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Abstract

Reconfigurable filter banks are an enabling technology for wireless communications. Spectrum
scarcity motivates radios that can adjust to new wireless standards and block interferers. These can
be achieved by programming a reconfigurable filter bank. However, state-of-the-art reconfigurable
filter banks do not simultaneously meet performance and size requirements needed for handheld
applications. To that end, this work focuses on designing filters as building blocks for filter banks
using lithium niobate laterally-vibrating microresonators (‘“LN microresonators’).

LN microresonators show promise by virtue of their small size, low loss, ability to instantiate
devices of multiple frequencies on the same die, and high coupling coefficient K> (leading to wide
filter bandwidths or tuning range). This work focuses on techniques to incorporate these qualities
into filters suitable for use in filter banks.

A low-loss bandpass filter is designed to exploit the high K provided by the LN. Because of the
high resonator quality factor Q, the measured filter demonstrates an insertion loss less than 3 dB,
comparable to the state-of-the-art. However, resonator spurious modes (“spurs”) outside resonance
compromise the rejection in the filter stopband such that the out-of-band rejection is about 6 dB
worse than what it would be without the presence of spurs. This motivates an investigation of spurs
due to misalignment and underetch.

A tunable absorptive notch filter is designed and fabricated as a platform to demonstrate tuning.
The tuning range is about 6% of the K,2 of the resonators; a method is proposed to extend the tuning
range by stepping the impedance of the circuit surrounding the resonators. In measurement, the
tuning range is found to be discontinuous because of fluctuations due to modal coupling in the
resonators near the resonance. This motivates the need for resonators that have a smooth response

free of fluctuations.

il



This work presents two views of the fluctuations. First, the effects of connecting parallel res-
onators are considered, namely mechanical and electrical coupling of adjacent resonators. Second,
the spurious modes in individual resonators are explained using models in one, two, and three

dimensions. Studies endeavoring to mitigate the spurs due to the 1D and 3D effects are performed.
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Chapter 1

Introduction

1.1 Background and motivation

Reconfigurable filters or filter banks are an enabling technology for wireless communications.
As communications have moved to the wireless domain, the spectrum has become increasingly
scarce [1]. Radio designers are overcoming spectrum scarcity by designing new standards and
by using methods to block interferers. These capabilities can be achieved by programming a
reconfigurable filter bank to optimize the overall radio performance. Several applications and
technologies are reviewed in [2].

This section introduces a definition for reconfigurable filter banks, surveys the state-of-the-art,

and identifies an approach that will advance the state-of-the-art.

1.1.1 Reconfigurable filter banks: terminology

A reconfigurable filter bank consists of a network of individually tunable filters, which combine
to provide filtering capability across the spectrum (Figure 1.1). The filters are connected within

a reconfiguration network, such as a switch network. Switching between filters provides coarse

1



1. INTRODUCTION

Filters with
fine tuning Individual tunable filter responses

coarse tuning

o— " T ISyl / j \
1

2 " — 2\l N

N L—"e—] FiterN }—"o— f

(a) (b)

Figure 1.1: Conceptual (a) schematic and (b) transmission frequency response of a reconfig-
urable filter bank, with individually tunable filters of different types and different frequencies
connected using a switch network.

Switches for

tuning, while the tuning within each filter provides fine tuning.

This is a “bank” of filters because there are various filters from which to select frequency
responses. The filter bank is “reconfigurable” to the extent of the ability to program the frequency
response during in-field usage. The extent of reconfiguration varies among the state-of-the-art; this
work supports a level of tuning where each filter in the bank is tunable, and where it is possible to

use a switching network to select which filter through which to pass the signal.

1.1.2 State-of-the-art reconfigurable filter banks for software-defined radio

Modern handheld radios (cellular phones) are facing pressure (because of spectrum scarcity) to
provide versatile RF functionality, such as being able to operate on multiple bands. Contemporary
receiver chains have tuning ability for gain and linearity, but not for frequency. As a result, modern
mobile terminals address the demand for multi-band radio with multiple receiver chains arrayed in
parallel, at the expense of area and complexity. With this paradigm, adding more frequency bands

adds more receivers (not only filters), which takes up more area (and power) than if only filters
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1.1 Background and motivation

were added in a filter bank. For example, a contemporary phone, the Apple iPhone 6s, contains
at least four power amplifier (PA) modules to provide coverage for the multiple bands. This is

illustrated in the teardown shown in Figure 1.2, showing the area taken up by the multiple chips.

' i n

1 i e = et =

® Apple A9 SoC + Samsung 2 GB RAM ® Murata 240 Front-End module om
Qualcomm MDM9635M LTE Modem RFMD RF5150 Antenna Switch =
InvenSense MP67B 6-axis gyro + accel NXP 1610A3 display I1C B

® Bosch Sensortec 3P7 LA 3-axis accel ©® Apple 33851285 Audio IC .

® TriQuint TQF6405 PA module ® TI 65730A0P Power Management IC 3

® Skyworks SKY77812 PA module @ Qualcomm WTR3925 RF Transceiver B ©

® Avago AFEM-8030 PA module @ Possibly Bosch Barometric Pressure Sensor pocili”

® Skyworks SKY77357 PA module & 80
(a) (b)

Figure 1.2: Circuit board from a teardown of the Apple iPhone 6s showing multiple frontend
chains in a modern cellular phone; (a) front side, (b) back side. Image from [3] with labels
added.

A promising way to minimize the number of receiver chains is with software-defined radio.
Software-defined radio is a state-of-the-art radio frontend consisting of a software stage following
a minimal RF hardware stage. The innovation of software-defined radio is that it can communicate
on a wide range of frequencies with a single receiver chain. For example, one can purchase an
entire radio transceiver with frequency range 70 MHz to 6 GHz [4] with the size of a business
card (this is considered a small size for a prototyping-oriented product). The RF hardware is said
to be “minimal” because there is no RF filter for the receiver; the local oscillator mixes down the
wideband incoming signal to the baseband where the filtering is performed. This is illustrated in
Figure 1.3, which shows the architecture of the radio in [4], which has a single (one each for I and
Q components) receiver chain and lack of RF filtering. This lack of RF hardware, in addition to
the single receiver chain, is what confers compact size to software-defined radio.

A limitation of the wideband (no RF filter) approach of software-defined radio is susceptibility
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Figure 1.3: Architecture of the Ettus B200mini software-defined radio transceiver showing
the single receiver chain and lack of RF filtering. Image from [4] with highlights added.

to interference [2], where signals in adjacent bands might saturate the mixers and amplifiers, and
thereby interfere with the desired signal. Adding a fixed (non-tunable, non-reconfigurable) RF
filter in front of the local oscillator mixer would clean up the interference, but the frequency agility

would disappear.

Adding a reconfigurable filter bank in front of the local oscillator mixer in the software-defined
radio would enable both the mitigation of interference and the ability to tune to different frequen-
cies. The cost of providing the reconfigurable frequency selectivity with a reconfigurable bank is
size and insertion loss penalties, both of which are typically greater in filter banks than in fixed
filters. A single tunable filter is typically larger or more complex and has higher insertion loss than
a single fixed filter because of the addition of a tuning mechanism. An array of filters is larger
than a single filter, both because of the additional size of the switching network (which also adds
insertion loss) and because of the multiple filters (multiplying the size of an individual filter by the

number of filters).

Table 1.1 summarizes the state-of-the-art in terms of their size and integration, insertion loss,
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1.1 Background and motivation

Table 1.1: Summary of the state-of-the-art for reconfigurable filter banks.

Size, integration

Filter insertion loss

Frequency tuning or recon-
figuration capability

Lumped-
element switch-
able filter bank

[5]

cm X cm Size; assem-
bled in machined enclo-
sure

5-10 dB including
switches

Switching between 2-7
channels; cannot tune
individual filter frequency
response

Bulk acoustic || mm X mm size; one fre- | 1.5 dB filter only, < | Switching between 2 chan-

wave resonator || quency per die; integra- | 3 dB with switches | nels; no frequency tuning

filter switched || tion by flip-chip bond- of individual filters (if im-

filter bank [6] ing plemented, would be lim-
ited by 1.2-1.5% fractional
bandwidth).

Intrinsically- 10 cm x 10 cm size; | <5 dBincluding in- | Switchable between 3

switched filter || microstrips fabricated | trinsic switching channel filters, each filter

bank using || on PCB with tun- tunable by about 50%

microstrip [7] ing/switching varactors

soldered on

Intrinsically- cm X cm; cavity res- | (Bandstop filter) | Two versions: 4-6 GHz

switched band- || onators integrated into | about 2 dB pass- | and 6.3-11.4 GHz tuning

stop filters || substrate; tuning by | band insertion loss | ranges; each switchable

using cavity || piezoelectric or MEMS | including intrinsic | between bandstop and all-

resonators [8] actuators soldered on switching pass configurations

This work < mm x mm filters; | Fixed bandpass: | Bandpass: demonstrated

multiple frequencies on
single die, integration to
be achieved by flip-chip
or wire bonding

measured 2.7 dB,
< 1 dB possible
with fabrication im-
provement. Tunable
notch filter: 2-5 dB
passband depending
on match quality;
< 2 dB possible.

non-tunable configuration;
tuning can be done similar
to [9] with limits defined
by the =~ 17% possible
bandwidth. Notch: 0.8%
theoretical, 1.4% demon-
strated. Switching between
filters to be demonstrated
in future work.

and frequency reconfiguration capability. Size is minimized in this work by focusing on using

a technology that provides small filters that can be arrayed on a single substrate. In contrast,
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1. INTRODUCTION

the state-of-the-art reconfigurable filters or filter banks tend to use technologies such as striplines
[7], evanescent cavities [8], or lumped elements [5], which occupy a relatively large area (filter
dimensions measured in centimeters) in the GHz frequency range. Insertion loss including the
reconfiguration mechanism is typically in the range of 5 to 10 dB for these types of filters. The
level of reconfiguration ranges from switched fixed filters [5, 7] to switched tunable filters [8].
There has been an attempt to miniaturize using bulk acoustic wave resonator filters [6], which
resulted in a bank insertion loss of about 3 dB in a package, with each filter 1.5 x 0.75 mm in
size. However, each filter in the bank had to be fabricated on a different substrate (because the
bulk acoustic wave resonator frequency depends on the material thickness). This is not an optimal
solution for scaling to many filters in a bank; it would be more elegant to be able to include all
the frequencies on the same filter chip. The capability to synthesize multiple frequencies on the
same substrate can be attained using the laterally vibrating microresonator technology, which is
what is used in this work and which will be discussed in the next subsection. With the size of the
resonators established to be small, the goals of this work include achieving filter insertion loss that

is competitive with the state-of-the-art, and maximizing the filter tuning range.

