreted below a general filter synthesis procedure. The analysis, assuming the fun-
damental mode of operation of BAW devices, is interpreted by means of the electrical
equivalent circuit of the device and a suitable arrangement of the network to obtain a
circuit composed of series LC resonators and impedance inverters in order to identify
a bandpass filter topology. The relationships established between the electrical equiv-
alent model and the physical device explain how the different parts of the structure
contribute to the operative filter mechanisms which have both a mechanic and an

electric origin.

Once the resonance and coupling mechanisms are identified, the design filter steps
to obtain an arbitrary Chebyshev filter response based on the filter coupling theory
are presented. Furthermore, each design step is related to one coupling mechanism in
the CRF and it determines the operational limits of the involved coupling in terms of
return losses and bandwidth. The combined constraints of all the couplings present in

the structure set the limits on the response that can be achieved with the CRF.

4.2.1 Electrical Equivalent Circuit

The electrical equivalent circuit of the whole CRF considered is shown in Fig. 4.4(c)
and it is obtained by cascading the electrical equivalent model of two CRF basic stages
which were presented in Chapter 3, taking into account that both the upper and the
lower resonators can be composed of different thicknesses and/or layer configuration.
The capacitance between electrodes in the input and output upper resonators is mod-
eled by the capacitor Cy; and the capacitance of the lower resonator by the capacitor
Cp2. The set of coupling layers placed between the BAW resonators in both stages are

modeled by means of an impedance inverter of value K.

The resonance that is produced in the BAW resonators in the mechanical field is

modeled by means of the series LC resonator with values L; and Cy for the upper



94 4.2 The Coupling Technique in Bulk Acoustic Wave Coupled Resonator Filters

Lo 2]

(a)
>—e—o—0—0—O
(b)
L C, L, C, L, C, L C,
— —'"“—n—ﬁ”“—u— HN—
Z,C,, K cOzT Tc02 K cmT z,
\ Y )\ . )

BAW CRF stage 1 BAW CRF stage 2

(c)
LC resonator 1 LC resonator 2 LC resonator 3 LC resonator 4
VAN -C, i L Ci L, C,i-2C, —2C, L, Co L C, ii-C, Z,,¢
Z, '|'Co1 K Tzcoz K C01-|' ﬂ]zo

Impedance inverter Kg; Impedance inverter K,, Impedance inverter K,

(d)
Impedance
inverter K Z,,¢ —C,
= = ] | - .
1 = C
=C = K 0
@t |
1 2 2~2
K= 1+ ZjwCy
e Tz,
=tan*
g (Zowocn]
(e)

Impedance inverter K,

Oy

()

Impedance inverter K,

Impedance
inverter K

K

K= Zo

JI+Z;alCe

Figure 4.4: (a) CRF structure of order 4 and set of couplings that take place. (b) Nodal
representation of a bandpass filter of order 4 in mainline configuration. (¢) Equivalent electrical
circuit composed of two cascaded CRF basic stages. (d) Reconfigured network to identify the
coupling and resonance mechanisms. (e) and (f) impedance inverter equivalences.
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resonators and Lo and C5 for the lower resonators.

Fig. 4.4(d) shows the resulting network after some network arrangements on the cir-
cuit of Fig. 4.4(c). The network has been reconfigured to obtain an impedance inverter
based bandpass filter prototype of order 4. This network provides a clear identifica-
tion of impedance inverters and LC series resonators that present a pure coupling and

resonance behavior respectively.

It is well-known that a T of capacitors can implement an impedance inverter as
shown in Fig. 4.4(e) [72], and it was demonstrated in Chapter 3 by means of ABCD
matrixes that a transmission line, a shunt capacitor and a series negative capacitor
with proper values can also implement an inverter as shown in Fig. 4.4(f). Note that in
a mainline configuration such as the topology that is being managed, the transmission
line element is added to help the analysis which only entails a phase shift and does not
affect either the magnitude of the transfer response or the group delay of the filter.
That happens because the impedance of the transmission line is the same as the port

at which it is connected.

The impedance inverters in the circuit in Fig. 4.4(d) are formed by two series
capacitors with the same value and opposite sign. They have been used in such a way
that the negative capacitor is part of the inverter and the positive capacitor modifies
the center frequency of the adjacent LC resonator. In the case of the input and output
inverters, Kg1 and Ky, respectively, the negative capacitor -C, becomes part of the
formed inverter and the positive capacitor C, modifies the resonance by means of
the final capacitance of the LC series resonator C,q1 = (Cf Ly Cy 1)71. In the case of
the inverter Ks3, the negative capacitors -2Cyy are part of the inverter and the series
positive capacitors 2Cy2 modify the resonance of the adjacent LC series resonators
by means of Cro = (CQ_ Ly (2002)71)_ . Note that the use of series capacitors with
the same value and opposite sign does not change the circuit behavior but only the

topology representation.

It is also important to note that at this point two kinds of resonators must be dis-
tinguished: the physical BAW resonators and the effective series LC resonators. The
effective resonators can be directly related to those in a bandpass prototype filter com-
posed of impedance inverters and they provide the effective resonance that is produced
in the CRF. Although there is no doubt that mechanical resonances are produced inside

the structure, the effective resonances that take place in the filter are not exclusively
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mechanical in origin. The effective resonance consists of a contribution of both the me-
chanical and electrical fields. The BAW resonator is de facto a loaded resonator which
includes resonance behavior and coupling behavior. The coupling behavior comes from
the intrinsic capacitance of the resonator which has an electrical origin. The fact that a
BAW resonator does not present pure resonance behavior leads to, when it forms part
of a filter structure, part of the resonator being included inside the coupling elements
(impedance inverters) and part of the resonator being included inside the resonance
elements (LC resonators). The intrinsic electrical capacitance contributes to the effec-
tive resonance frequency modifying the pure acoustic resonance. This phenomenon is

well modeled in the series negative-positive resonators.

4.2.2 Analysis and Design of a CRF

In this section, a complete design of a conventional 4-degree CRF is carried out using
the coupling theory. The design problem can be split into several independent steps
corresponding to the different couplings involved in the structure, and are labeled in
Fig. 4.4(a): the coupling between the source and load ports to the input and output
resonators respectively (Qc1 and Qe4), the coupling between the lower resonators which
takes place by means of a direct electric connection (k23) and the pure acoustic coupling
between the upper and the lower resonators which takes place by means of the set of

coupling layers (k12 and ksq).

The design output variables are the geometries of the device in terms of the thick-
nesses of the layers and active area of the device. The design inputs are the configu-
ration of the layers, their material parameters (e.g. dielectric permittivity, mechanical
impedances, velocities, piezoelectric constants) and the filter specifications. The config-
uration of the layers refers to the predefined sequence of materials that will implement

the stack of the structure.

The design will be carried out by means of the Mason model which gathers all
the design variables for any complex multilayered thin film structure. It is important
to emphasize that although the design process is carried out by means of the Mason
model, the equivalent electrical circuits presented above help to understand how to
apply the Mason model in each design step. For that reason, each step will show the
Mason model as a simulation tool and the equivalent electric circuit that describes the

filter elements that are taken into account.
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During the design process, an analysis of the different parts of the structure is
carried out. Its aim is to establish their contribution and limits to the overall filter
response. The design procedure is carried out in 3 steps that can be summarized as

follows:

1. Sizing of the active area of each CRF and the piezoelectric thickness of the input
and output BAW resonators (resonators 1 and /) to fulfill the required Q.. In
this step, the area is used to obtain the desired Q.. The piezoelectric thickness
is used to center the resonance frequency of the effective resonator L1C,i to
the center frequency, fp, of the filter response. The electrode thicknesses are
assumed to be an input parameter in the design process. Note that they could be
optimized to maximize the electro-mechanical coupling in the case of stringent
filter requirements in terms of return losses or bandwidths. In any case, most
important is that this step is carried out with any kind of resonator configuration

regardless of the additional layers that form it and their function.

2. Sizing of the piezoelectric thickness of the lower resonators (resonators 2 and 3)
and their electrode thickness to fulfill the required coupling kos. It is important to
point out that the active area has been already defined in the previous step and it
is not used as a design variable in this step because it does not affect the coupling
value between resonators 2 and 3. A suitable combination of the piezoelectric and
electrode thickness centers the resonator at the center frequency of the filter and
fulfills the coupling value at the same time by means of a direct connection of the
lower resonators without the necessity of adding external elements. Note that in
this case, the degree of freedom provided by the electrode thickness is necessary

here.

3. Sizing of the coupling layers’ thicknesses to fulfill k1o (kss=Fk12). The thickness of
the coupling layers is calculated in such a way that the set of layers implements an
impedance inverter that provides the desired degree of acoustic coupling between
the upper and the lower resonators defined in the previous steps. Typically, the
set of coupling layers is composed of one layer of high acoustic impedance material

such as W between two layers of low acoustic impedance material such as SiO2.

These design steps are detailed below. To exemplify the design process, a CRF

formed by resonators composed of a piezoelectric plate of AIN and electrodes of W
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Figure 4.5: Simulation circuits implemented with the Mason model to calculate the couplings
that take place in the CRF of order 4. Discontinuous lines refer to acoustic connections between
acoustic ports and continuous lines refer to electric connections between electric ports. Note
that boxes for piezoelectric plates are composed of 3 ports of the Mason model (2 acoustic
ports and 1 electric port) while non-piezoelectric plates are composed of 2 acoustic ports. (a)
Circuit to obtain the external quality factor Q., (b) the coupling between the lower resonators
ko3 and (c) the coupling between an upper and a lower resonator kis.
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Table 4.1: Requirements for the example filter and associated couplings
Passband frequency range 2.40-2.48 GHz

Relative bandwidth 3.28 %
Center frequency 2.44 GHz
Zs=27j, 50 ©
RL 15 dB
Q€1:Q84 36.5
k1o=ks4 0.026
kos 0.021

and a set of 3 coupling layers of Si02/W/SiO2 has been considered. The properties
of the considered materials can be found in Appendix A. The resulting filter can be
implemented using a SMR, or FBAR technology approach. In this example, the SMR
option has been chosen because it presents some peculiarities that must be taken into
account during the design process. First, the electrode thickness of the upper resonators
will be considered an input parameter and later, a study will be carried out to show how

a suitable choice of its thickness may be useful to implement stringent specifications.

Table 4.1 summarizes the filter specifications for this example working at a WiFi
band and the associated required couplings obtained by applying (4.9) and (4.11).
The values of the normalized couplings of the coupling matrix can be obtained follow-
ing the design procedure explained in [76]: Mg1=M,7,=0.9146, Mi9=M3,=0.8021 and
Mo3=0.6426.

Step 1. External quality factor The aim of this step is to obtain an active area and
thicknesses of the piezoelectric layers that fulfill the required Q.. In order to measure
the Q., a practical simulation can be performed as shown in Fig. 4.5(a), where the BAW
resonator 1 can be simulated by means of the Mason model. Note that at this point,
any layer stack that forms the resonator can be taken into account. Regardless of the
complexity of its configuration, the resonator is treated in the same way. Electrodes
composed of multiple materials, passivation layers or other layers designed to solve
other questions are assumed to form part of the resonator. Any effect caused by the

layers would therefore be included.