1.1.3 Lithium niobate microresonators

To meet size, frequency tuning range, and insertion loss requirements, filters banks may use
lithium niobate microresonators as a building block. Figure 1.4 illustrates the thought process
leading to the choice of LN microresonators.

Microresonators are a type of acoustic resonator; compared to electromagnetic resonators,
acoustic resonators are a few orders of magnitude smaller in size because the acoustic velocity
is lower than electromagnetic velocity. Compared to lumped-element (LC tank) resonators, acous-
tic resonators can achieve higher Q factors, meaning lower insertion loss. Compared to SAW and

FBAR resonators, laterally vibrating (or contour-mode) microresonators promise superior figure-
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Figure 1.4: Flowchart illustrating why LN addresses the size, insertion loss, and tuning range
(embodied by K?) design directions. The K quantifies the frequency difference between the
resonance and antiresonance, which correspond to the available tuning range for the filters
built using the resonators.

of-merit (leading to better insertion loss and tuning range) and the ability to lay out devices at
different frequencies on the same substrate (which confers a compact way to make arrays of filters
at a broad range of frequencies). The choice of LN as a piezoelectric material promises higher
tuning ranges (by way of a higher K7, which quantifies the separation between resonance and
antiresonance, corresponding to the rate of impedance rolloff, dictating tuning range) than other
materials, such as aluminum nitride. The cross-section, 3D model, symbol, and SEM of a LN

microresonator are shown in Figure 1.5.

The resonators used in the filters discussed here are laterally vibrating piezoelectric microres-
onators [10], whose width is dictated by the acoustic wavelength. As shown in the cross section
and SEM of Figure 1.5, interdigitated electrodes with half-acoustic-wavelength pitch are arrayed

in the width direction (“width” and “length” are labeled in the 3D model). The electrodes apply a
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Image from .L. Shi & G. Piazza, MEMS 2015

Figure 1.5: Resonator (a) cross-section along width direction, (b) 3-D model, (c) symbol, and
(d) SEM of a resonator device, top view, with terminals marked with color overlay (SEM from
[10], showing a device with odd number of fingers; both odd and even fingered devices are
used in this work).

periodic (in the width direction) electric field through a suspended plate of LN (the piezoelectric
material). The piezoelectric effect causes the LN to expand or contract within the material plane,

again in a spatially periodic manner. This periodicity gives the resonator its frequency selection.

Figure 1.6 shows a typical frequency response of a LN microresonator; it is customary to
report the electrical admittance (¥71) as a function of frequency. The frequency at which the elec-
trode pitch is half the acoustic wavelength becomes the resonant frequency (where the admittance
measured at the electrodes is maximum). The frequency at which the admittance magnitude is

minimum is the antiresonance frequency.

Because the acoustic velocity is several orders of magnitude less than that of electromagnetic
waves, the size of an acoustic resonator is commensurately smaller than that of the equivalent
electromagnetic version at a given frequency. This is particularly beneficial around the frequencies
commonly used for wireless communications; for example, the wavelength corresponding to the

2.4 GHz ISM band is about 2.5 um in the acoustic domain. At this frequency, resonators would
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Figure 1.6: Modified Butterworth-Van-Dyke (MBVD) model of the resonator, with its admit-
tance frequency response, magnitude and phase, annotated with the issues addressed in this
thesis. Leveraging the high K? is addressed in Chapter 2; tuning is addressed in Chapter 3;
sizing (leading to mismatched resonances) is addressed in Chapter 4; spurs are addressed in
Chapter 5. Information about the MBVD model can be found in Appendix A.

each be about 70 um x 120 um in size to achieve a 50 Q impedance match. This thesis is an
exploratory work, and therefore uses a frequency of 500 MHz (acoustic wavelength 12 um) in
order to have reasonably reliable fabrication results from the university cleanroom (namely to
relax requirements for the lift-off step for fabricating the interdigitated electrodes, whose minimum
width scales inversely with frequency). It is possible to adapt the results of this thesis to higher
frequencies, provided scaling of the LN film thickness to avoid interfering modes due to dispersion

(Chapter 5), and mitigation of parasitic capacitance.
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1.2 Thesis statement

This work aims to augment the knowledge on the design of tunable filters using LN microres-
onators. The goal is the demonstration of a low-loss, high bandwidth filter, and a tunable notch
filter, both on the LN platform.

The approach is to create filters that test the various challenges of using LN microresonators.
Observations from these filters feed back into hypotheses and further experiments to iteratively
improve the ability to design the resonators and filters. Ladder bandpass filters in LN serve as a
platform for developments improving the bandwidth, insertion loss, selectivity, and ripple metrics.
A tunable notch filter using LN microresonators and off-chip components serves as a platform
to demonstrate tuning and motivate resonator-level developments to improve the smoothness of
the tuning range. Information gleaned from these filters highlights issues from resonator-level
“spurs” that negatively impact the filter frequency responses. Two origins are hypothesized for the
spurs: spurs due to coupling (mechanical or electrical) between resonators routed in parallel, and
spurs due to standing-wave modes at the level of individual resonators. Experiments to isolate and

mitigate these spurs are carried out in simulation.

1.3 Thesis organization and contributions

Figure 1.6 annotates features of the resonator response that loosely correspond to the issues
addressed in this thesis. This thesis is organized by these issues.

Chapter 2 considers how to leverage the high electromechanical coupling coefficient K7 of
lithium niobate for maximal bandwidth. The K? quantifies the frequency difference between the
resonance (fy) and antiresonance (f}); the higher the K, the farther apart are the two frequencies.
The K sets the filter bandwidth and tuning range for filter topologies in which the rolloff be-

tween passband and stopband corresponds to the transition between resonance and antiresonance.
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Lithium niobate has a far higher Kt2 (about 10-40%) than other piezoelectric materials, such as
aluminum nitride (AIN, K,2 about 1-5%), and therefore promises higher bandwidths and tuning
ranges. However, when filter designs from the AIN literature are directly implemented in LN, im-
perfections appear in the filter response, such as poor ripple performance and sub-optimal relation
between K> and bandwidth. The key to optimizing the ripple and bandwidth turns out to be the
impedance matching within the filter. This chapter presents a modification to the ladder circuit to
achieve internal impedance matching, improving the theoretical bandwidth in the case of a coupled
ladder filter by 40 percent without changing the resonator K. The measured results of the chapter

serve as motivation for the later chapter regarding resonator spurs.

The contributions in this chapter are: the identification of the flaws of using low-K? filter
designs with high—K,2 resonators, carrying out the filter design using LN laterally vibrating mi-

croresonators, and a method to mitigate uncertainty in resonator K7 for the initial filter fabrication.

Chapter 3 examines the K7 from a tuning perspective. Although the K7 is high, the antireso-
nance still limits the bandwidth and tuning range. The tuning of a ladder bandpass filter is reviewed,
with a contribution being a discussion on the parasitic capacitance and how to mitigate them. For
experimental demonstration, a notch filter serves as a vehicle to show the limit imposed by K?
upon tuning range. In addition, measured results shown two sources of imperfection: parasitic
elements and resonator spurs. The parasitic elements compromised the filter performance in a way
that could not be neglected; the parasitics due to bondpads are analyzed and mitigation methods
proposed. The spurs (which compromised the continuity of tuning) are a much more complicated
issue and are discussed in the subsequent chapters. This chapter ends with a proposed solution to
this limit, offloading the tuning burden from the resonator to the surrounding components of the

filter.

The contributions in this chapter are: the equations for varactor tuning of the resonators, an

analysis and mitigation of parasitic capacitance due to bondpads to the varactors for the bandpass
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filter, the implementation of a notch filter (in fixed and tunable renditions) using LN microres-
onators, identification of tuning range limits, and a proposed method to extend the tuning range by

offloading the tuning to the surrounding circuit.

Chapter 4 discusses one possible source of fluctuations near the resonance that show up when
scaling the size by wiring several resonators wired in parallel into arrayed resonators. Wiring
resonators in parallel is a method to lower the characteristic filter impedance to typical RF levels.
However, simulation reveals that small mismatches between (even ideal) constituent resonators
can lead to fluctuations in the total resonance of the arrayed resonators. This chapter presents
two possible mechanisms leading to the fluctuations: mechanical coupling of electrically identical
resonators, and electrical coupling of mechanically isolated (but electrically different) resonators.
For the latter, this chapter includes a proposed method to fix the resultant fluctuations by dividing
the tuning capacitor into smaller tunable capacitors that address each resonator individually. The

practical limitations to this proposed method are discussed.

The contributions in this chapter are: carrying out the analysis of the mechanical coupling
between resonators sharing an etch pit, and proposing a method to align electrically mismatched
resonators in parallel along with an analysis of scaling and mitigation methods for parasitic capac-

itance due to bondpads.

Chapter 5 focuses on the resonator-level origins and mitigation of spurs. Existing work in LN
has targeted a figure-of-merit (K>Q product) that focuses on the resonance and antiresonance, or
focused on eliminating spurs in specific regions inside or outside the resonance, but not a com-
prehensive view of spurs. In this chapter, the impact of spurs is quantified and a model to explain
the spurs is presented, including a description of scaling laws and tradeoffs. Several techniques to

mitigate the spurs are considered.

The contributions in this chapter are: the aggregation of various theories on spurs to identify

the spurs in a given measurement, analysis of mismatch and under/overetch and their impact upon
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KI2 and spurs outside resonance, and carrying out an exploration in simulation on using “stubs”
of varying lengths to mitigate transverse mode spurs in single-routing-layer lateral LN microres-
onators.

This thesis presumes that the reader is familiar with background knowledge about microres-
onators and the Modified Butterworth-Van-Dyke model. This background information is provided
for reference in the Appendix. Appendix A.2 illustrates the resonator, with labels for geometry

parameters, and Appendix A.3 contains a summary of the MBVD model.
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Chapter 2

Adapting existing resonator filters to high

K2

!

2.1 Introduction

This chapter introduces the ladder and coupled filter topologies used as bandpass filters in this
thesis. The sizing guidelines from image impedance filter design are validated in order to take
advantage of the high K? of the LN resonators. Observations on the measured results motivate the

subsequent chapters in this thesis.

The ladder filter topology is one of the simplest filter topologies using piezoelectric resonators
because the resonators are directly coupled to each other with no external components. The sim-
plicity, with uniform sizing and frequency ratios for the resonators, makes the ladder topology
attractive to implement. However, when K? resonators are directly inserted into existing ladder
topologies (originally developed for low K resonators, such as in [11] and [12]), the filter perfor-

mance can fail to scale with the increased resonator performance.
In particular, when increasing the K? of resonators in narrowband filter designs, the passband
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2. ADAPTING EXISTING RESONATOR FILTERS TO HIGH K?

ripple amplitude can exceed 3 dB, forming “shoulders” outside the intended passband. This leads
not only to poor rolloff and shape factor, and sub-maximal bandwidth (especially for coupled
ladder filters).

These “shoulders” are caused by internal impedance mismatch. Image impedance filter design
principles (developed about 50 years ago [13]) inform sizing modifications that improve the inter-
nal impedance match. These sizing modifications coincide with the sizing found in some of the
existing literature using Surface Acoustic Wave (SAW) resonators by Ikata et al. [14] and Komatsu
etal. [9] as well as by Kadota et al. in SHO mode resonators [15]. In this chapter, the design guide-
lines are applied to filters using lithium niobate extensional-mode Lamb-wave microresonators (as
opposed to SAW resonators) with the goal of creating a low-insertion-loss wideband filter that
could be used in a filter bank.

This chapter begins with a review of the ladder filter designs. A calculation of the image
impedance of the segments of the ladder filter leads to an improvement to the guidelines on how to
cascade filter sections. This filter was fabricated and measured. This chapter ends with a discussion
about experimental results from the fabricated filters, motivating the work on spurs subsequent

chapters.

2.2 Filter design

This section reviews the design of ladder filters and applies the idea of image impedance to

create design guidelines.

2.2.1 Intuitive understanding of ladder filters

A ladder filter consists of alternating series and shunt elements between two ports, as shown

in Figure 2.1. In this work, the series elements are always resonators to form a bandpass charac-
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2.2 Filter design

teristic. The series resonance defines the passband (by forming “transmission poles”), while the
antiresonance defines the notch terminating the right skirt (a “transmission zero”).
In this work, there are two options for the shunt elements of the ladder filter: a shunt capacitor

or a shunt resonator to form a “coupled filter” or “full ladder filter”, respectively.

Series
e B OO0
—|—Ccouple —|—Ccouple Shunt D D
O O O _T_ _T_ O
(a) (b)

Figure 2.1: Ladder filter topologies used in this work. The shunt elements can be coupling
capacitors or shunt resonators to form (a) “coupled filters” or (b) “full ladder filters”, respec-
tively.
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Figure 2.2: Typical transmission frequency responses (|Sz1|) for (a) coupled and (b) full ladder
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In the coupled filter, the shunt capacitors determine the coupling strength between the series
resonators, which determines the bandwidth (among other metrics), leaving a shallow rolloff at the

left skirt and a steep rolloff at the right skirt, as illustrated in Figure 2.2a
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2. ADAPTING EXISTING RESONATOR FILTERS TO HIGH K?

In the full ladder filter, the shunt resonators are set so that their antiresonance aligns with the
series resonance of the series resonators in order to define the passband. Reversing the formula for

I(t2 in Equation (A.5), this means that the shunt resonator resonance should be

1
1+ K7

where f; ; is the resonance of the series resonators and K7 is the K of the shunt resonators, which

fs,p:fs,s (2.1)

may be different from that of the series resonators. The (series) resonance of the shunt resonators
creates a transmission zero to the left skirt, as shown in Figure 2.2b. Thus, with the two transmis-
sion zeros, the full ladder filter has steep skirts for both the upper and lower rolloffs.

The bandwidth of the filter is set by the K> of the resonators being used [16]. Intuitively:
the bandwidth is limited by the transmission zeros, and the transmission zeros are defined by the
separation between the resonance and antiresonance of the resonators, which is characterized by

the resonator K.

2.2.2 Low-K? design: ladder filters as cascaded L-sections

In a low-K? regime, a simple way to analyze the ladder topology is to break the ladder into
identical L-shaped segments, calculate the ABCD parameters for a segment, then cascade the
segments together to achieve the desired filter order, which determines the out-of-band rejection
(OBR). The design approach and equations for the full ladder filter can be found in various papers
[12, 17]'; this chapter presents only the salient results.

Figure 2.3 shows the partitioning of a full ladder into L-sections. Let Z; be the impedance of

the series resonator and ¥, be the admittance of the shunt resonator (if there is no shunt resonator

In [12], K? is written as “K?”, while in [17], K? is written as “k>”. Appendix A.4 presents the conventions on K?
used in this thesis.
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Figure 2.3: Analyzing a full ladder filter as cascaded L-sections. In the case of the rightmost
section as shown, there is no shunt element, meaning that Y), is set to zero when formulating

the ABCD parameters for that particular section.

in the rightmost section, then Y),, = 0). The ABCD parameters for a single section are given by

A B 14,7, Z,
(2.2)

C D Y, 1

Cascading the L-sections is represented by performing matrix multiplication on the ABCD
parameters of the cascaded sections. Conversion from the ABCD parameters to S-parameters

requires a characteristic impedance, which is given by the reactance of the geometric mean of the

static capacitances,

! (2.3)

Rieym = ———————.
term o fc /—Cos COp

Cos and (), are the static capacitances of the series and shunt resonators, respectively, and
fc 1s the center frequency of the filter, which, by design, is equal to the resonance of the series

resonators and to the antiresonance of the shunt resonators. As an example, a full ladder filter with

four L-sections is simulated. The schematic is shown in Figure 2.4.
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2. ADAPTING EXISTING RESONATOR FILTERS TO HIGH K?

The simulated S-parameters are shown in Figure 2.5 when using K> = 0.03 (a good value

for aluminum nitride resonators, for instance) and in Figure 2.6 when using K? = 0.30 for LN

microresonators.
Rterm COsI ICOSI ICOSI ICOSI Rterm
I:II J_ IDI J_ IDI IDI J_
COp |:| COp |:| COp |:| COp D

Q

Figure 2.4: Schematic of a full ladder filter composed of four cascaded L-sections. The
simulation uses Co; = 95 fF and Cy, = 165 fF, which are typical values for a typical size of
LN microresonators at the time of this publication. The termination is about 2500 Q. Q of the
resonators is set at 1000 for all resonators, and Ry = Ry = 0 in the MBVD model.
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Figure 2.5: Simulated (a) |S>; | and (b) |S1;| for the full ladder filter composed of four cascaded
L-sections in aluminum nitride (K,2 = 0.03). The narrow bandwidth hides the problem of
“shoulders” seen when using high-K? resonators.

In both cases, the simulation uses Co; = 95 fF and Cp, = 165 fF, which are typical values for a

typical size of LN microresonators (about 60 um x 120 pm and 500 MHz operating frequency) at
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Figure 2.6: Simulated (a) |S2;| and (b) |S;1] for the full ladder filter composed of four cascaded
L-sections in LN (Kt2 assumed to be 0.30), with the “shoulders” marked. Note the wider
frequency scale compared to the low-K? case in Figure 2.5.

the time of this publication. The termination, using Equation (2.3), is about 2500 Q. The Q of the
resonators is set at 1000 for all resonators, and Ry = Ry = 0 in the MBVD model.

The low Kt2 = 0.03 causes a narrow bandwidth (about 2.5 percent). Because the filter poles are
squeezed in such a tight bandwidth, the shape of the passband rolls off monotonically. However,
for higher values of K2, imperfections appear. As indicated in Figure 2.6, “shoulders” appear to the
sides of the passband. These shoulders are deeper than 3 dB (in |S,|), and thus cannot be counted
as part of the passband.

Note that the same effect persists even when the rightmost resonator in Figure 2.4 is removed
such that the filter is symmetric. The results still exhibit the same “shoulders” seen in Figure 2.6,

so symmetry in the schematic does not solve the problem.

2.2.3 Calculating the image impedance

The “shoulders” correspond to peaks in |S;;|. Because |S;;| indicates the quality of impedance

match, it is suspected that the “shoulders” indicate a poor match.
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2. ADAPTING EXISTING RESONATOR FILTERS TO HIGH K?

An optimal way to generate a good match would be to follow polynomial filter design principles
to set the sizing, coupling, and frequency of the resonators in the filter to form responses such as
the Butterworth filter response [13]. Typical polynomial filters require coupling structures between
resonators and distinct sizing and frequency for each resonator in a given filter design. This is
impractical to realize at this stage in the development of LN because of limited precision for the
frequency definition and sizing contrasts, as well as a lack of low-loss coupling structures. Instead,
this work uses the older image impedance approach to analyzing and designing filters, which can

guide the design of simple ladder topologies.

The image impedance is the impedance looking into an infinite ladder; this is noted as Z7 in
Figure 2.7. Of note, the direction of every other L-section has been flipped mirror-image to form
this ladder. In this sense, the ladder can be viewed as a cascade of T-sections (each of which

comprises two L-sections).

ZS S S S
—{OJ| T T [ [ T T [
v, O v, v, O Oy, -
r T T — T T —
ZT ZT ZT

Figure 2.7: Schematic of infinite ladder for calculating the image impedance, noted here as
Zr.