The calculation of the Q. is carried out using (4.16) from the electric port while the
acoustic ports of the BAW resonator are acoustically short-circuited according to its

electrical analog schematic in Fig. 4.6. Note that the simulation circuit in Fig. 4.5(a)
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Figure 4.6: Electrical equivalent circuit for the ). measurement

corresponds to its analog in Fig. 4.6.

The electrical analog schematic includes: the series resonator, in this case formed by
L1 and C,1, and the impedance inverter which couples the port and the resonator. The
resonator must be decoupled from the rest of the network by means of a short-circuit

which induces its resonance behavior.

The dimensions of resonator 1 must be determined in order to obtain a simulated
Q. from (4.16) that is the same as the required Q. in (4.9) and given in Table 4.1.
Both the variation of the area of the resonator and the variations in thickness of the

layers involved lead to variations in the resonance frequency and the Q.

For the sake of simplicity, in this example, a thickness of ¢{,=200 nm for the elec-
trodes is assumed. Fig. 4.7 shows the curve of the resonator external quality factor for
each value of its active area expressed by means of the side—length of a square—shaped
area as reference. This curve has been calculated in such a way that for each value of
the active area, the piezoelectric thickness is determined to have the effective reso-
nance (formed by LiC,1) centered just at the center frequency of the filter fy. Note
that a change in the area of the resonator leads to a change in the effective resonance
frequency of the resonator because when the intrinsic capacitance forms the coupling
element (the impedance inverter), it modifies the resonance frequency of the effec-
tive resonator, and in this way, the effective resonance does not only depend on the

mechanical resonance generated inside the layers of the resonator stack.

The curve presents a minimum value for the external quality factor, Q¢ min , which
represents the maximum coupling value between the source and the input resonator.

According to (4.9) the maximum bandwidth that can be achieved for prescribed RL is
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Figure 4.7: External quality factors versus the active area of the BAW resonator for an
electrode of W and thickness of 200 nm and the corresponding AIN piezoelectric plate thickness
to place the effective resonance at the center frequency of the filter fj.

given by
1

Mg'l Qe,min

or, alternatively, the maximum theoretical RL that can be achieved for a given band-

Winas = (4.17)

width can be determined.

For this design example, two possible side length solutions, 82.5 ym and 122 pm,
can be chosen to fulfill the required Q,=36.5. The minimum side length solution has
been chosen to minimize the consuming area of the device while the thickness mode

ratio was acceptable.

Nevertheless, if more stringent specifications were required in terms of RL or the
RL for the required passband had to be maximized, the electrode thickness could play
an important role in minimizing the Q¢ min. In other words, a higher RL requires a
higher coupling which implies a smaller ().. Note that a higher RL will also imply a
lower selectivity of the response and therefore, it is generally convenient to obtain a
balance between RL and selectivity. For any electrode thickness combination, a new
curve () vs side—length can be generated and so a new Q¢ min is associated. There is
therefore an electrode-piezoelectric thickness combination that produces the minimum
Qe,min- This external coupling takes place when the effective piezoelectric coupling
constant, k:gf £ is maximized providing the best transduction between the electric and

the mechanical fields for the structure and at the same time the area is properly chosen
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to also maximize the coupling.

Fig. 4.8(a) shows the Q¢ min and the related k:gf s that can be achieved for any
electrode thickness. The piezoelectric thickness is calculated for each situation to make
the resonator resonate at the center frequency of the filter. Note here that, as predicted,
the maximum kgf 7 takes place at the same point as the minimum Q¢ . It is evident
that by relaxing the RL requirements higher bandwidths can be implemented for the
same BAW resonator configuration. Thanks to these curves the limits of the response
that the input/output BAW resonator provides can be explored. Fig. 4.8(b) shows
the maximum bandwidth that can be achieved for any resonator configuration and
for different specified RL. For example, maximum relative bandwidths of 3.8% can be
implemented for RL=15 dB. In this way, the limits that the input/output resonators
establish on the final response can be obtained for a given technology and a combination

of materials for the electrodes and piezoelectric and passive composite plate.

Moreover, this procedure is a useful way of analyzing how external elements such
as lumped inductors can be conveniently placed at the electrical input of the resonator
to get lower external quality factors and obtain higher bandwidths for a specific RL
[81].

Step 2. Coupling value between the lower resonators The aim of this step is to
obtain the piezoelectric thickness of the lower resonators and their electrode thickness
to fulfill the required coupling ko3. A direct connection between the lower resonators is
carried out and therefore, the thickness of the electrodes and the piezoelectric are the
variables that enable the resonance frequency of the effective resonators to be centered
and the desired level of inter-resonator coupling to be achieved. In this way, the desired

coupling can be obtained without adding external elements to the BAW structure.

A practical simulation schematic circuit to obtain the coupling value between res-
onators 2 and 3 is shown in Fig. 4.5(b). The BAW resonators can be simulated again
with the Mason model and the impedance inverter is formed implicitly in the electrical
connection of both resonators. The transmission is obtained from one of the acoustic
ports of the Mason model of the resonators and the remaining one is ended with the
corresponding load. In the case of a SMR approach, for each resonator, one acoustic
port is used as a port and the remaining acoustic port in the Mason model is loaded

with the set of layers in the reflector stack including the substrate. The inter-resonator
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Figure 4.8: (a) Minimum external quality factor and the corresponding piezoelectric coupling
constant that can be achieved for any BAW resonator configuration considering electrodes
of W and a piezoelectric of AIN. For every electrode thickness, the piezoelectric thickness is
calculated to center the resonator at fy and the area is selected to minimize the external quality
factor. (b) Maximum bandwidth that can be implemented for any BAW resonator configuration

and for different RL.
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Table 4.2: Layer thickness of the considered SMR, configurations
Layers SMR A Thickness (nm) SMR B Thickness (nm)

5102 574 900
W 032 440
5102 574 900
W 532 440
5102 500 500

The uppermost layer of SiO2 has its upper boundary in contact with the
lower BAW resonator and the lowermost layer of SiO2 has its lower boundary
in contact with the substrate of Si.

LC resonator 2 LC resonator 3
L2 Cr2 2COZ 2C02 L2 CrZ
—H N T ]
decoupled 1 decoupled
port 1 (short) T2Co, port 2 (short)

Impedance inverter K,;

Figure 4.9: Electrical equivalent circuit for the k3 measurement

coupling is obtained from the transmission and (4.13) that relates the resonances to

the coupling value.

Fig. 4.9 shows the equivalent electrical circuit of the 2 considered coupled res-
onators. Note that the simulation circuit in Fig. 4.5(b) corresponds to its analog in
Fig. 4.9. The coupling degree between the lower BAW resonators is controlled by means
of their associated capacitance Cpo. The measure of the coupling must take into account
the two considered resonators formed by Lo and Co and the impedance inverter Kos.
The considered block is decoupled from the rest of the network by short-circuiting the
resonators. Note that in this case the short-circuit is produced in the acoustic plane.
The ports from which the measure is taken are acoustic ports from the bottom BAW

resonators 2 and 3; meanwhile the electric ports of those resonators are inter-connected.

Fig. 4.10(a) shows the coupling value ko3 that is obtained for each bottom resonator
configuration and the corresponding k:gf f taking into account the SMR A configuration
found in Table 4.2 which causes a small degradation of k:zf £ The piezoelectric thickness,

shown in Fig. 4.10(b), is again calculated so that each electrode thickness has the
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resonance frequency of the effective resonator at fy. It can be seen that the coupling
values ko3 are too high to implement the desired ko3=0.021. A situation with lower
electro-mechanical coupling would be desired here, which can be accomplished with
other electrode materials that present a lower kgf ¢ such as for example Al or by means
of an SMR which reduces the kgf 5 levels.

In this example, the latter solution has been chosen. Fig. 4.10(a) also shows the new
curves for ko3 and kgf f for the new SMR B configuration, which can be found in Table
4.2. This configuration can implement the desired coupling value with an electrode
thickness of t.=242 nm and a piezoelectric thickness ¢,=477 nm obtained from Fig.
4.10(b).

The upper bound of the attainable bandwidth can be calculated from (4.11)

w < k23,maxM23 (418)

Fig. 4.11(a)) and Fig. 4.11(b) show the bandwidths that can be implemented for ei-
ther considered SMR configuration. It is shown that depending on the required RL that
must be fulfilled, the coupling ko3 can be a more limiting parameter than the source
or load external coupling that occurs in the input/output resonator to source/load
impedance. For the design example, where RL=15 dB are required, a maximum band-
width of 4.35% could be implemented with the SMR A. Thus for a return loss of 15
dB the source/load external coupling is more limiting than the coupling ko3 in terms
of bandwidth. On the other hand, if configuration SMR B is used the maximum band-

width is 3.7%, and ka3 becomes the more limiting coupling.

It is interesting to point out that this procedure allowed us to evaluate, for example,
how an optimized SMR version devoted to confining the shear mode affects the filter

response.

Step 3. Acoustic coupling value between the upper and the lower resonator
In this step, the upper and lower resonators have been completely sized and the thick-
nesses of the set of coupling layers are the remaining parameters to be defined. When
the set of coupling layers are properly sized, they can implement an impedance inverter
by themselves as shown in Chapter 3 and the resonance of the BAW resonators will

not be affected by them. Nevertheless, if they do not implement an ideal impedance
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Figure 4.10: (a) Coupling values ko3 and those associated for any lower BAW resonator
configuration considering SMR A and SMR B and (b) the corresponding AIN piezoelectric
plate thickness to place the effective resonance at the center frequency of the filter f.
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Figure 4.11: (a) Bandwidths that can be implemented for any lower BAW resonator config-
uration considering SMR A and (b) SMR B.
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LC resonator 1 LC resonator 2
LC, L C,
__{'YYYW_| —H H ——
decoupled K decoupled
port 1 (short) port 2 (short)

Impedance inverter K;,

Figure 4.12: Electrical equivalent circuit for the k1o measurement

inverter by themselves, their contribution will modify the resonance frequency of the
resonators by means of the added reactance. This frequency shift must be included
in the model by means of series capacitors with the same value and opposite sign as

shown for a single coupling layer in section 3.5.

In this case, the transmission is measured from the electric ports of the whole CRF
single stage with a suitable simulation circuit at the input and output of the device as
shown in Fig. 4.5(c). These circuits remove the effect of the intrinsic static capacitor
formed in the BAW resonators by means of -Cy; and -Cyo and modify the resonance
frequency to take into account the effects of the inverter formation on the effective

series resonator by means of the series capacitors C,, and 2Cps.

Fig. 4.12 shows the electrical equivalent circuit which is formed by the resonator
composed of L1 and C}1, the resonator composed of Ly and Co and the impedance
inverter Kj2. Note that the simulation circuit in Fig. 4.5(c) corresponds to its analog
in Fig. 4.12. The frequency split that is measured in this step is perfectly centered at
fo because the two effective series resonators LC,; and LyCjre are synchronous and
have been designed in the two previous steps to resonate at fy. When both resonators
are acoustically coupled by the set of coupling layers that implement the impedance

inverter, their resonances are split in frequency regarding fy.