The image impedance Z7 can be solved to be

1
Zr = 1| Zs (ZS + —). (2.4)
YP

The impedance and admittance of the resonators can be written as [18]:
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2.2 Filter design

1 52s - f2
Z, = — ’ (2.5)
’ ]2nfCOS ;%7s _f2
and
2 _f2
Y, = j2rnfCop 2L (2.6)
p Pf%p _f2

where Cy; and Cy), are the static capacitances of the series and shunt resonators, respectively; f; s
and f), ¢ are the resonance and antiresonance frequencies of the series resonator; and f; , and f, ,
are the resonance and antiresonance frequencies of the shunt resonator. If f;; = f, , (aligning
the resonance of the series resonators with the antiresonance of the shunt resonators), then, at

resonance,

1 fszp - szs 1 !
Zr(f = Fi) = | — P2 — 27
T (f fS7S> (]ans7s)2COsC0P (flgvs o fS275 ]275fs,s COSCOP

which agrees with the termination impedance in Equation (2.3). The approximation is because the

center frequency fy ¢ is assumed to approach the arithmetic mean between f; , and f), .

2.2.4 Improved design of ladder filters with matched image impedance

By cascading the L-sections facing in alternating directions (as in Figure 2.7), instead of the
simple cascade (Figure 2.4), better internal impedance matching can be achieved because each
segment will see its own image impedance.

The topology can be represented by the schematic in Figure 2.8, which simplifies the parallel
and series impedance combinations.

The filter performance can be computed using the sizing of the L-sections from Figure 2.4, such
that the Z represents series resonators with size Cy; = 95 fF and Y), represents shunt resonators

with size Cp, = 165 fF. The results are plotted in Figure 2.9 alongside the results from the original
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Zs 27 Zs
OO O
oy, O O oy,

T T

Figure 2.8: Schematic for full-ladder filter generated by cascading four L-sections with alter-
nating direction. Note the sizing ratios of the resonators, which follow the T/n pattern from
analyzing the image impedance.

ladder filter from Figure 2.6.

0 0
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N (9]
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S T .20t
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- 1 Hh 1 1 1 _40 1 1 1
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f (MHz) f (MHz2)
(a) (b)

Figure 2.9: Simulated (a) |S2;| and (b) |S1;| for a full ladder filter with improved matching
(red solid) as compared to the original filter (blue dash). The resonator model parameters are
identical for the two cases.

The response is noticeably free of the “shoulders” plaguing the original design. This results
in a monotonic rolloff. A way to quantify this is the Shape Factor specification, which is the ratio
of the 20 dB bandwidth to the 3 dB bandwidth. The fractional 3 dB bandwidth in the original
is 13.5%; in the improved version it is 12.4%. The 20 dB (fractional) bandwidth is 18.1% in the
original and 14.9% in the improved. The shape factors are 1.34 and 1.20, respectively, with a lower

the shape factor meaning a sharper filter.
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2.3 Filter design to mitigate uncertainty in K7,

2.2.5 Coupled filter bandwidth improves with image impedance guidance

The above findings also apply to the coupled filters. Figure 2.10 shows the comparison between
a coupled filter before (as used in [11]) and after applying the insight from image impedance
design. In this case, there is a bandwidth improvement as a result of getting rid of the shoulder.
In the original case, the fractional bandwidth (FBW) is 2.5% (for resonator K,2 =11.5%), whereas

in the improved case the FBW is 3.6% (for the same resonator K?). This is a 40% increase in the

FBW.
R, Q 1xC, 1xC, 1xC0 2xCy 1xC, 2xC,
l Il Il |
D| J_ D| D| D| J_ D
—|— couple —|— couple —|— couple —|— couple
o o
0 .
_10— / -10’ 1 l‘u:
8 8
N -20¢ N -20¢
© ©
= =
o -30t o -30
3 .
ﬂﬁ 40t Q&' -40¢
50t -50t
950 500 550 %50 500 550
f (MHz) f (MHz)

(@) (b)

Figure 2.10: (a) Schematic, simulated |S;| (solid), and simulated |S; | (dashed) for traditional
coupled filter design. (b) Schematic, simulated |S>1| (solid), and simulated |S;;| (dashed) for
modified coupled filter design, showing improved distribution of poles.

2.3 Filter design to mitigate uncertainty in I{t%p

This section presents the filter design used for the first LN microresonator filters that achieve

reasonably low-loss (less than 5 dB insertion loss) passband performance. The filter as laid-out is a
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2. ADAPTING EXISTING RESONATOR FILTERS TO HIGH K%

single T-section (or two abutted L-sections); the schematic is shown in Figure 2.11. A modification

that is immediately noticeable is the capacitor C),.

°_C| J—J_ ||:|| o

¢ L7, .

(o,

Figure 2.11: Schematic for 1-T full ladder filter as fabricated, including a laser-trimmable
capacitor C, to mitigate uncertainty in K,z.

The motivation for the capacitor C), is to mitigate uncertainties in the K? of the shunt resonator:
without C,, which is adjustable via laser trimming, the filter is susceptible to variations in K,%p,
the Kt2 of the shunt resonator, because the shunt antiresonance can move around uncontrollably.
Figure 2.12 shows the response of a filter without C,, designed to the Kt%p predicted by simulation.
The filter performs admirably when the K,%p is as predicted (dashed trace), but starts to sag in the
passband as the K,%p is reduced (solid trace). This is because the antiresonance f), ,, is no longer
aligned with the series resonance of the series resonators (f; ). Note that this sagging cannot be
eliminated by adjustments to Ryepp,.

To hedge against reductions in Kt% - the filter is designed presuming a reduced K,% » (that is, in-
creasing f; , in Equation (2.1) using the reduced K,%p), and using a trimmable capacitor (C,) in par-
allel with the shunt resonator to enable final adjustment of the effective K; (equahng K,zp % Sfcp)
to match the presumed value of K,% - The mechanism is that the capacitor trims the frequency of
antiresonance of the shunt resonator. With the shunt capacitor, the shunt resonator antiresonance

frequency decreases (and the effective K of the C p in parallel with the shunt resonator decreases).

The antiresonance of the shunt combination (f}, , o) occurs approximately at

8 , Cop
fp,prf%f&p\/ + K’pC()p‘i_C (2'8)

26



2.3 Filter design to mitigate uncertainty in K7,
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Figure 2.12: Effect of reduced Kt2 » upon the passband of a full ladder filter consisting of one
T-section without a trimming capacitor. In both traces, the filter is designed for Kt%p =0.3975,
the value predicted by COMSOL simulation. In the dashed trace, K,%p = 0.3975 as predicted,

while in the solid trace, K,%p = 0.24, leading to sagging in the passband. The sagging cannot
be eliminated by simple adjustments to Ryey,.

where f; , is the series resonance of the shunt resonator, K,%p is the Kt2 of the shunt resonator, and
Cop is the Cy of the shunt resonator. The simulated frequency responses for the corners of K,%p and

Cp are shown in Figure 2.13.

In Figure 2.13, the shunt resonator is designed so that if the maximum expected Kl2 » =0.3975,
its effective antiresonance (with Cp), fp pers, 18 aligned with the series resonance of the series
resonators, or the center frequency of the filter (Figure 2.13, solid black trace, with shunt resonator
fs,p =460 MHz). (It is presumed that the inaccuracy in K,%p will only yield actual K,%p less than
the K,%p predicted by simulation). If the manufactured Kt2 » 18 less than simulated (as low as 0.243
for this particular capacitor design), then f), , .rs Will be less than the center frequency, and the
passband will start to sag in the middle (Figure 2.13, dot-dashed trace). To move the shunt an-
tiresonance back to the center frequency, the capacitor can be trimmed (using a laser) to reduce its
capacitance, which will allow the shunt antiresonance to increase back into alignment (Figure 2.13,

dashed trace). The gray trace is for comparison with the filter designed to K,%p = 0.3975 without
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Figure 2.13: Suite of S-parameters of trimmable full ladder filter consisting of one T-section
with a trimmable capacitor C,, in parallel with the shunt branch. Gray: “naive” design to
maximal Kt%p (fs,p = 440 MHz), without any C,,. Black traces: designed to a reduced value

of Kt%p = 0.243 (f;,p = 460 MHz). Solid: a best-case scenario where Kt%p is actually as high
as predicted, and the capacitor throttles it so the effective K,%p is still 0.243 (thus aligning

the antiresonance to the filter center frequency). Dot-dash: intermediate case where Kt%p is
minimal (0.243) and the capacitor is untrimmed, thus throwing off the alignment with the
center frequency. Dash: a best-case scenario where Kt%p is small (0.243) and the capacitor has

been trimmed so that the filter behaves exactly as-designed for the K,%p. Dot: a case illustrating
what would happen if the filter is designed to K,%p = 0.243, but actually has K,Z,p = 0.3975,
without a C), to throttle the effective K,%p; in this case, the antiresonance is again misaligned,
causing ripple.

using C,, (so f;,, = 440 MHz), showing a wider bandwidth but no protection against uncertainty in
Kt%p. Thus, this technique of using a trimmable capacitor is useful when the Kfp is not well-known

(such as in initial fabrication runs), but comes at the cost of reduced bandwidth.

There is no capacitor to trim the series resonator because the passband of the full ladder topol-
ogy is not sensitive to minor variations in K,zvs. This is illustrated in Figure 2.14. The primary effect
is to move the right skirt without major detriment to the ripple (which can be fine-tuned by minor
adjustments to Ry.,,,. This lack of sensitivity is because varying Kt%s varies the antiresonance of the

series resonator, which does not primarily affect the passband.
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Figure 2.14: Minimal effect of reduced K,%S upon the passband of a full ladder filter consisting

of one T-section and a trimming capacitor, (a) |S»1], (b) |S11|. The K[%S (of the series resonators)
is varied in steps of 0.05 from 0.35 to 0.20. The primary effect is to move the right skirt of the
filter. The ripple can be adjusted by minor changes to R;,;. The inset in (a) shows a close-up
view of the passband showing minimal change in ripple as the K,%S is changing.

To verify the design before fabricating the filters, the resonators being used are simulated in
COMSOL Multiphysics finite-element analysis software in 3D (with clamped boundary condi-
tions, as noted in Appendix C) and the simulated resonator admittance responses are inserted into
the circuit simulation. The resonator MBVD model parameters are extracted from the simulation
and used them in the filter simulation as well (the extraction procedure and code are included in
Appendix A.3). These are shown in Figure 2.15, with the fitted MBVD parameters listed in Ta-
ble 2.1. The shunt resonator antiresonance frequency overshoots the series resonator resonance;

this is what the shunt capacitor C,, = 140 fF corrects for by means of Equation (2.8).

The simulated filter response, using both simulated and fitted-MBVD resonators, is shown in
Figure 2.16. The shunt capacitor in both simulations is C, = 140 {F to reduce the effective K,%p
from 0.3975 (native resonator) to 0.243 (resonator in parallel with C,). The predicted insertion loss
is low, at about 0.35 dB, because of the high Q = 1000 from COMSOL. There is very little ripple

in the design of the filter (Iess than 0.5 dB in the MBVD trace, somewhat more in the COMSOL
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Figure 2.15: Admittance magnitude and phase from COMSOL FEA 3D simulation of series
(blue, higher frequency) and shunt resonators (magenta, lower frequency), along with fitted
MBVD models (dashed black), used in the filter. The series resonator is the higher-frequency
response, while the shunt is the lower-frequency response. The shunt antiresonance is not
aligned to the series resonance; this is to be corrected by a shunt capacitor in the full ladder
filter.

Table 2.1: MBVD model parameters for the series and shunt resonators obtained by fitting to
COMSOL 3D simulation. In the filter as implemented, two of the shunt resonators are used in
parallel, so the total Cp, is 2 x 82.6 fF = 165.2 {F

Series | Shunt
fs (MHz) || 500 | 457
Co (fF) | 95 82.6
K> (%) | 35 39.75
Q 500 | 500
R (Q) 24 30

Ro (Q) 30 30

trace due to spurs in the resonator response). The predicted fractional bandwidth is 12.5%, and the
predicted 20 dB bandwidth is 17.6%, thus forming a predicted 20 dB shape factor of 1.413. The

predicted out-of-band rejection is about 13 dB at worst.
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Figure 2.16: Simulated S-parameters of a full-ladder filter consisting of one T-section with
shunt trimmer capacitor, simulated with MBVD (blue dash) and COMSOL-simulated (red
solid) resonators, and an ideal shunt capacitor. The capacitor C,, = 140 fF, and the MBVD
parameters are in Table 2.1. The inset in (a) shows some ripple due to spurs in the resonators,
but the passband as designed is smooth.

2.4 Fabrication and measurement

The filters were fabricated in LN and measured. The resonators are oriented at 60 degrees to
the +z axis on an x-cut LN film nominally 1 um thick. The electrodes, made of Al, are 100 nm
thick. The LN was bonded to the sacrificial material, Si0,, which sits atop a handle wafer of
high-resistivity Si. The fabrication process is described in more detail in Chapter 3 of the Ph.D.
dissertation [19] by L. Shi, who developed the fabrication process for the samples presented in this

section. The microscope image of the filter is shown in Figure 2.17.

The resonators are spaced such that their etch pits do not coincide; this reduces the likelihood
of mechanical coupling between neighboring devices, which may cause splitting of the resonator

peaks (as seen in simulation in Chapter 4).

The design of the capacitors contrasts with the design of the resonators. The capacitor should

not have any resonances, so its fingers are staggered (at 1.5 and 4.5 um gaps) and oriented per-
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Figure 2.17: Microscope image of the 1-T full ladder filter as fabricated, including a laser-
trimmable capacitor C,, (staggered interdigitated electrodes near the top of the layout) to miti-
gate uncertainty in Ktz.

pendicular to the resonators to minimize electromechanical coupling. The staggered spacing also
facilitates laser-cutting only one pair of fingers at a time, which allows small steps in increasing
the shunt Kt%p.

The measured S-parameters of the filter, without deembedding, are shown in Figure 2.18. The
frequency of the filter is at 474 MHz instead of the designed 500 MHz because of underetch
(discussed in Chapter 5 by Equation (5.1)). The insertion loss in the middle of the passband is about
2.7 dB (a close-up view of the passband is shown in Figure 2.19). The ripple is due to fluctuations
in the resonator responses, to be discussed in the next section. The fractional bandwidth is about
9.1 percent, which is lower than the predicted 12.5% because of the reduced K? of the series
resonator as illustrated in Figure 2.14. The 20 dB shape factor is about 1.5. The out-of-band
rejection exceeds 10 dB excluding spurious passbands (with the spurious passbands, the OBR is

about 5.5 dB).
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Figure 2.18: Measured S-parameters for a 1-T ladder filter with trimmable capacitor intact,
and no deembedding. The frequency of the filter is at 474 MHz instead of the designed
500 MHz. The insertion loss in the middle of the passband is about 2.7 dB. The fractional
bandwidth is about 9.1 percent. The out-of-band rejection is at least 5.5 dB, but would be
greater than 10 dB if it were not for the spurious passbands.
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Figure 2.19: Close-up of passband of measured |S,;| for a 1-T ladder filter with trimmable
capacitor intact, and no deembedding. The whole frequency sweep is shown in Figure 2.18.

2.5 Matching simulation and measurement

To explain the filter performance, progressively detailed models are fitted to the measurement

to get a progressively accurate match.
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2.5.1 Standalone resonators and capacitor

The measured performance of the components of the filter can provide model parameters to
feed into the filter equations. There are standalone resonators and capacitors on the same die
as the filter. The shunt resonator and capacitor were located about a millimeter away from their
corresponding components in the filter, and the standalone series resonator was about 3.5 mm away.
(There had been closer standalone series resonators in the layout, but they had been damaged and
were unmeasurable).

The measured admittances for the standalone resonators are shown in Figure 2.20 for the
shunt resonator, along with the fitted MBVD models. The fitted MBVD parameters are shown
in Table 2.2. The measurements are done using two probes (configured as a two-port), so the
through admittance between the pads is deembedded. For the series resonator, the series resonance
fs,s =478.5 MHz and the antiresonance f), ; = 516 MHz (the approximation is because of a spur in
the middle of the antiresonance). For the shunt resonator, the series resonance f; , = 440.7 MHz
and the antiresonance f, , = 490.7 MHz. The images of the standalone resonators are shown in

Figure 2.21.

Table 2.2: MBVD model parameters for the series and shunt resonators obtained by fitting to
measurement, which is plotted in Figure 2.20. In the filter as implemented, two of the shunt
resonators are used in parallel, so the total Cy,, is 2 x 96.5 {F = 193 fF

Series | Shunt
fs (MHz) || 478.28 | 440.70
Co (fF) 108.9 | 96.5
K? (%) | 205 |289
0) 1000 | 1000
R (Q) 55.6 | 49.7
Ro (Q) 197 260
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Figure 2.20: Measured admittance plots for standalone (a)-(b) series and (c)-(d) shunt res-
onators, with pad-to-pad feedthrough deembedded. The fitted MBVD models are plotted in
dashed black; the parameters are in Table 2.2. For the series resonator, the series resonance
fs,s = 478.5 MHz and the antiresonance f, s ~ 516 MHz (the approximation being due to
the spur in the middle of the antiresonance). For the shunt resonator, the series resonance
fs,p = 440.7 MHz and the antiresonance f, , = 490.7 MHz.

The capacitor measurements (also with pad through-admittance deembedded) are shown in
Figure 2.22, plotted on a log scale in the x axis. The magnitude increases linearly (as one would
expect from Y.,, = joC behavior). The phase is relatively flat, with a value of approximately

83 degrees. Compared to the ideal phase of 90 degrees, this corresponds to a series resistance of
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87.354 pm

(@ (b)

Figure 2.21: Microscope images (50x magnification) of the standalone (a) series and (b)
shunt resonators corresponding to those used in the fabricated ladder filter. The shunt res-
onator is larger than the series resonator because of the wider electrode pitch (6 um for the
series; 6.551 um for the shunt), which defines a lower resonance frequency. The reflector fin-
ger designs are different by design in order to avoid a spur in the antiresonance of the shunt
resonator; the fingers on the series resonator are 2 pym wide for the inside fingers and 3 um
wide for the outside fingers, while for the shunt resonator all fingers are 2.18 um wide.

approximately 250 Q (whereas the reactance due to the capacitance is approximately 2100 ). At
the approximate band center of 475 MHz, the extracted capacitance is about C = % =160 fF.

A microscope image of the standalone capacitor is shown in Figure 2.23. None of the interdig-
itated fingers have been laser trimmed in this photograph.

A filter simulation using the MBVD model and extracted capacitance is shown in Figure 2.24.
The simulation defines the frequency-location of the transmission zeros fairly well (the “notches”
— transmission zeros — in the |Sy;| plot are well matched), and the out-of-band rejection appears
to match the measurement where the measurement is smooth. The passband, however, is quite
inaccurately modeled; the simulation is too optimistic in computing the insertion loss (i.e., the
|S21| is too high and the |S;;| too low in the passband). This indicates that the impedance matching

is not as good in measurement as in the model, which could be caused by parasitic capacitance that

has not been included in this model.
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Figure 2.22: Admittance of standalone capacitor with staggered 1.5 um/4.5 um spaced fingers.
Note the log x-axis. The extracted capacitance at 475 MHz is about 160 fF.
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Figure 2.23: Microscope image (50x magnification) of the standalone capacitor used in the
1-T filter. The admittance plots for this device are shown in Figure 2.22. The gaps between

the fingers are 1.5 um and 4.5 pm, while each finger is 2 um wide and 71 um long with 65 pum
overlap.

2.5.2 Adding parasitic capacitance

This discrepancy in the passband can be addressed by adding more components, namely mod-
eling the role of parasitic capacitance. A schematic with the parasitic capacitance is shown in

Figure 2.25. There are two shunt elements at the input and output, one shunt element in the middle
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Figure 2.24: Comparison of measured (magenta) and simulated (black) S-parameters. The
simulated response takes the fitted MBVD parameters (Table 2.2) and the extracted C), of
160 fF.

node, and a feedthrough element.

Figure 2.25: Schematic for 1-T full ladder as fabricated, with parasitic capacitances added.

2.5.2.1 Extraction of Cy,, C;,, and C|> embedding capacitances

The models of Cy,, C3), and Cy; can be extracted from the deembedding structure placed next
to the filter. The structure is an “open”, which can be modeled as a II-network of Ci,, C3), and
C12. The filter deembedding structure is shown in a microscope image in Figure 2.26.