The required coupling value k12=0.026 for the design example can be obtained
using an ideal impedance inverter to acoustically couple the resonators and adjusting
its value to fulfill k1o that is calculated from the transmission response using (4.13).
The value of the ideal impedance inverter is 0.023 kg/s. Then, in order to size a set
of coupling layers of Si02/W/SiO2 that fulfil this inverter value, (3.44) and (3.45) of
section 3.4 are used. The obtained thicknesses are 661/149/661 nm. The combination
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Table 4.3: Layer thickness of the CRF

Structure part Layer/boundary material Thickness (nm)
Upper boundary Air -
W 200
Upper BAW resonator AIN 676
W 200
Si02 661
Coupling layers W 149
Si02 661
\WY% 243
Lower BAW resonator AIN 477
W% 243
Si02 900
W 440
Bragg reflector Si02 900
W 440
Si02 500
Lower boundary Si -

The active area of the CRF is 82.5x82.5 um?.

of high and low acoustic impedance layers provides a wide range of acoustic couplings

k12, less restrictive than the couplings presented in the previous steps.

4.2.3 Example CRF Geometry and Response

The final geometry of the example filter is summarized in Table 4.3 where the whole
stack of layers is described. Fig. 4.13(a) shows the filter response of the proposed

example filter composed of two CRF basic stages connected in series.

The simulation was performed by means of the Mason model and transmission
line models for the acoustic parts of the device as shown in Fig. 4.14. The simulation
was performed taking into account BAW resonators with a quality factor of 1000. The
response provides the required RL=15 dB and passband frequency range between 2.40-
2.48 GHz. The filter selectivity coincides with a Chebyshev response of order 4 with
the four poles perfectly split along the band. Fig. 4.13(b) shows the filter response
in a wider frequency span compared to an ideal Chebyshev response. Spurious peaks
appear far from the passband; their frequency distance to the passband is tied to the

coupling layers configuration.



110 4.2. The Coupling Technique in Bulk Acoustic Wave Coupled Resonator Filters

-20—

40—

-60—

S21 J S11 (dB)

-80—

-100 I L L N N B
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9
Frequency (GHz)

(a)

-20—
40—
-60—
-80—

-100—

Sy (dB)

-120—

-140—

-160 I O A Y IR A
0.5 1.0 15 2.0 25 3.0 35 4.0 4.5 5.0

Frequency (GHz)

(b)

Figure 4.13: (a) Filter response of the CRF of order 4 and (b) comparison of the filter response
(continuous line) to an ideal Chebyshev response (dashed line) in a wider frequency span.
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Figure 4.14: Circuit based on the Mason model to simulate the whole CRF of order 4.
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4.3 Advanced Responses with CRF's

Filter responses with transmission zeros have been classically obtained by means of
ladder filters in BAW technology which provide good selectivity close to the passband

but poor rejection far from the passband.

A CRF single stage presents a slow roll-off outside the frequency passband, which
makes it not adequate for some applications with stringent requirements that demand
high near band rejection. One solution is cascading several CRF stages to improve
the rejection increasing the order of the resulting filtering function. However, this
solution increases the insertion loss of the resulting filter. It only uses mainline couplings
between resonators and, as a result, the filtering response does not have transmission

Zeros.

The selectivity of a CRF can be improved using fewer stages by means of exploiting
the characteristics of cross-couplings between resonators which enable the creation of
transmission zeros in the response. In [51], it was demonstrated how the addition of a
small capacitance between the input and the output ports can produce 2 transmission
zeros to increase selectivity. That capacitance assumes the role of a cross-coupling

between the source and load nodes of the filter.

This section will explain how the concept of cross-couplings in CRF's can be applied
to achieve advanced filtering responses with high selectivity. These responses can be
solvently synthesized by means of the coupling matrix which relates the couplings in

a coupled resonator network to a prescribed filtering response.

4.3.1 Parallel Connected CRF's

Parallel Connected Topology Implemented with CRF's

The application of the coupling matrix filter design approach to CRFs provides the
advantage of synthesizing topologies that are able to produce arbitrary Chebyshev
responses with high selectivity by means of the allocation of transmission zeros close
to the passband. In this subsection, a parallel connected configuration is presented
which is composed of two CRF branches. Fig. 4.15(a) shows the nodal representation
of a parallel connected configuration composed of four resonators. This configuration

can be implemented by two CRFs in parallel connection taking into account some
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considerations and the addition of some external support elements.

BAW CRF

cancelling L C L C
inductor N o cancelling
K 4 inductor
Cq = L !
L J | 5 Cy
Y
CRF stage
I
L C L C
— e g g g e o ST EEE—
K

Figure 4.15: (a) Nodal representation of a filter network of order 4 in parallel connected
configuration. (b) Equivalent networks with series and parallel resonators for a CRF when its
parallel capacitors have been removed.

The CRF network is slightly modified by removing its input/output parallel ca-
pacitors. It can be done in narrow-band by the use of inductors. Fig. 4.15(b) shows
how a branch of the parallel connected configuration with CRF's is implemented. Two
inductors are added to the input and output ports of the CRF device to remove the
static capacitors. The resulting equivalent electrical network is composed of two series

LC resonators connected by means of the impedance inverter. It can be shown with
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input
output
. CRF branch 1 . T CRF branch 2
cancelling inverted
inductors CRF outputs

Figure 4.16: CRF parallel connected topology. The inverted connection at the lower resonators
creates a 180° phase shift between branches.

ABCD matrixes that it is equivalent to a network composed of shunt LC resonators
coupled by means of an admittance inverter and also with admittance inverters at
the input and output of the circuit. The equivalent network implemented with shunt
resonators makes up one of the branches of the topology presented in Fig. 4.15(a).
Each admittance inverter is related to a coupling and the shunt LC resonators to the

resonator nodes.

One of the key points in the parallel connected configuration using two parallel
networks is that one of the couplings must have a negative sign while the others remain
positive or viceversa. Although it can be carried out by means of the coupling layers
implementing each coupler with 90° (positive coupling) and 270° (negative coupling)
of phase shift respectively, the high electrical length of the acoustic coupling layers
implementing the 180° phase shift differs too much from an ideal inverter, involving
a deterioration of the general filter response, especially at the edges of the passband
and out-of-band. Another option is the implementation of 2 CRFs with couplers of
90° and introducing an electric phase shifter of 180° at one of the input/output ports
of one of the branches. In this way, the shifter facilitates the creation of a negative
coupling. Although the response of the filter is much better than implementing the
270° acoustic coupling layers, there is a need to implement a phase shifter. A more
compact solution that exploits the properties of the CRF device is to take the output
of each CRF branch with a different polarization as shown in Fig. 4.16. In this way the
couplings between the lower resonators of each CRF branch and load have a different

sign.
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Table 4.4: Requirements for the example filter with parallel connected configuration and

associated couplings

Passband frequency range 2.40-2.48 GHz
Relative bandwidth 3.28%
Center frequency 2.44 GHz
Zs=277 50
Transmission zeros (low-pass frequency) +4 rad/s
Return loss >25 dB
QelZQeél 74.65
QGQZQeS 33.56
k14 0.049
ko3 0.024

Filter Design

The design procedure for parallel connected CRF's is roughly the same as in the main-
line case of the previous section once the coupling matrix is obtained from the spec-
ifications. As a design example, a filter working in the same frequency band of the
filter in the previous section is designed with transmission zeros in the lowpass pro-
totype frequencies +4 rad/s. The transmission zeros close to the passband provide
higher selectivity than conventional CRF configurations based on mainline couplings.
The specifications of the filter considered in this section are summarized in Table 4.4.
CRFs in FBAR technology will be assumed, that will imply that the lower resonators

of the CRF will be assumed to rest on an air interface, an acoustic short-circuit.

The coupling matrix that fulfills the filter specifications is obtained following the
process described in Appendix B and it is reconfigured to a parallel connected topology

using the matrix reconfiguration process also described in Appendix B:

0 0.6392 0.9533 0 0 0
0.6392 0 0 0 1.4797 0
0.9533 0 0 0.7440 0 0
M= 0 0 0.7440 0 0 —0.9533 (4.19)
0 1.4797 0 0 0 0.6392
L O 0 0 —0.9533 0.6392 0

The matrix shows that a negative coupling must be implemented between the resonator
3 and the load. Table 4.4 shows the external quality factors and the inter-resonator
couplings required to design the filter which have been obtained from the coupling
matrix and (4.9) and (4.11).
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Figure 4.17: (a) Mason model configuration to obtain the Q. of the resonator when the static
capacitor is removed by means of a negative capacitor and (b) configuration to extract the
inter-resonator coupling.

Once the coupling matrix is obtained, the design process consists of two steps: 1)
Sizing the resonators to fulfill the desired external quality factors and 2) sizing the

coupling layers to fulfill the inter-resonator couplings.

Step 1. External quality factor In this step, the resonator geometries of each CRF
branch are obtained. A simulation configuration such as that shown in Fig. 4.17(a) can
be used to obtain the Q). of the resonator taking into account that the static capacitors

of the resonators must be removed. The simulation to extract the Q). is carried out
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Figure 4.18: Q. values (continuous line) versus area fulfilling the desired resonance frequency
of the resonator composed of a BAW resonator and a shunt cancelling inductor by controlling
the piezoelectric thickness ¢, (dashed line)

with a negative capacitor which will be implemented with an inductor.

Fig. 4.18 shows the necessary resonator side and piezoelectric thickness to obtain
a given ). at fo with electrodes of 200 nm. In this case, the whole resonator is formed
by the BAW resonator parallel connected to the inductor that removes its intrinsic
shunt capacitor. It can be seen that the (). pattern in this case differs to that obtained
for a pure BAW resonator, see Fig. 4.7. When the intrinsic shunt capacitor of the
BAW resonator is removed, the Q. curve versus side has a downward trend in the
whole range of areas of interest in contrast to the case of a pure BAW resonator. This
is an interesting effect because lower ). can be implemented which involves higher
couplings. Therefore, removing the static capacitors from the resonators can enhance

the capabilities of filters such as that presented in the previous section.

From the curve given in Fig. 4.18, the area side of the resonators and the piezo-
electric thickness can be obtained to fulfil the external quality factors of each paral-
lel branch 74.65 and 33.56. Therefore, one CRF branch must have an active area of
47.4x47.4 pm? and the other, an area of 70.4x70.4 ym?.

Step 2. Inter-resonator couplings The extraction of the coupling factor can be
carried out directly over the CRF structure as shown in Fig. 4.17(b), in this case a
shunt negative capacitor at the input and output of the CRF is necessary. The negative

capacitor cancels the static capacitor of the Mason model in the simulation. In this
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Table 4.5: Layer thicknesses of the CRF in parallel connected configuration

CRF 1 CRF 2
Structure part Layer Thickness (nm) Thickness (nm)
Upper boundary Air - -
W 200 200
Upper BAW resonator  AIN 665 665
W 200 200
Si02 709.6 636.5
Coupling layers W 83.7 203.2
Si02 709.6 636.5
W 200 200
Lower BAW resonator  AIN 665 665
W 200 200
Lower boundary Air - -

The active area for the CRF 1 is 47.4x47.4 pum? and for the CRF 2 is
70.4x70.4 pm?.

case, the series capacitor that was used in Fig. 4.5(c) to set up the circuit to measure
the acoustic coupling between resonators is not needed for simulation and coupling
extraction purposes because the cancelling inductors will be part of the final filter

device and therefore no shunt capacitors will form impedance inverters.

The value of the impedance inverters that fulfill the coupling values k14=0.049 and
ko3=0.024 are 0.011 and 0.013 respectively. They are implemented with a set of layers
of Si02/W /Si0O2 with thicknesses 709.6/87.3/709.6 nm and 636.5/203.2/636.5 nm for
each CRF branch. The values of the coupling layer thicknesses are obtained following

the approach presented in section 3.4.

The value of the integrated shunt inductors at the input is L;,=4.58 nH and at
the output is Ly,;=4.01 nH. The input inductor is calculated taking into account the
cancelling inductor of each input resonator Lo;=1/(w3Cp;) and merging them as they
are placed in the same node. The output capacitor is calculated in the same way and
also taking into account the capacitance formed in the coupling layers which here is

relevant due to the output cross connection.
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Figure 4.19: (a) Filter response of two parallel connected BAW CRFs and (b) response in a

wider span.

Filter Response

The resulting filter is composed of two CRF's with all the resonators designed to res-

onate at the same frequency (the central frequency of the filter). They differ in the

active area of the CRF and the coupling layers because of the different couplings re-

quired for each branch. Table 4.5 summarizes the CRF dimensions for each branch
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of the resulting filter. Fig. 4.19(a) shows the filter response of the CRFs connected in
parallel presenting the two expected transmission zeros near the passband. Simulations
have taken into account inductors with a quality factor of 30 which does not make the
final response worse due the fact that they do not take part in the resonances. Res-
onators with quality factors of 1000 have also been considered. The same losses for the
inductors have been taken into account in the next sections. Fig. 4.19(b) shows the
response in a wider span of frequencies where the spurious peaks appear far from the

passband.

The response fulfills the aim of this section increasing the selectivity of the filter
close to passband by means of CRFs and controlling the bandwidth and the return
losses of the filter.

4.3.2 Folded Canonical Configuration with CRFs

Folded Canonical Topology Implemented with CRF's

The folded canonical configuration of order 4 is an interesting topology for CRF devices
because of its ability to insert transmission zeros in the filter response and suitable
topology. The nodal representation is shown in Fig. 4.20, it is composed of a mainline
branch (continuous line) formed by sequentially coupled resonators and a cross-coupling
between resonators 1 and 4 (discontinuous line). This kind of topology was firstly
proposed in [82]. In terms of BAW technology CRF manufacturing, it presents two
advantages regarding the parallel connected topology: 1) the two CRFs that make up
the filter will be identical when the specifications are symmetrical and therefore they
can be processed at the same time. It represents an advantage regarding the parallel
connected topology, where each parallel branch presents different couplings that involve
different coupling layer thicknesses and thus, different manufacturing processes. 2) The
input and the output of the device are located in the upper resonators which avoid the
necessity of creating vias through a higher number of layers to the lower resonators.
However, the main drawback of the folded configuration will be the need for more

external elements as will be shown below.

A folded configuration of order 4 implemented with parallel LC resonators is shown
in Fig. 4.21(a) where each LC resonator corresponds to a node of Fig. 4.20 and the

admittance inverters to an inter-resonator coupling. The inverters that should be drawn
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BAW CRF BAW CRF

Figure 4.20: Nodal representation of a filter network of order 4 in folded canonical configu-
ration

between source/load and the input/output resonators are intrinsically present, that
happens because they have the same impedance value as their corresponding port and
therefore they are absorbed by it. This concept of inverters absorbed by the ports when

they have the same impedance value was proposed in [72].

The equivalent electrical model of a CRF is composed of LC resonators of series
type. Therefore, in order to implement the folded configuration with CRFs, it is con-
venient to reconfigure the folded network composed of parallel LC resonators to series
LC resonators. Using the equivalence of Fig. 4.15(b), an equivalent folded configura-
tion network can be obtained with series LC resonators as shown in Fig. 4.21(b). It
is composed of a mainline branch with an additional impedance inverter between the
input and the output. The mainline branch can be implemented with two cascaded
CRFs as shown in Fig. 4.21(c) in the same way as in section 4.2, the difference being
that the extreme inverters need an additional external element to be formed. In this
case, a transmission line is not intrinsically formed because the extreme resonators
are not directly connected to the ports due to the presence of the cross-coupling. The
implementation of a real transmission line would occupy considerable space in the final
device and has been avoided. Therefore, a series inductor has been added to form the
side inverter by means of a T of capacitors where the negative capacitors are imple-

mented with inductors as shown in Fig. 4.21(d).

The inverter that creates the coupling between resonators 1 and 4 has been imple-

mented with a IT of capacitors and an inductor as shown in Fig. 4.22.
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Figure 4.21: (a) Folded configuration with parallel LC resonators. (b) Reconfigured network
to use series LC resonators. (¢) Implementation with CRFs. (d) Equivalent electrical circuit
with CRF's.
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Figure 4.22: Cross section of the CRFs in folded configuration and external elements to
implement to topology

Filter Design

To exemplify the kind of responses that this configuration can provide with CRFs,
a filter with the same specifications of the previous section has been designed. The
coupling matrix is calculated and reconfigured to the folded canonical form following

the techniques explained in Appendix B:

0 1.1477 0 0 0 0
1.1477 0 1.0286 0 —0.0544 0
0 1.0286 0 0.7901 0 0
M= 0 0 0.7901 0 1.0286 0 (4.20)
0 —0.0544 0 1.0286 0 1.1477
L O 0 0 0 1.1477 0

Note that the cross-coupling must present an opposite sign to that in the mainline
couplings in order to create the transmission zeros. The design process is based on the

theory of couplings explained above.

The design parameters, external quality factors and inter-resonator couplings, are

calculated from the coupling matrix and they are summarized in Table 4.6.

The filter design for the folded configuration will consist of 3 steps quite similar to

those followed in section 4.2.



124 4.3. Advanced Responses with CRF's

Table 4.6: Set of couplings of the folded canonical filter of order 4
QelZQe4 74.65

k12 0.033
kos 0.025
k1a -0.002
Z>0f. z>08

Z ower - [
resonator

(a) v
-I:WII |
Coy P
: __ upper
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‘
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 layers
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2Cy, i i lower
z>08 'COZ " resonator Y s ]y
=
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Figure 4.23: (a) Mason model configuration to obtain the Q. of the input/output resonator
with folded configuration, (b) inter-resonator coupling between the lower resonators, (c) vertical
acoustical coupling and (d) coupling between the input and the output resonators formed by
the electrical impedance inverter
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Step 1. External quality factor The external quality factor of the input/output
resonator will be extracted using the simulation circuit shown in Fig. 4.23(a). A series
negative capacitor has been added to the input to form an impedance inverter followed
by a series LC resonator as shown in the equivalent circuit in Fig. 4.24. This negative
capacitor will be implemented with an inductor in the final structure. The S1; param-
eter that is used to calculate Q., see (4.16), will be equivalent to that in a shunt LC

resonator.

Zoﬁ] ” %COI | =

Figure 4.24: Equivalent electrical circuit for the extraction of ). in the folded configuration.

Assuming electrodes of W with a thickness of 200 nm, a piezoelectric thickness of
709 nm and an area side of 120 um meet the @), requirements and an inductor of 2.44

nH is needed to implement the negative series capacitor in narrow-band.

Step 2. Electric Coupling between the Lower Resonators This step is identical
to that explained in section 4.2 for the filter of order 4 in mainline configuration.
The block formed by the two lower resonators is simulated independently and the
transmission response is obtained by decoupling the acoustic ports as shown in Fig.
4.23(b). The coupling value is calculated from the peaks that arise in the transmission

response and from (4.13).

Electrodes of W with a thickness of 250 nm and a piezoelectric thickness of 525.2

nm are found to meet the ks3 requirements.

Step 3. Vertical Acoustic Coupling and Electric Coupling between Upper
Resonators Once the resonators have been sized, the vertical acoustic coupling be-
tween the upper and lower resonators can be determined and also the electric coupling
between the upper resonators implemented by means of the additional impedance in-

verter.

Fig. 4.23(c) shows the simulation circuit used to extract k2 and Fig. 4.23(d) the
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Table 4.7: Layer thicknesses of the CRF in folded configuration

Structure part Layer/boundary material Thickness (nm)
Upper boundary Air -
W 200
Upper BAW resonator AIN 709
W 200
Si02 682
Coupling layers W 117
Si02 682
W 250
Lower BAW resonator AIN 525.2
W 250
Lower boundary Air -

The active area of the CRF is 120x120 pm?.

circuit used to extract the cross-coupling k14 between the upper resonators. A set of
Si02/W/SiO2 coupling layers of thicknesses 682/117/682 nm fulfill k12. An impedance
inverter of value 700  fulfills k14 and has been implemented by means of the T of
capacitors and inductor as shown in Fig. 4.22 with values 45 nH and 93 fF. The low
value of the capacitor comes from the high value of the electrical inverter K14 caused

by the low necessary coupling between resonators 1 and 4.

Filter Response

Table 4.7 summarizes the layer thicknesses of the CRF stacks which are identical due
to the symmetry of the network and specifications. Fig. 4.25 shows the response of
the folded topology implemented with CRFs. It has been plotted jointly with the re-
sponse of the same structure using ideal negative outer capacitors instead of inductors
while the electric inverter has been unchanged, using the T of capacitors and inductor.
The comparison of both responses shows that those outer inductors cause the changes
regarding the desired response, they introduce additional zeros in the stopband. More-
over, this effect takes place with a worse rejection far from the close stopbands where

the transmission tends to be 0 dB.
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Figure 4.25: Ideal filter response for the folded CRF configuration, response implemented
with ideal negative capacitors at the input and output resonators and with inductors

4.4 Advanced Responses with SCF's

The SCF is the predecessor of the CRF and it can be interpreted as a CRF with-
out coupling layers (see Fig. 4.26(a)). The lack of a coupling mechanism between the
stacked BAW resonators makes them behave as a single resonator as can be seen from
its electrical equivalent model in Fig. 4.26(b). Since the appearance of the CRF device,
the SCF has been relegated to a second plane basically under the justification that it
provides a smaller bandwidth. However, as demonstrated in Chapter 3, a basic CRF
implements a bandpass filter of order 2 while a SCF implements a filter of order 1.
Therefore, the advantage of a CRF over a SCF is that it can implement filter stages

of twice the order of the latter.