The T-shaped ground trace in the middle of the structure is included in order to include its

effect on feedthrough capacitance Cy,. (The structure is somewhat liberal in the signal lines on the
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Figure 2.26: Microscope image of open deembedding structure for 1-T full ladder filter.

right and left extend to abut the resonator; that segment increases the capacitance estimate slightly).
Also, without the interdigitated electrodes obscuring the view, the de-embedding structure shows

that the resonators released cleanly during fabrication.

The capacitance can be extracted from the admittances of the I'T network. These are plotted in
Figure 2.27, Figure 2.28, and Figure 2.29, for Y12, Y,1, and Yy, respectively, on a log-frequency

scale.

It is clear that there is very little feedthrough between the two ports; the magnitude of Y12 is
several times less than the magnitude of the resonators at antiresonance. (This is consistent with
the excellent deep notches in the measured filter |S;|, Figure 2.18). Thus, Cj, = 0 in the model.
Y,1 and Y, behave as capacitors from the signal terminal to ground for each port, as seen from the

approximately straight-line magnitude response and 90 degree constant phase. The capacitances

Yp1
jo

can be extracted at the operating frequency (approximately 475 MHz) as Cp; = = 32 fF and

Cpo = "2 =33 1F.
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Figure 2.27: Measured admittance plots for the feedthrough element Y1, of the IT network
from Figure 2.25, (a) admittance magnitude, (b) admittance phase.
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Figure 2.28: Measured admittance plots for the shunt element Y),; of the IT network from
Figure 2.25, (a) admittance magnitude, (b) admittance phase.

Comparing the simulated and measured responses (setting C,, = 0) shows the effect of the
embedding parasitics. This is plotted in Figure 2.30. The simulation is now a lot closer to mea-
surement (compared to Figure 2.24, which does not include parasitic capacitances at all). There

is still some discrepancy, which can be addressed by estimating and including Cp), in the filter

simulation.
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Figure 2.29: Measured admittance plots for the shunt element Y, of the IT network from
Figure 2.25, (a) admittance magnitude, (b) admittance phase.
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Figure 2.30: Comparison of measured (magenta) and simulated (black) S-parameters with
embedding parasitic capacitance added. The simulated response corresponds to the schematic
in Figure 2.25 and takes the fitted MBVD parameters (Table 2.2) and the extracted C,, = 160 {F,
Cp1 = 32 {F, Cpp = 33 {F, and Cj, = 0. Cp, = 0 here; the purpose of this comparison is
to illustrate how much closer the simulation vs. measurement becomes when including the
embedding parasitics.
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2. ADAPTING EXISTING RESONATOR FILTERS TO HIGH K%

2.5.2.2 Estimating and including C),,, in filter simulation

The value of Cp), can be estimated from a 2D simulation in COMSOL Multiphysics (with
all materials included) to estimate the capacitance between routing traces at various gaps. The
gaps are labeled on the filter microscope image in Figure 2.31. G; = 118 ym, G2 = 180 pm, and
G3 =61.5 ym. The lengths of overlap (neglecting fringing fields) are approximately 6 um, 247 um,
and 61.5 um, respectively. The 2D simulation estimates the capacitances to be approximately
0.3 fF, 12.6 fF, and 2.0 fF, respectively; these add in parallel to form the total capacitance of half
the filter as 14.9 fF. This value is doubled for the whole filter to get C,, = 29.8 {F.

This value is likely an underestimate because of the neglected fringing, not to mention that the
actual material permittivity is possibly higher than in the COMSOL material model — for example,
the capacitance in Table 2.1 (COMSOL simulated resonator MBVD parameters) is about 15%

lower than the capacitance in Table 2.2 (measured resonator MBVD parameters).

Figure 2.31: Microscope image of 1-T filter, labeled with gaps corresponding to parasitic
capacitance Cp, to ground. Gi = 118 um, G2 = 180 um, and G3 = 61.5 um. The lengths of
overlap are approximately 6 um, 247 um, and 61.5 pum, respectively.
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2.5 Matching simulation and measurement
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Figure 2.32: Comparison of measured (magenta) and simulated (black) S-parameters with
embedding parasitic capacitance added. The simulated response corresponds to the schematic
in Figure 2.25 and takes the fitted MBVD parameters (Table 2.2) and the extracted C, = 160 {F,
Cp1 = 321F, Cyp = 33 {F, and Cy, = 0. Black solid: C,,, = 29.8 {F as estimated from COM-
SOL 2D simulations. Black dashed: C,, = 0, identical to the trace in Figure 2.30. The
addition of C,,, better models the |Sy|.

Figure 2.32 shows the simulation of the filter with parasitic capacitances Cp1 = 32 {F, Cpp =
33 1F, Ci2 =0, and C,,;, = 29.8 {F in the solid black trace. It compares favorably with the measure-
ment (magenta trace), advancing the model from the C,, = 0 case from before (dashed trace). With
Cpp = 0 (dashed trace), the difference between simulated and measured |S;| is about 2.5 dB at 475
MHz (the middle of the band), whereas with C,,,, = 29.8 {F (solid black trace), the difference be-
tween simulated and measured |S1;| becomes 1.4 dB. The discrepancy between measurement and
simulation would shrink even further with a more accurate estimate of C,,, for example if fringing
in the electric fields or inaccuracy in the simulated dielectric constants for the parasitic capacitance

were taken into account.
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2. ADAPTING EXISTING RESONATOR FILTERS TO HIGH K%

2.5.3 Filter simulation constructed with measured resonator and capacitor

data (not models)

The measurements of the three components (series resonator, shunt resonator, and capacitor)
can be inserted into the simulation for the filter and compared to the measured filter response.
(This differs from the simulations in the previous section, which had used the MBVD model for
the resonator and ideal capacitor for the capacitances). The simulation using the measurements
of the standalone devices (dubbed the “constructed” response) is shown in Figure 2.33, where the
black trace is the constructed response. Parasitic capacitances are included as ideal capacitances,

with C,1 = 32 {F, Cjp = 33 {F, Ci2 = 0, and C, = 29.8 {F (the same values as in the previous

section).
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Figure 2.33: Constructing S-parameter response by inserting measurements of standalone
resonators and capacitors into circuit simulation. Parasitic capacitances (illustrated in Fig-
ure 2.25) are included as ideal capacitors, with Cp,; = 32 fF, C,» = 33 {F, Cj» = 0, and
Cpp = 29.8 fF. Black: constructed; magenta: filter measurement.

As shown in Figure 2.33, there is now very close correspondence in the “shape” of the simu-
lated and measured S-parameters. The constructed response captures the spurious passbands and

sharp ripples present in the measurement.
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2.6 Discussion and conclusions

These features originate from the spurs in the resonators (and to a far lesser extent, the capacitor

Cp). Figure 2.34 compares the simulations using MBVD (and ideal C,) against measured resonator

and capacitor responses. Only the resonators and C, are different; all else is equal. The sharp

ripples appear only in the constructed response. This comparison isolates resonator spurs (which

the MBVD model fails to capture; see Figure 2.20) as their cause.
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Figure 2.34: Comparison of simulating 1-T full ladder filter using (dashed) MBVD and ideal
capacitor models vs. using (solid) measurements from the standalone devices, both with ideal

parasitic capacitances included. Parasitic capacitances (illustrated in Figure 2.25) are included
as ideal capacitors, with C,; = 32 fF, Cjp = 33 {F, C» =0, and C),, = 29.8 {F.

Also note that there are no “shoulders” in the simulated response using MBVD models, indi-

cating that the topology is not to blame for the small hiccups seen in the rolloff of the measured

and constructed responses. These filter fluctuations are due to “spurs” or fluctuations due to modal

coupling in the resonators.

2.6 Discussion and conclusions

The initial filter measurements are quite encouraging: they demonstrate a high fractional band-

width (9.1%) and good insertion loss (about 2.7 dB). To the author’s knowledge, this is the best
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2. ADAPTING EXISTING RESONATOR FILTERS TO HIGH K%

fractional bandwidth achieved using SO-mode microresonators to date (though SHO mode res-
onator filters have been demonstrated with even higher FBW of over 40% and with peak insertion
loss of 0.8 dB [15], also in LN). The results were also consistent across multiple chips; in all
four chips of the fabrication run, the IL was within 5 dB at midband and the frequency definition
very consistent (within about 2%). The data for the other chips are plotted in Appendix D. This
demonstrates that LN microresonators can achieve competent baseline performance.

The results presented in this chapter can be improved in several ways. First, tuning should be
demonstrated in a microresonator filter. Tuning is an important requisite for the ultimate vision of a
reconfigurable filter bank. Tuning is considered in Chapter 3, with a notch filter as a demonstration
platform.

Second, the termination impedance of the filter can be lowered. The filter as measured has
a termination impedance of about 2500 Q. One way is to use through-field excitation devices
(where there is a bottom electrode and the electric fields penetrate predominantly in the out-of-
plane direction), which have higher capacitance densities. If that is not available (which was the
case at the time of this publication) then multiple resonators can be arrayed in parallel to increase
their aggregate size (thus lowering the termination impedance in Equation (2.3)). With arrays, it is
important to avoid mechanical coupling and mismatch between resonators, which may introduce
fluctuations near resonance that increase ripple in the passband. This is addressed in Chapter 4.

Third, the performance of the measured filter response could be improved by reducing the
spurious passbands in the stopband of the filter. For example, the measured out-of-band rejection
is, strictly speaking, only about 5.5 dB (instead of the designed 10 dB) because of the spurious
passbands. These are caused by spurs in the resonators. Chapter 5 studies the causes of the various
types of spurs in individual resonators, and endeavors to eliminate the out-of-band spurs while

simultaneously increasing the resonator K> by improving the alignment and etch accuracy.
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Chapter 3

Varactor tuning of filters

3.1 Introduction

This chapter is motivated by a desire to maximize the bandwidth and tuning range of the res-
onator filters. Doing so increases the filter coverage, and thereby reduces the size and complexity

of filter banks composed of tunable filters.

The bandwidth and tuning range are limited by the K,2 of the resonators [20],[16]. Tuning
methods for bandpass filters have employed bandwidth trimming with variable capacitors (varac-
tors), steering a narrow passband within a large envelope passband to achieve frequency tuning [9],
where the envelope becomes larger with increasing K.