Nevertheless, CRFs present a manufacturing drawback regarding SCF's; the extra
set of coupling layers makes its manufacturing considerably more difficult than in the
SCF case. The number of coupling layers is usually 3 or 5 depending on the desired
coupling and only for a single CRF stage. Meanwhile, in the case of a SCF, the total
number of layers is not far from a simple BAW resonator making its manufacturing

easier.

In this section, a filter topology capable of implementing advanced Chebyshev filter
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Figure 4.26: (a) Stacked Crystal Filter cross section and (b) model.
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responses for which SCF's are especially suitable is presented. The topology is known

as transversal configuration and the nodal diagram is shown in Fig. 4.27. The general

form of the coupling matrix is:

0 Mgy Msz Mgz -+ Mgy 0
Mgy My 0 0 0 My,
Mgo 0 Moo 0 0 Moy,
Mgz 0 0  Mss 0 Msy,
Mgy 0 0 0 Myn Mg

0 My, My, Mz, --- Mnyp 0 ]

(4.21)

This configuration is characterized by not having any coupling between resonators.

The N resonators that make up the filter are coupled both to the input and output

ports as the first and last row/column of the matrix show. Each resonator is tuned to a

particular frequency as the diagonal elements of the matrix show; see (4.12) to find the

relationship between the diagonal elements of the coupling matrix and the resonance

frequency of any resonator. A SCF fits this configuration perfectly because it presents

exactly one resonator coupled to the ports. Fig. 4.28 shows the equivalence of a SCF to

a branch of the transversal topology shown in Fig. 4.27 when the static capacitors are

removed. Therefore, N SCFs in parallel connection implement a transversal coupling

matrix of order N. The proposed filter can present an advanced filtering response
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Figure 4.27: Nodal diagram of the transversal topology.

together with the easiness of manufacturing SCF devices.

Filter Design of the Transversal Filter A W-CDMA filter of order 4 based
on SCFs working at fy=2.14 GHz and bandwidth of 60 MHz will be designed. One
transmission zero is allocated above the pass-band and one below to increase the filter
selectivity. Table 4.8 gathers the specifications. The coupling matrix for the given

requirements is obtained following the procedure presented in Appendix B:

i 0 0.4569 —-0.6721 0.6721 —0.4569 0
0.4569  1.4857 0 0 0 0.4569
—0.6721 0 0.7367 0 0 0.6721
M= 0.6721 0 0 —0.7367 0 0.6721 (4.22)
—0.4569 0 0 0 —1.4857 0.4569
0 0.4569 0.6721  0.6721  0.4569 0

Then, the design parameters, external quality factors Q)¢; and resonance frequencies f;
for each resonator numbered by i, are summarized in Table 4.8 and are obtained from
(4.9) and (4.12).

The proposed topology is based on the parallel connection of resonators and each

resonator is implemented with a single SCF. No resonator is coupled with another but
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Figure 4.28: Stacked Crystal Filter equivalence to a branch of a tranversal topology when the
static capacitors are cancelled.

Table 4.8: Requirements for the example filter based on SCFs in transversal configuration
and associated design parameters

Passband frequency range 2.11-2.17 GHz

Relative bandwidth 2.8 %

Center frequency 2.14 GHz
VASIAS 50 Q

Transmission zeros +5 rad/s

Return loss >25 dB

Qelee4 170.8
QRe2=Qe3 80.0

f1 2.096 GHz

fo 2.118 GHz

f3 2.162 GHZ

1 2.185 GHz
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each one is coupled with source and load following the nodal diagram shown in Fig.
4.27. The shunt static capacitor, Cy;, of every SCF ¢ is removed by means of a shunt

inductor with the convenient value to cancel the capacitance effect at fj.

The four presented SCF's have different areas and thicknesses of the middle elec-
trode, while the thickness of the remaining layers is identical. The control of the area
determines the input and the output @), of the resonators and the control of the middle
electrode thickness determines their resonance frequencies. During the design process
all the layers of the resonators are taken into account to determine design parameters
such as Q). and the resonance frequencies. In this case, the (). between a resonator
and the input or the output is the same. The proposed SCF symmetric geometry keeps
the input and output (). equal as required, that is to say, if the frequency detuning
were made by, for example, the upper electrodes, the input and the output ). would
be different and the bottom resonator would be modified as well producing a more

complex structure to manufacture.

In this topology, as commented above, each resonator presents a different resonance
frequency determined by the self-couplings M;;. Those asynchronous resonators provide
a bandwidth enhancement of the overall filter response splitting the transmission poles
along the passband. As the resonators are detuned by means of the middle electrode, all
the other layers remain identical in terms of thickness for all the resonators, allowing
a simple plate to grow during the manufacturing process, due to these layers being

processed in parallel.

The parallel resonator topology demands a change of the phase sign between
branches 1-3 and 2-4 as seen in (4.22). In this work, a transmission line of impedance
Zy and electric length of 180° has been added to the output of branches 1 and 3 to
create the phase inversion. An additional effect of those lines is the contribution of
an out-of-band transmission zero which contributes with higher selectivity close to the
passband but worsens the rejection far from it. One drawback of the use of SCF's in-
stead of CRFs is that they cannot implement a change of sign by themselves as in the
case of CRFs. Therefore, external elements to produce a 180° phase shift are required

such as transmission lines or lumped elements.

Fig. 4.29 shows the schematic of the proposed filter consisting of 4 parallel con-
nected SCFs with the cancelling shunt inductors at their inputs and outputs. The

shunt inductors that coincide in the same node have been turned to the equivalent
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Figure 4.29: Transversal configuration with Stacked Crystal Filters.

Table 4.9: SCF dimensions
SCF1|SCF2 | SCF 3| SCF4

Top electrode (Mo) thickness (nm) 150 150 150 150
Upper piezoelectric (AIN) thickness (nm) 487 487 487 487
Middle electrode (Mo) thickness (nm) 251 227 170 142
Lower piezoelectric (AIN) thickness (nm) 487 487 487 487
Bottom electrode (Mo) thickness (nm) 150 150 150 150
Side (um) 43.6 63.5 61.3 41.0

one. Branches 1 and 3 present the above-mentioned transmission lines.

The SCF's considered are composed of piezoelectric plates of aluminum nitride and
electrodes of molybdenum. Fig. 4.30(a) shows the simulation circuit used to extract
the Q. of each SCF and Fig. 4.30(b) the equivalent electrical circuit.

Table 4.9 summarizes their dimensions to fulfil the requirements in terms of Q. and
resonance frequencies. The values of the cancelling inductors are L1=16.5 nH, L3=8.4
HH, L274:5.5 nH and L1727374:2.8 nH.
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Figure 4.30: (a) Simulation circuit based on the Mason model to extract the Q)¢; and to center
at f; each resonator ¢ and (b) the equivalent electrical circuit.

Transversal SCFs Filter Response Fig. 4.31 shows the individual response in
terms of transmission of every SCF, which are tuned to their corresponding resonance
frequency. Each SCF presents a bandwidth that depends on the Q. and resonance

frequency to which they were designed.

Finally, Fig. 4.32 shows the filtering response of the proposed structure with the 2
expected transmission zeros: 1 above the passband and 1 below. The above discussed
transmission zero originated from the inverting transmission line of 180° is also present

in the lower stop-band.

4.5 Summary

A CRF is a microwave filter that operates both on the electrical and the mechanical
plane and its behavior can be fully modeled electrically by means of a filter topology
composed of impedance inverters and series LC resonators. It can therefore implement
Chebyshev filter responses with an order equal to the number of BAW resonators
present in the structure. The use of electrical representation with filter topology allows

the coupling and resonance mechanisms that take place in the device to be identified.
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Figure 4.32: Response of the transversal SCFs configuration.
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General coupling theory has been used to determine the bounds of this device in terms
of bandwidths and return losses, which are related to the couplings that this structure
can withstand. A filter of order 4 composed of two cascaded CRF basic stages was ini-
tially considered, which gathers 3 kinds of couplings: port to resonator coupling, inter-
resonator acoustic coupling and inter-resonator coupling formed by a direct connection
between resonators. The maximum coupling levels that can be achieved between the
ports and the resonators depend on the maximum piezoelectric coupling constant that
the resonator can provide and a suitable selection of its active area. Those coupling
levels are related to the bandwidth and RL and thus the bounds coming from this
coupling are established. In the case of the coupling formed by the electrical connec-
tion between lower resonators, maximum coupling levels depend on the piezoelectric
coupling constant and not on the active area. This means that the highest coupling
between resonators is achieved when the BAW resonators present the highest piezoelec-
tric coupling constant. Nevertheless, to implement an arbitrary Chebyshev response it
is not appropriate to have the highest possible couplings in all the coupling parts of the
network, but rather, to fulfill the coupling values obtained from the coupling theory
filter synthesis procedure. In other words, piezoelectric coupling does not necessarily
have to be maximized for all the BAW resonators that comprise the CRF device. This
has been demonstrated in this chapter, where the lower BAW resonators of the exam-
ple filter are designed with a proper SMR stack to reduce the piezoelectric coupling
constant in order to fulfill the filter synthesis equations in terms of inter-resonator cou-
pling. The acoustic coupling between resonators covers a wide range of coupling values

thanks to the approach that combines high and low acoustic impedance passive layers.

The general coupling theory has been used to obtain filters based on CRFs with
advanced filtering responses providing transmission zeros and the consequent selectivity
improvement. Several topologies have been reviewed and the two selected and presented
in this chapter are the parallel connected CRFs and the folded configuration. The
first, presents the advantage of obtaining responses quite close to those desired, but
the drawback of the need for CRFs with different geometries in terms of thicknesses
in such a way that they cannot be processed in parallel during manufacturing. The
folded configuration provides a good selectivity close to the passband as expected from
the ideal desired response but at far-off frequencies the attenuation worsens due to
the effect of the required external inductors. Nevertheless, the advantage of the folded

configuration is that, when it implements filters of order 4 with transmission zeros and
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symmetrical responses, the two CRF stacks have the same geometries and they can be

manufactured in parallel.

Finally, a RF BAW filter based on SCFs and on a novel topology applied to this
technology was presented. The use of parallel connected SCFs to implement a transver-
sal coupling matrix enables the creation of advanced responses with this kind of device

easier to manufacture than CRFs.



Chapter 5

CRF Functionalities beyond the
Bandpass Filter

Bulk acoustic wave coupled resonator filters can provide further functionalities than
bandpass filtering. This chapter gathers two of these which expand the potential of

this device.

The first one as a bandstop filter is proposed for the first time in this work. Although
bandstop filters using BAW technology have been already implemented with ladder
filters [83], they have not been studied with CRF's so far. The use of CRFs to implement
this function enables a new range of possibilities characteristic of the coupling theory
filter synthesis such as control of the bandwidth and rejection levels of the stopband

by means of the couplings that take place in the structure.

The second functionality is well known in the BAW technology field; it is the single-
ended to differential (SE2DE) mode conversion. This chapter will show how to design
SE2DE filters using the theory of couplings developed in the previous chapter.

5.1 Bandstop BAW Coupled Resonator Filters

Bandstop filters are widely used in RF devices of several technologies to prevent inter-
ferences with other applications and users. Although typical BAW technology filters
present bandpass functions, special attention has been paid to bandstop filters in the
last years to differentiate between frequency ranges that are inherently spurious free

and those with spurious content [83]. Bandstop filters can meet the increasingly drastic

137
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required specifications in terms of rejection.

This section presents a novel topology composed of CRFs providing a controllable
bandstop response. Although CRFs present a natural bandpass behavior, a convenient
arrangement of those devices can provide a bandstop response. The topology is based
on creating a direct path between the input and the output ports that provides full
transmission of the signal, and adding CRFs parallel to the direct path in such a
way that they absorb energy at the specified stopband. The energy absorption takes
place at the desired rejection band where a spurious or undesired signal must be elimi-
nated while the immediate range of frequencies above and below the stopband provides

transmission.

5.1.1 Direct-Coupled Bandstop Filters

A bandstop characteristic is straightforward to generate from regular low-pass pro-
totype polynomials exchanging the reflection and transfer functions [84]. Then, the
coupling matrix can be synthesized following a similar process to the synthesis of
bandpass responses described in Appendix B. The difference in the synthesis of the

coupling matrix is that it needs to incorporate a direct source-load coupling [85].

This kind of bandstop filter synthesis takes advantage of the flexibility on the
Chebyshev response of the bandpass filter synthesis procedure. An equi-ripple in the
passband is translated to a controlled equi-ripple inside the frequency range of the
stopband. The stopband can be easily controlled by means of the control of the cou-

plings.

Once the bandstop coupling matrix is synthesized it can also be reconfigured to
obtain the most appropriate topology. Below, a bandstop filter composed of a parallel
connected CRF with direct source-load coupling is presented. Fig. 5.1 shows the nodal
representation of a parallel connected filter of order 4 where a direct coupling between

source and load takes place.

5.1.2 Example of a Bandstop Filter with Parallel Connected CRF's

A filter with the specifications given in Table. 5.1 will be designed to exemplify a
bandstop filter composed of CRFs. The coupling matrix presents a non-zero value at

the source-load coupling element and the other elements present the parallel connected
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Figure 5.1: Nodal representation of a bandstop filter of order 4 in parallel connected config-
uration

Table 5.1: Requirements for the bandstop filter with parallel connected configuration and
associated couplings

Bandstop frequency range 2.40-2.48 GHz

Relative bandwidth 3.28%
Center frequency 2.44 GHz
Zs=27p, 50 Q
Stopband rejection >22 dB
QelZQe4 15.2
Qe2=CQes 87.6
k14 0.052
kos 0.037
MSL 1
topology:
[0 1.4122 0.5898 0 0 1.0000
1.4122 0 0 0 1.5720 0
0.5898 0 0 1.1277 0 0
M= 0 0 1.1277 0 0 —0.5898 (5-1)
0 1.5720 0 0 0 1.4122
| 1.0000 0 0 —0.5898 1.4122 0

Note that the bandstop coupling matrix presents a unit value in the position corre-

sponding to the source-load coupling.

Fig. 5.2 shows the configuration of the bandstop filter implemented with CRF's. It
presents the same topology as the parallel connected one for bandpass filters with the
addition of the impedance inverter formed with lumped elements. The direct coupling
Mg1 involves an impedance inverter of value K=Mg1 Zy. The value of the direct cou-
pling is Mg1=1 and therefore, it could alternatively be implemented by means of a

quarter-wave transmission line with impedance Zj.

After applying exactly the same design process as for bandpass filters, the band-
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Figure 5.2: CRF configuration of the bandstop filter including external elements

Table 5.2: Layer thicknesses of the bandstop CRF

CRF 1 CRF 2
Structure part Layer Thickness (nm) Thickness (nm)
Upper boundary Air - -
W 200 200
Upper BAW resonator  AIN 666.1 665.6
W 200 200
Si02 728 685
Coupling layers W 72.5 118.1
Si02 728 685
W 200 200
Lower BAW resonator  AIN 666.1 665.6
W 200 200
Lower boundary Air -

The active areas of the CRF 1 and 2 are 104.4x104.4 pm? and 43.7x43.7
pum? respectively.

stop CRF dimensions are given in Table 5.2. The input and output cancelling induc-
tors have values Lipput=2.57 nH and Lyysput=2.50 nH respectively. The values of the
lumped elements that implement the inverter are C;,,=1.3 pF and L;,,=3.26 nH for

the capacitors and inductor respectively.

Fig. 5.3 shows the bandstop response of the proposed filter. Although the response
was designed theoretically without any reflection zero, the designed filter with external
lumped elements has two reflection zeros above the stopband and two below it. These
occur because of the effect of the inductors which behave as negative capacitors in
narrowband around fy, but far from the stopband their inductive behavior in the
device causes the poles in the passbands. The obtained response presents a rejection
better than 22 dB inside the stopband, and the RL are better than 10 dB in the lower
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Figure 5.3: Response of the stopband filter implemented with CRFs

passband from 1775 MHz to 2384 MHz and in the upper passband from 2494 MHz to
2883 MHz.

5.2 Single to Balanced Mode Operation with Coupled
Resonator Filters

Coupled resonator filters are very suitable devices to bring BAW technology to duplex-
ers. A duplexer may be found close to the antenna in some handheld communication
systems. Duplexers create a simultaneous access to the antenna from both the receiver
and the transmitter parts of the system. Some applications, such as for example, W-
CDMA, present stringent specifications to separate the receiver and transmitter signals
which have bands that can be quite close [54].

In the transmitter path, a power amplifier is found before the RF transmitter filter
and in the receiver path, a LNA follows the RF receiver filter as shown in Fig. 5.4. The
antenna and the power amplifier typically have 50 €2 impedance and present single-
ended ports. However LNAs inputs often present higher impedances, for example 100 2

or 200 €2, and they have balanced ports. Therefore, there must be a single to balanced
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conversion between the antenna and the LNA, and an impedance transformation.

RF receiver
L filter LNA
X
|_' A [ 1000
50 Q
L X, | 50Q
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RF transmitter Power
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Figure 5.4: Duplexer block diagram

Ladder filters provide very high quality filters, but they are not capable of provid-
ing SE2DE input/output ports, or impedance transformation. A bulk acoustic wave
coupled resonator filter can provide mode conversion between a single-ended port and
a balanced one thanks to the galvanic isolation between the input and the output.
Therefore, a CRF is a key device in BAW technology for single-to-balanced RF filters
[52]. Moreover, it can provide impedance transformation matching the input and out-
put resonators to the desired ports. These features render a CRF a device that can

perform the same functions as a filter and a balun all at once.

5.2.1 SE2DE CRF Filter with Impedance Transformation Ratio 1:4

In [53], Fattinger et al proposed the first SE2DE based on CRFs. The filter configura-
tion provided an impedance transformation ratio of 50:200 useful for LNAs with input
impedance of 200 €2. The principle of operation of the SE2DE can be explained from
the configuration shown in Fig. 5.5. Two identical branches are considered; each branch
is composed of two identical CRF's in series connection. The single-ended input signal
is applied to the upper electrode of the input resonator of each CRF branch and their
lower electrodes are grounded. Note that a 180° phase shift is produced between the
signals of the two branches due to the connection of the lower resonators. One branch
presents an inverted electrical electrode connection regarding the other one. When the

signal arrives to the output resonators of each branch, it presents the same amplitude



Chapter 5. CRF Functionalities beyond the Bandpass Filter 143

Vout but opposite sign. Therefore, the balanced output is produced between the upper
electrodes of the output resonators of each branch with a voltage difference of 2V,,;.
Some variants on this configuration can produce the same results, for example inverting

the outputs or the inputs instead of the electrical connection of the lower resonators.

———— e [,
v+ +
in _ - Vout balanced
[ | output
single-ended +
input ]  2Vou
—e
N
| P
- -
Vin _ +Vout

Figure 5.5: CRF configuration to provide a single-ended to balanced conversion

Another important feature to take into account in this configuration is the
impedance transformation between the input and the output ports. It is assumed that
each branch is composed of a CRF filter of order 4 matched to input and output ports
of impedance Zy. In this way the CRF layer stacks are identical and can be manu-
factured in parallel. When the two branches are connected as in Fig. 5.5, the input
and output impedances of the resulting device are not Zy. The input port sees the two
branch inputs in parallel, so that, the input impedance is Zy/2. Meanwhile, the output
port sees the two branch outputs in series and the corresponding impedance is 27j.
Therefore, if the filters of order 4 that make up each branch are designed at Zy=100
), the input impedance of the resulting device is 50 {2 and the output impedance 200

Q. This configuration provides an impedance transformation ratio of 1:4.

As a design example, a filter with the requirements presented in Table 5.3 and
the topology shown in Fig. 5.5 will be synthesized. The specifications are the same as
the singe-ended output filter of section 4.2, the difference being the source and load

impedances and the requirement of mode conversion. The set of couplings and external
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Table 5.3: Requirements for the mode-conversion filter and associated couplings
Passband frequency range 2.40-2.48 GHz

Relative bandwidth 3.28%
Center frequency 2.44 GHz
Zg 50 Q2
Zy, 200
Return loss 15 dB
Q€12Q64 36.5
k1o=ks34 0.026
kos 0.021

quality factors are the same. In order to design this mode-conversion and impedance
transformer filter, each branch composed of a CRF of order 4 is synthesized following
exactly the same design procedure as in section 4.2. The only difference to consider
here is that this branch is designed taking into account input and output ports of 100

) to obtain a final device with a conversion from 50 € to 200 €.

Table 5.4 shows the layer thicknesses of a CRF stack. The four CRF stacks have
the same layer configuration and geometry. The input and output resonators have been

sized to provide the desired ). when they are connected to 100 2 ports.

Fig. 5.6 shows the phase of each branch of the mode-conversion device. A phase
difference of 180° can be shown throughout the frequency range. This phase difference
is the key to provide the mode conversion. The phase has been calculated straight-
forwardly simulating each branch independently, that is to say a conventional filter of
order 4, using ports of 100 2 and taking into account the polarity of the ports shown
in Fig. 5.5.

The response of the mode-conversion filter is shown in Fig. 5.7. Although a total
of 8 resonators make up the filter structure, the response corresponds to a filter of
order 4. The duplication of the structure enables the mode-conversion and impedance
transformation but does not increase the order of the resulting filter, nor does it improve

the response characteristic.
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Table 5.4: Layer thicknesses of one CRF stack of the mode-conversion filter

Structure part Layer/boundary material Thickness (nm)
Upper boundary Air -
W 200
Upper BAW resonator AIN 693
W 200
Si02 661
Coupling layers \W% 149
Si02 661
W 243
Lower BAW resonator AIN 479
W 243
Si02 900
W 440
Bragg reflector Si02 900
W 440
Si02 500
Lower boundary Si -

The active area of the CRF is 86x86 pm?.
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Figure 5.6: Phase of each branch of the mode-conversion filter with impedance transformation
ratio 1:4
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Figure 5.7: Response of the mode-conversion filter with impedance transformation ratio 1:4

5.2.2 SE2DE CRF Filter with Arbitrary Impedance Transformation
Ratio 1:t

In the previous subsection, a SE2DE CRF filter with an impedance transformation of
ratio 1:4 was presented. This configuration works well for LNAs with input impedance
of 200 Q2. However, LNAs with other input impedances may be present in a commu-
nication system and a more flexible transformation ratio may be required. A SE2DE
CRF filter with arbitrary impedance transformation ratio 1:t is presented in [86] and
[87].