In the main part of this chapter, varactor tuning is applied to a notch filter. A tunable notch filter
can provide reconfiguration to filter banks by blocking interfering signals at a particular (tunable)
frequency while passing the remaining band with minimal loss. The tunability confers frequency
agility against changes in the interferer frequency.

The tuning range turns out to be limited by the K,2 as well as the spurs in the resonators. This

chapter proposes a way to offload the K,2 limit from the resonators to the external circuit. The spurs
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3. VARACTOR TUNING OF FILTERS

will be addressed in Chapter 4 and Chapter 5.

The chapter begins with a review of the tuning of single resonators using varactors, along with
an overview of how to apply the technique to bandpass filters, with a contribution being an analysis
and mitigation of parasitic capacitance due to bondpads. Then, an overview the design of an ab-
sorptive notch filter is presented, along with measured results from an example using LN resonators
wirebonded to external components. Tuning is added to the notch filter, for which a sample was
fabricated and measured. The results demonstrate that impedance mismatch limits tuning range.
A method to address the impedance mismatch is proposed, in order to increase the tuning range.
Resonator fluctuations or spurs are shown to make the tuning range in the measurement discontin-

uous.

3.2 Tuning single resonators and bandpass filter example

This section is an overview of how to tune individual resonators using varactors. The scope
of this section covers attaching one varactor, though it is certainly possible to use two or more
varactors [9]. As an example, varactor tuning of resonators is applied to the full ladder filter

presented in the previous chapter.

The MBVD model for the resonator provides a tractable model to perform analysis. (The

MBVD model is reviewed in Appendix A.3 and illustrated in Figure 3.1).

The MBVD model alone has a resonance at

1
- 27/L,,Cp,

48

fs 3.1



3.2 Tuning single resonators and bandpass filter example
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Figure 3.1: Schematic of MBVD model of resonator.

and an antiresonance approximately at

1
fr=—r— 3.2)

CinC
2n LmC nzi-go

which can be thought of as the effect of resonating L,, with the series combination of C,, and Cy.

Combining the resonator in series with a varactor (modeled as C,,,, an ideal capacitor with

adjustable capacitance) adjusts the resonance as approximately

Co

= st\/l — K} ——— (3.3)
Co+Cyar w2 Cy+C
27'5\/L CmC —£C0+Cvar 0 var

where fyo = W#Tm is the resonance frequency before adding the varactor. Equation (3.3) is

most accurate for high Q resonators!. As C,,, decreases in value, [s increases (thus moving the
resonance closer to the antiresonance). The antiresonance stays at the original frequency. This is
illustrated in Figure 3.2, which plots the admittance of an MBVD model in series with an ideal

varactor.

The magnitude of the resonance decreases as it is tuned toward the antiresonance. This is

'With low Q, the frequency at which the phase is zero (which is calculated here) starts to differ from the frequency
at which the magnitude is maximal.
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Figure 3.2: Series capacitor tuning of a single resonator, admittance magnitude and phase. The
resonator parameters are f; = 500 MHz, K,2 =0.30, Cp = 100 fF, Q0 = 1000, and R, = Ry = 0.
The capacitor in series is varied between 10 fF and 1000 fF, or Cy/10 to 10Cy. As the Cqr
decreases, the resonance frequency increases.

because of the series impedance of the varactor, which increases as the capacitance is decreasing

(by jcoém,)' (Note that this does not significantly change the Q of the resonance, assuming an ideal

varactor). This admittance amplitude change will turn out to limit tuning range in the notch filter.
A complementary tuning method is to place the varactor in parallel to the resonator; this will

move the antiresonance without moving the resonance. The intuition is to consider the varactor

as adjusting the effective Cp without changing the motional branch of the overall network. The

antiresonance frequency is approximately

(3.4)

C0+Cvar
27‘\/ LG, et Cm

where C,,, is now the varactor in parallel to the resonator'. The antiresonance moves toward the

resonance as the parallel capacitance is increased. The magnitude of the antiresonance is increasing

IThe keen reader might notice that this is the same formula as Equation (3.3), but should keep in mind that the
circuit topology is different; C,,, is a varactor in parallel with the resonator.
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3.2 Tuning single resonators and bandpass filter example

because the overall admittance is increasing due to the joC,,, conducting path in parallel. This is

illustrated in Figure 3.3, which plots the admittance of an MBVD model in parallel with an ideal

varactor.
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Figure 3.3: Parallel capacitor tuning of a single resonator, admittance magnitude and phase.
The resonator parameters are f; = 500 MHz, Kt2 = 0.30, Cy = 100 fF, Q = 1000, and R; =

Ry = 0. The capacitor in parallel is varied between 10 fF and 1000 fF, or Cy/10 to 10Cy. As
the C,,, increases, the antiresonance frequency decreases.
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Figure 3.4: Schematic of tunable full ladder filter with varactor tuning. Cj, controls the
antiresonance of the series resonators, thus controlling the right skirt of the filter. C,s controls
the resonance of the shunt resonators, thus controlling the left skirt of the filter.

As an example, the tuning methods can be applied to the ladder filter introduced in Chapter 2.

Figure 3.4 shows a full-ladder bandpass topology similar to Figure 2.8, but with a varactor to
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3. VARACTOR TUNING OF FILTERS

tune each resonator. The series resonators have parallel varactors (Cs) to tune their antiresonance
(which controls the right skirt of the filter), while the shunt resonators (C)y) to tune their resonance
(which controls the left skirt of the filter). The scaling on the middle varactor (Cs,/2) matches the
scaling of the middle resonator. The S-parameters of the filter as the varactors are tuned are shown

in Figure 3.5.
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Figure 3.5: Simulated corner configurations for a tunable ladder filter, whose topology is
shown in Figure 3.4. (a) Baseline case with small Cy,, and large C,,, with the skirts as wide as
possible; (b) tuning the right skirt by increasing the C;), (Cps remains large); (c) tuning the left
skirt by decreasing the C; (C;), remains small); (c) tuning both skirts by increasing the Cs),
and decreasing the Cp,. The baseline trace is shown in blue in all plots. The K? used in these
simulations is 14.5%.

Figure 3.5 illustrates the tuning via skirt trimming. For the baseline configuration (Figure 3.5a),

the smallest Cy;, should be small relative to Cog, and the largest Cps should be large relative to Cy),

52



3.2 Tuning single resonators and bandpass filter example

in order to minimize their impact upon the baseline bandwidth. When C), increases, the series res-
onator antiresonance moves, thus moving the right skirt inward (Figure 3.5b). Likewise, when C),
decreases, the shunt resonator resonance moves, thus moving the left skirt inward (Figure 3.5c).
Both varactor types can be tuned at the same time to move both the right and left skirts (Fig-

ure 3.5d).

Trimming the skirts can tune the bandwidth and the center frequency of the filter. For example,
Figure 3.5d shows the bandwidth being tuned while holding the center frequency constant, while
Figure 3.5b and Figure 3.5c show the frequency being tuned while holding the bandwidth constant.
A way to visualize these and the intermediate cases is a bandwidth-frequency diagram, which
illustrates what configurations of filter bandwidth (expressed as fractional bandwidth, FBW) and
center frequency (f.) are possible for a topology. An example is shown in Figure 3.6. The topmost
point corresponds to the baseline configuration shown in Figure 3.5a, the leftmost point to the
right-skirt-only tuning (Figure 3.5b), the rightmost point to the left-skirt-only tuning (Figure 3.5¢),

and the bottommost point to tuning both skirts (Figure 3.5d).

The tuning space forms a diamond; the top edges of the diamond are a hard limit defined by the
maximum bandwidth baseline (the skirts only move inward), while the bottom edges are limited by
the filter specifications (typically out-of-band rejection — note how the OBR decreases as the skirts
are tuned in Figure 3.5 because the varactors decrease the frequency selectivity of the system). The
upper edges illustrate why K? is said to limit the tuning range. With increased K2, the baseline
bandwidth (topmost point in the FBW-f. diagram) increases (compare Figure 2.5 and Figure 2.6,
for example). This provides more room for the skirts to be trimmed. The lower edges of the FBW-
[ diagram can be engineered lower by addressing the OBR and IL, which are the typical limiting

metrics.

To achieve more coverage of the FBW-f, space, the filters can be arrayed in a filter bank (as

illustrated in the introduction, in Figure 1.1a) providing piecewise coverage. An example is shown
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Figure 3.6: Simulated fractional bandwidth (FBW) vs. center frequency (f.) plot for tunable
full ladder filter. The FBW and f, data are extracted from frequency responses similar to those
shown in Figure 3.5. The tuning space forms a diamond; the top edges of the diamond are de-
fined by the nature of the tuning, while the bottom edges are defined by the filter specifications
n). The varactor capacitances are swept in log steps from 18 fF
to 1335 fF for Cs; and from 72 fF to 5340 {F for C,,. The capacitances are marked for the
resonator in the filter simulation is Copy, = 100 fF and the size of
the shunt resonator is Cp, = 500 fF. The K? used in these simulations is 10.5%.

(typically out-of-band rejectio

corners. The size of the series

in Figure 3.7 with two tunable bandpass filters. Here, there are two filters networked in parallel,
with one filter centered at 495 MHz and one at 500 MHz. This array forms a piecewise coverage
of the tuning space, where switching between filters provides coarse tuning while the varactors

provide fine tuning within the diamond-shaped range of each filter. One could extend the concept

to more filters for wider coverag

c.

3.2.1 Parasitic capacitance of varactors

A practical concern for varactor tuning is parasitic capacitance due to the bondpads, which

cannot be made arbitrarily small

all practical resonator-varactor combinations. (The specific value depends on the bondpad size as

. This imposes a constant capacitance to ground that must exist in

well as the a chosen varactor technology).

The parasitic capacitance is

modeled as a shunt capacitance to ground, Cp,, on each terminal
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Figure 3.7: Simulated fractional bandwidth (FBW) vs. center frequency (f.) plot for two
tunable full ladder filters, one at 495 MHz and the other at 500 MHz, showing piecewise
coverage of the tuning area. The K? used in these simulations was 10.5%.
of the varactor as shown in Figure 3.8. (The parasitic capacitance due to the resonator chip is
neglected because of the use of high-resistivity substrates for the resonator chip substrate [19]). The

sensitivity to parasitic capacitance depends on the filter topology. The ladder filter with parasitics

is shown in Figure 3.9.