The principle of operation of this device is basically the same as the SE2DE filter
presented in [53] and can be explained by Fig. 5.8. Two basic CRF stacks are considered.
The single-ended signal is applied to the input resonator of each CRF branch but with
opposite polarization by means of reversing the electrode connection. The voltage that
is produced at the output resonators of each branch has the same absolute value and
opposite sign. The control of the transformation ratio comes from the possibility of
matching the upper resonators to a different impedance than the lower resonators. In
the previous subsection, the input and output resonators were both upper resonators

and they were forced to have the same layer thickness in order to be processed in
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parallel during the manufacturing.

single-ended
input
Vin-f Vin

¥
VOLII

= Vout
+
2V,
+

out _

® L 4

balanced
output

Figure 5.8: CRF configuration to provide a single-ended to balanced conversion and arbitrary
1:t impedance transformation

In this new configuration, the filter design process presented in chapter 4 can also
be applied. Assuming a general impedance transformation from Zp; to Zpo, each CRF
branch must be designed with an input impedance of 2Zy; and an output impedance of
Zy2/2. In this way, when the branches are connected as in Fig. 5.8, the input impedance
of the whole device sees the input impedances of the branches in parallel resulting in
Zp1 and the output impedance of the device sees the output impedances of each branch

in series connection resulting in Zgs.

As a design example a SE2DE filter for W-CDMA with the specifications given in
Table 5.5 and impedance transformation 50 €2 to 100 €2 will be designed. The input
resonators are designed to provide a ().=33.17 when they are coupled to an input port
of 100 Q (2Zp1) and the output ports to provide the same Q. but coupled to an output
port of 50 © (Zp2/2).

Table 5.5: Requirements for the mode-conversion filter with impedance transformation ratio
1:2 and associated couplings

Passband frequency range 2.11-2.17 GHz

Relative bandwidth 2.8 %
Center frequency 2.14 GHz

Zs 50 ©

VA» 100 ©

RL 15 dB

QeleeQ 33.17

k12 0.036
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A summary of the geometries of the CRF's is shown in Table 5.6. Note that the input
and output resonators share the same active area; therefore, they are matched to the
corresponding impedance with the help of the electrode and piezoelectric thicknesses

that allow the resonator to be centered at fy and the necessary Q. to be fulfilled.

Table 5.6: Layer thicknesses of one CRF stack of the mode-conversion filter with impedance
transformation ratio 1:2

Structure part Layer/boundary material Thickness (nm)
Upper boundary Air -
W 170
Upper BAW resonator AIN 1046
W 170
Si02 759
Coupling layers W 161
Si02 759
W 200
Lower BAW resonator AIN 890
W 200
Lower boundary Air -

The active area of the CRF is 110x110 pm?.

Fig. 5.9 shows the phase of each branch that makes up the SE2DE filter. The phase
is obtained considering a CRF stack and measuring the phase of the transmission
response taking into account an input port of 100 2 and an output port of 50 2. Fig.
5.10 shows the response of the device which corresponds to a filter of order 2. The
drawback of this configuration is the low order of the resulting filter. To improve the

selectivity of the response, it can be combined with other CRFs as in [87].
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5.3 Summary

In this chapter, two functionalities of CRFs have been presented beyond the bandpass

one: bandstop filters and single-ended to balanced mode conversion.

A novel approach to implement bandstop filters with CRFs has been presented
based on the bandstop coupling matrix. A set of parallel connected CRFs and a direct
coupling between source and load have been used to form the bandstop response.
The BAW bandstop filter may be of special interest when a specific narrow band of
frequencies needs to be attenuated. Although the same operation could be done by
a bandpass filter, it may be difficult to obtain a good rejection performance over the
stopband and at the same time maintain a low insertion loss and good return loss

performance over the main signal band.

This section also demonstrated how the coupling theory can also be used to design
filters with mode-conversion from single-ended to differential mode. This functionality
of CRF's enables the use of BAW technology for mode-conversion, a performance which

was formerly carried out by SAW technology or BAW filters combined with baluns.
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Conclusions and Future Work

6.1 Conclusions

BAW technology can be considered quite a recent technology, the advances in wafer
processing in microelectronics in the last decade have enabled a successful manufac-
turing of miniaturized and high-performance thin film BAW filters. BAW technology
is still maturing and providing new solutions for several RF filter requirements and
applications. It is an exciting technology to work with because there are many topics
that still require a lot of research: manufacturing processes, characterization of acoustic
materials, device modeling, device design, new materials, new devices and structures,
2D and 3D simulations of the devices, etc. Chapter 2 provided a description of the

BAW technology, its foundations, figures of merit, materials and types of devices.

The ladder type filter is currently the most used BAW filter type. Therefore, most
of the efforts in improving BAW technology have been driven by the requirements that
ladder filters can meet. The CRF has recently emerged as a very promising BAW filter
type. It presents very attractive features such as better rejection far from the passband
regarding ladder filter responses, wider bandwidths and mode-conversion from single-
ended input to balanced output. CRFs have encountered a BAW technology where a
lot of work has been carried out in manufacturing, characterization, improvement of
materials or the resonators. However, CRF's are still difficult to design and manufacture,
since more layers are used to form more than one resonator and they are coupled in
the vertical direction. CRF modeling and design techniques have not been explored

in depth and have been mainly entrusted to optimization techniques in a similar way
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to those usually carried out for ladder filters. One of the challenges in CRFs is how
to make their design friendlier and more efficient in terms of taking the most of their

capabilities.

Chapter 3 of this Ph.D. dissertation researched the modeling of CRF's and variants
of the basic device. The proposed equivalent electrical models provide a compact and
clear way of explaining the filtering behavior of the structure. The models offer an
explanation of the filter mechanisms that take place inside the structure: resonances and
couplings. Moreover, they create a link between the coupling theory of filter synthesis
and the BAW device. The coupling layers mechanism, a key element of a CRF, has
been investigated, their effects have been studied and their design considerations have

been presented.

The coupling theory is a widely extended and powerful technique to design mi-
crowave filters especially suitable for CRF type devices which can be modeled by
coupled resonator circuits. In Chapter 4, the technique was applied to CRF's taking
into account the particularities of the structure and its filter mechanisms which can be

inferred from the proposed models.

Therefore, CRF filter design has also been one of the main aims of this work. An
identification of the coupling and resonating mechanisms in the device has facilitated an
analytical and systematic way of synthesizing it. Assuming a set of filter requirements

and material parameters, the whole filter geometry is obtained from the design process.

A typical CRF device can provide standard Chebyshev type responses. The advan-
tage of applying an analytical tool to design also arises when more advanced responses
are required such as Chebyshev responses with transmission zeros to improve the filter
selectivity. The insertion of transmission zeros had been thought to be a characteristic
typical of ladder filters, but this work has shown that CRFs are also capable of pro-
viding it. The coupling matrix has been used to obtain a variety of new configurations

based on CRFs that can implement those advanced responses.

Moreover, a way of analyzing CRF devices was presented using the coupling theory.
The values of the couplings that take place in the structure are limited depending on
the material parameters and the layer configuration. A control on the geometries of
the structure enables the desired coupling to be obtained which lies within the range
of feasible values. The coupling values are related to the bandwidth of the filter and

its return losses. Therefore, the performance limits of the device can be evaluated. The
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technique is useful to determine if a set of requirements can be fulfilled by a given
structure. It also distinguishes which are the most limiting couplings and gives a clear

picture of how they can be improved adding external elements.

In the current spectrum scenario, stringent specifications in terms of rejection can
be required for narrow frequency bands. For this reason, in Chapter 5, BAW bandstop
filters have been investigated. CRF based structures with Chebyshev type bandstop
responses have been proposed. A bandstop coupling matrix synthesis procedure has
been used to obtain the coupling values and the configuration for given specifications.
The proposed approach uses a direct coupling between source and load to provide
transmission and a CRF structure in parallel connection to create the rejection band.
Chapter 5 also showed how the proposed filter design can be used to design CRFs in
mode-conversion configuration. This functionality of CRF's enables a performance of
BAW technology that was formerly carried out by SAW technology or BAW filters

combined with baluns.

6.2 Future Work

Below, some of the questions that could be addressed in future extensions of this

dissertation are detailed.

The proposed filter design approach for CRFs provides a range of possibilities to
obtain new structures and devices to meet specifications that may seem beyond their
reach. The reconfiguration of the coupling matrix can be used to look for topologies
that make sense using BAW coupled resonators. The proposal of new structures and

the use of novel materials will entail an accurate modelling.

BAW CRF's are thought to have an acoustic coupling between resonators. Never-
theless, the electric coupling between resonators or between resonators and source /load
is the most limiting part of the structure when wide bandwidths must be reached. A
possible line of investigation could be on the research of electric coupling mechanisms

or elements to improve those couplings.

The analysis of the coupling limits in CRF structures can be used to explore the
introduction of external elements to improve their responses. It provides a way of

determining which parts of the structure are limiting the response characteristics.
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The experimental validation of the results presented in this work is another possible
line to follow in the future. That would require a long-term work inside BAW technology
facilities or a strong collaboration with a BAW group. The proposed techniques can
be used in parallel to a manufacturing process. For example, when deviations of the
lower BAW resonators of a CRF regarding the desired characteristics occur once they
have already been manufactured, an update of the geometries of the layers that remain
to be fabricated can be carried out in order to correct them. This application of the
technique could be used for trimming purposes but also for redesigning the coupling

layers or other parts of the structure.



Appendix A

Properties of Selected Materials

The properties of the materials used in BAW technology depend on the foundry where
the thin film devices are manufactured, their processes and the reproducibility. This
work has used properties reported in the literature as reference properties and pub-
lished in [81] and [88]. Table A.1 shows the properties of metals typically used in the
BAW industry to implement electrodes or multilayered structures based on the Bragg
reflector. Table A.2 shows the properties of piezoelectric materials that may be used as
transducers in BAW resonators and non-piezoelectric dielectrics that may be present

in a BAW device as for example in the substrate or Bragg reflectors.

Table A.1: Acoustic Properties of Metals

Material Density, p | Velocity Impedance, Z,, | Resistivity
(kg/m?) (m/s), v (x10” kg/m?) | (S cm)

W 19200 5200 9.98 5.39

Mo 10200 6200 6.32 5.7

Al 2700 6300 1.70 2.8

Cu 8900 4700 4.18 1.67
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Table A.2: Acoustic Properties of Piezoelectric and Dielectric Materials

Material Density, p | Velocity, v | Impedance, Z,, | Piezoelectric | Relative Per-
(kg/m3) (m/s) (x107 kg/m?) Constant, e | mittivity, &,
(C/m?)

AIN 3260 11000 3.59 1.5 9.7

ZnO 5665 6350 3.6 1.36 10.8

PZT 7500 4600 3.45 5.87 >70

Si02 2200 5600 1.2 - 3.99

Si 2332 8429 1.95 - 11.7




Appendix B

Coupling Matrix (Generation

The aim of this Appendix is to provide a brief explanation of the procedure to obtain a
coupling matrix of a coupled resonator circuit from a set of filter response specifications.
This Appendix is based on the work developed by Cameron published in [79] and [77],
and later gathered in the book [76]. Therefore, for any details on the techniques, the
reader is referred to the above-mentioned references. Here, the method to obtain the
N + 2 coupling matrix presented in [77] which overcomes some of the shortcomings of

the original N matrix [79] will be described.

In order to obtain the coupling matrix conveniently, a coupling matrix generator
software has been created during this PhD program. The software is implemented by
MATLAB and a graphical user interface has been developed. The coupling matrix
generation software has enabled the possibility of implementing multiple and flexible
filtering responses. It has been a key tool for the synthesis of advanced responses

presented in chapter 4.
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B.1 Polynomial Based Chebyshev Filter Functions

The transfer and reflection Chebyshev functions of a two-port lossless coupled resonator

network with N resonators may be expressed as:

P(s)
= B.1.1
S21 (S) 8E1 (S) ( )

F(s)
= B.1.2
511(8) €RE (3) ( )

where s is the complex frequency variable and

e = ! Pls) (B.1.3)

V10RL/10 _ 1 F (s) -

=J

the relationship between the complex frequency variable s and the prototype lowpass
frequency Q is s = 2. RL is the return loss in dB and polynomials E(s), F(s) and
P(s) are normalized to the highest degree coefficient. E(s) and F(s) are N degree
polynomials and P(s) a ny, degree polynomial. ny, is the number of finite-position

prescribed transmission zeros (TZs) and ny, < N to be a realizable network.

er is unity for all cases except for fully canonical filtering functions, that is to say the

number of TZs equals the order of the filter ny, = N:

€
ERp = ——— B.1.4
T (B.1.4)
The recursive technique and the alternating pole method presented in [79] may be used
to obtain the coefficients of the polynomials using as input parameters the filter degree,

the position of the prescribed zeros and the RL.

Figs. B.1—B.4 show example Chebyshev filtering responses and the associated polyno-
mials. The coefficients of the E(s), F'(s) and P(s) polynomials are normalized to set
the highest-degree coefficient to unity. The polynomials that appear in Fig. B.1, B.2
and Fig. B.3 have been used in chapter 4. Fig. B.4 shows a fully canonical filtering

response with the same number of finite zeros and filter order.
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Figure B.2: Chebyshev response with finite transmission zeros at +4 rad.
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B.2 Coupling Matrix Synthesis

To synthesize the coupling matrix, we consider a two-port admittance parameter matrix
[Ynl:

=[50 o ®25
First, the matrix will be constructed from the transmission and reflection functions
given by (B.1.1) and (B.1.2) respectively. Then, the matrix will be constructed from
the transversal array network shown in Fig B.5. The array implements a lowpass filter
and then, it is composed of lowpass resonators which comprises one parallel-connected
capacitor and one frequency invariant susceptance [77]. Each resonator is coupled to
source and load by means of admittance inverters. The direct source—load coupling
inverter is included to allow fully canonical transfer functions to be realized. By equat-
ing the two constructed [Yy] matrices, the elements of the coupling matrix, associated
with the transversal array network, will be related to the coefficients of the S; and

S11 polynomials.

B.2.1 Admittance Matrix [Yy| from the S5 and S;; Polynomials

The polynomial ratio for the y22(s) and y21(s) elements of [Yy| are obtained from the

So1 and Sp1 polynomials:

n(s P(s
ForNeven : yo (s) = yzji(s()() ): (m(l(zs/))a)
_ Y22n(s) __ mai(s
Y22 (s) = va(s) — mi(s) (B.2.6)

ForNodd : 1y (s) = y21n(s) _ (P(s)/e)

where

m1 (s) = Re(eg + fo) + jIm (e1 + f1) s + Re (e2 + f2) 8% + ...

n1 (s) = jIm (eg + fo) + Re (e1 + f1) s + jIm (e2 + f2) % + ... (B.2.7)

e; and f;, i=0,1,2,3,...,N, are the coefficients of E(s) and F(s)/e,.

The residues 791 and rogx of y22(s) and ya1(s) respectively may be found with partial

fraction expansions and the eigenvalues of the network A, are found by rooting their
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Figure B.5: Canonical Transversal Circuit where N lowpass resonators are coupled to source
and load and there exist a direct coupling between source and load.

denominator. Then, the admittance matrix can be expressed as:

N
1 Yiin (8)  y12n (8) ] , [ 0 K } 1 [ Tk T12k }
¥x) Ya (8) | Y21n (5) w220 (8) J Ky 0O ; (s —jAk) | T21k  T22k
(B.2.8)
where K, = 0, except for the fully canonical case:
Koo = — (e —1) (B.2.9)
€R
And also for the fully canonical case a new polynomial yo1,," (s) is used:
Ya1n' (8) = yo1n (8) — 1 Kooya () (B.2.10)

B.2.2 Admittance Matrix [Yy]| from the Canonical Transversal Array

The admittance matrix [Yy] may be obtained from the fully canonical network shown
in Fig. B.5.
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The admittance matrix of one resonating branch k is:

Y11k (8) vk (s) ] 1 { M2, Mg, My }
— e — B.2.11
] [ Y21k (8) Yook (5) sCy + 7By | MspeMpi — M7, ( )

Then, the admittance matrix [Yy] is obtained by the sum of the admittance matrixes

of its branches:

. 0 Mgy 1 [ M?2 Mg Mry }
- Sk B.2.12
Yn] =1 [ Msr, 0 } ; (sCk +3Bk) | MspMpy — Mg, ( )

B.2.3 Transversal Coupling Matrix

The values of the couplings will be obtained equating (B.2.8) and (B.2.12). The direct
coupling is Mgy, = K, and the following equality can be written:

roie  MspMrpg

k : B.2.13
(s —jXe) (sCk + jBy) ( )
T2k M3,

. = . B.2.14
(s =jA)  (sCx + jBy) ( )
Therefore, the values of the couplings and the circuit elements are:
Cp,=1
My = /T22k (B.2.15)

Mgy = 1911/ \/T22k
Bk (E Mkk) = _)\k

The capacitors C of the lowpass resonators are all unity, and the frequency-invariant
susceptances By (representing the self couplings My; — Myy ), the input couplings
Mgy, the output couplings M7k, and the direct source—load coupling Mg;, are all now
known, the reciprocal transversal coupling matrix representing the network in Fig. B.5
and expressed in Fig. B.6 may now be constructed. Mgy are the input couplings and
occupy the first row and column of the matrix from positions 1 to N. Similarly, Mgy
are the output couplings and they occupy the last row and column of from positions 1

to N. All other entries are zero.

Fig. B.7 shows the transversal coupling matrixes that have been obtained from the

polynomials given in Figs. B.1-B.4.
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S 1 2 3 k N-1 N L
S Mg | Mg, | Mg, Mgy Msna | Mgy | Mg
1 MSl Mll MLl
2 Mg, M, M,
3 MS3 M33 ML3
k MSK Mkk MLk
N-1 MS,N-I Miins ML,N-I
N Mgy M | My
MSL MLl IVILZ MLS MLk ML,N-l MLN

Figure B.6: Canonical coupling matrix M for the transversal array
B.3 Coupling Matrix Reduction

The coupling matrix M that was generated in the previous section from the synthesis
procedure implements a coupled resonator filter where the couplings occur between
source—load, resonator—load and source—resonator. There are no inter-resonator cou-
plings. The diagonal elements represent the offset from the center frequency of the
filter of each resonance. Since this configuration may not be practical or that required
in some technologies or situations, it is usual to annihilate the couplings with a se-
quence of similarity transforms or rotations until a more convenient form is obtained.
The use of similarity transformations ensures that the eigenvalues and the eigenvectors
of the matrix M are preserved and therefore, it yields exactly the same transfer and
reflection characteristics as the original matrix. For a full description of the coupling

matrix reduction procedure see [76] or [79].

B.4 Graphical User Interface

Fig. B.8 shows the graphical user interface of the coupling generation software that has

been developed. The different parts will be described regarding the numbered labels:

1. The specifications are defined for a lowpass prototype frequency response in terms
of: return losses (RL), order of the filter (V) and the finite complex transmission

zeros in the s—plane.
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S 1 2 3 4 L
S 0 0.3624 -0.5356 | 0.5356 -0.3624 0
1 0.3624 1.1854 0 0 0 0.3624
2 -0.5356 0 0.5428 0 0 0.5356
3 0.5356 0 0 -0.5428 0 0.5356
4 -0.3624 0 0 0 -1.1854 0.3624
L 0 0.3624 0.5356 0.5356 0.3624 0
(a)
S 1 2 3 4 L
S 0 0.4520 -0.6741 | 0.6741 -0.4520 0
1 0.4520 1.4797 0 0 0 0.4520
2 -0.6741 0 0.7440 0 0 0.6741
3 0.6741 0 0 -0.7440 0 0.6741
4 -0.4520 0 0 0 -1.4797 0.4520
L 0 0.4520 0.6741 0.6741 0.4520 0
(b)
S 1 2 3 4 L
S 0 0.4569 -0.6721 | 0.6721 -0.4569 0
1 0.4569 1.4857 0 0 0 0.4569
2 -0.6721 0 0.7367 0 0 0.6721
3 0.6721 0 0 -0.7367 0 0.6721
4 -0.4569 0 0 0 -1.4857 0.4569
L 0 0.4569 0.6721 0.6721 0.4569 0
()
S 1 2 3 4 L
S 0 0.3515 -0.5406 0.5406 -0.3515 0.0009
1 0.3515 1.1796 0 0 0 0.3515
2 -0.5406 0 0.5599 0 0 0.5406
3 0.5406 0 0 -0.5599 0 0.5406
4 -0.3515 0 0 0 -1.1796 0.3515
L 0.0009 0.3515 0.5406 0.5406 0.3515 0

Figure B.7: (a), (b), (c) and (d) transversal coupling matrixes corresponding to the filter
specifications and polynomial coefficients of Figs. B.1, B.2, B.3 and B.4 respectively
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Figure B.8: Graphical user interface of the coupling matrix generation software

The desired matrix form to be obtained is selected. The routines for some of
the most known configurations have been implemented: fully canonical, folded

canonical and parallel connected.
Button to generate the coupling matrix.
Filter response that is generated.
Coupling matrix.

Similarity transformations can be performed by means of selecting the coupling
matrix element to annihilate and the pivot that performs the rotation. The re-

sulting coupling matrix is generated for every rotation.
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