IR

Figure 3.8: Model of parasitic capacitance of varactors.

For intuition about the impact of the parasitics on the bandpass filter, the parasitics can be
categorized into three kinds of effects depending on the node location of the capacitance. The
parasitic capacitance at the outer nodes will distort the passband by adding a shunt component
to the input and output ports; this reduces the efficiency of the impedance match. The parasitic

capacitance at the middle node (the two N;C),;,) will reduce the effective K,% > of the shunt resonator-
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3. VARACTOR TUNING OF FILTERS

Figure 3.9: Model of a tunable bandpass ladder filter (one T-section) including parasitic ca-
pacitance due to bondpads when connecting the resonators to the varactors.

varactor combination by acting as an effective increase to Cpp, as with the trimmed-capacitor in
Section 2.3. The parasitic capacitance associated with varactor C, (the varactor in series with
the shunt resonator) will add in parallel with C, resulting in a reduced the tuning range for that

varactor.

Plotting filter frequency response can help visualize this intuition. It is assumed that the shunt
capacitance in parallel with the C); varactor can be absorbed by the varactor (which is nominally
large, about 10Cy,, as a guideline), so only the parasitics connected to the series resonators remain.
A simulation illustrating the effect of the parasitic capacitance is shown in Figure 3.10 with Cs, =0
and Cp; + Cpp, =~ 10Cy),. The results confirm the intuition above: the outer node parasitics cause
impedance mismatch (dotted trace) while inner node parasitics causes a reduction in the effective

K,ZJ7 as shown by the sag in the passband of the solid trace.

To compute the smallest Cy (resonator size, here calculated as /Co;Cp,) that can be achieved
given bondpad capacitance, the Cy/C,, (size of resonators relative to bondpad capacitance) is

swept. The point at which the response will break specification dictates the limit on the smallest
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Figure 3.10: Simulation of 1T ladder filter showing the effect of parasitic shunt capacitance.
Dashed: no parasitic capacitance; dotted: parasitic capacitance at the outer nodes only; solid:
parasitic capacitance at both inner and outer nodes. In this simulation, Cp;, = 88 fF, Cop; = 95 {F,
and 2Cp, = 165.2 fF. The MBVD model parameters are from Table 2.1 except with the f; of
the shunt resonator set to 434 MHz because of the removal of the trimming capacitor from that
chapter.

Cy for a given pad capacitance. This is illustrated in Figure 3.11, showing increasing passband
sagging with decreasing resonator size. For a 0.5 dB ripple specification, this occurs when Cy/Cp,
is approximately 5 to 6.67. As a numerical example, if the bondpad capacitance is 50 fF, then the
resonators must have a Cy of at least 250 fF to 330 fF. This value Cj is equivalent to about three

individual resonators in parallel (at about 100 fF each).

Mitigation of the parasitic capacitance is guided by the observation that the effective K,%p is
being trimmed by the parasitic capacitance of the middle nodes. The parasitic capacitance can be
compensated for by adjusting the frequency of the shunt resonator to align the shunt resonator-
varactor-parasitic combination, using Equation (2.8). For example, if the size of the filter needs
to be reduced so that there is one resonator (about 100 fF) matched to each bondpad (about 50 fF

100 fF

as an example), then the K,z’p is scaled by 155 rys0 - Increasing the shunt resonator frequency

accordingly (and also reducing the termination impedance to adjust the impedance match for the
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Figure 3.11: Simulation of 1T ladder with parasitic capacitance (at outer and inner
nodes). Dashed: No parasitic capacitance, solid: parasitic capacitance +/CosCop/Cpp =
{1,2,4,5,6.67,10}.

parasitic capacitance loading) results in the smoothed plot of Figure 3.12. With the cost of a

reduction of fractional bandwidth from 16% to 12.9% (for this numerical example), it is possible

to mitigate the ripple due to parasitic capacitance.
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3.3 Absorptive notch filter design
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Figure 3.12: Simulation of 1T ladder filter with compensation of parasitic shunt capacitance
by frequency-shifting the shunt resonator. Dashed: no parasitics, baseline design; solid, sag-
ging: with parasitic capacitance Cp, = 50 fF and original f , = 434 MHz; solid, narrower
band: with parasitic capacitance C,, = 50 fF and f; , = 454 MHz and termination impedance
reduced by about 25% to accommodate the increased total shunt capacitance. In all cases,
Cos = 95 fF and 2Cp), = 165.2 fF. The fractional bandwidth is about 16% for the no-parasitics
case and 12.9% for the compensated case. The ripple is reduced to about 0.5 dB.

3.3 Absorptive notch filter design

The varactor tuning can extend to notch filters as well. Notch filters serve to block out specific
channels of interference, a function that can augment the frequency selectivity of a filter bank.
With tuning, a notch filter gains agility in selecting the channel to block. An eventual application
could be the reconfiguration of the filter bank frequency response to insert notches into bandpass

filters similar to the electromagnetic programmable filter array in [21].

This section presents the design of an absorptive notch filter (here without tuning, which will
be added in the next section). There are two reasons for selecting an absorptive topology. The
primary reason was that the Q of the first fabrication runs was low, leading to poor notch depth (the
primary specification for notch filters) in reflective notch filters, whereas absorptive topologies can

work around the low Q [22]. The other reason is that absorbing the incoming energy benefits the
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3. VARACTOR TUNING OF FILTERS

receiver because it eliminates the energy reflected back to the source.

The topology, introduced by Jachowski [23], consists of two branches in parallel, illustrated in
Figure 3.13. There is a transmission line branch and a bandpass filter branch. In the stopband of
the bandpass branch, the signal passes only through the transmission line branch, thus forming the
passband of the overall notch filter. In the passband of the bandpass branch, the signal is divided
between the two branches, but with a 180 degree phase difference, thus cancelling each other out

and forming a notch or stopband in the overall notch filter.

T-line, Char. Impedance R,, 270°

Impedance inverter
Char. impedance Z;,
90°

Bandpass branch

Figure 3.13: Absorptive notch filter topology with generic coupling and transmission line.
The main changes from [23] are that the resonators are coupled directly, and they are series
resonators.

The transmission line branch is characterized by its phase (270 degrees in its S71) and its
characteristic impedance R;. The bandpass branch, consisting of two resonators coupled by an
impedance inverter, is characterized by the resonator impedances or admittances, as well as the
characteristic impedance of the inverter, Z;. (The topology has been modified to use series res-
onators rather than the original parallel RLC resonances in [23], because for the microresonators,
it is the series resonance, not antiresonance, that is directly defined by the lithography. Addition-

ally, the coupling to the resonators has been removed such that the coupling to the resonators is
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3.3 Absorptive notch filter design

direct, which is easier to lay out on the printed circuit board when implementing the circuit. This
subtracts a 180 degree phase from the original passband branch, leading to the transmission line
phase of 270 degrees instead of the original 90 degrees. These two modifications are not strictly
necessary, but they make the realization of the filter more practical.)

The design of the filter begins by characterizing the resonators, because the filter (being ab-
sorptive) is designed around the resonator losses. In the fabricated LN die, there are resonators
routed with bondpads (larger than RF probe pads) from which two are chosen. The microscope
images of the resonators are shown in Figure 3.14. Their measurements and their fitted MBVD
models are shown in Figure 3.15 and Figure 3.16. The fitted MBVD model parameters for the two

resonators are listed in Table 3.1, showing good matching of the resonance frequency.

(a) (b)

Figure 3.14: Microscope images of the resonators used in the absorptive notch filter; (a)
Resonator 1, (b) Resonator 2. The missing fingers from the third sub-resonator in Resonator
2 reduces the total electrical size of Resonator 1. This is why the two resonators have similar
frequency responses despite one resonator being physically larger than the other. The total size
measured from the lower left pad corner to the upper right pad corner is 700 um x 300 um for
Resonator 1 and 700 pm x 340 pm for Resonator 2.

The notch frequency f,, occurs where the net phase of the two resonators is zero. The termina-
tion (R;) and inverter characteristic impedance (Z) are determined by |Y;| and |Y»|, the admittance

magnitudes of the resonators at the notch frequency.
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Figure 3.15: Admittance magnitude and phase for the ‘“Resonator 1” used in the tunable
absorptive notch filter. Solid: measurement, dashed: fitted MBVD model.
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Figure 3.16: Admittance magnitude and phase for the ‘“Resonator 2” used in the tunable
absorptive notch filter. Solid: measurement, dashed: fitted MBVD model.

2
R =27k = ——— (3.5)

Vinlil_,

For matched resonators, the notch occurs at the resonance, and |Y;| = |Y»| ~ (R, +R;)~'. The

Co has been neglected for the design of the R; and Z;, because its impedance is typically greater
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3.3 Absorptive notch filter design

Table 3.1: Parameters for MBVD models fitted to measurement of the two resonators used in
the tunable absorptive notch filter.

fs Kzz Q CO RO Rs Rm Cm Lm

(MHz) | (%) (fF) [ () | (Q) | Q) | {F) | (uH)
Res 1 || 486 145 | 100 | 227 | 200 | 115 | 127 | 25.8 | 4.16
Res 2 || 483 16.0 | 220 | 230 | 150 | 88 50 298 | 3.64

than 10R,, at resonance; this is from a high Ktz, which increases the C,, : Cy ratio.

One way to implement the transmission line and impedance inverter is with lumped elements
arranged in II-sections with the negative capacitance implemented as an inductor. This is illustrated
in Figure 3.17. The choice of I1-sections instead of T-sections in the impedance inverter is because
IT-sections use fewer inductors. This is because Cy can not be neglected due to its placement in
the MBVD model. Without a Cy, the resonance would be a pure series RLC resonance, and the
inverter could be a T-inverter with negative capacitances being absorbed into C,, in series [13], and
there would be no inductors. But because of the Cy, the negative capacitances cannot be absorbed,
and would instead be approximated by inductances in the branches of the T-sections, meaning two
inductors for the inverter. To reduce the inductor count to one, the T-inverter is converted to a

II-inverter.

The design equations relating component values to impedances can be derived in a similar
manner to the image technique in Section 2.2.3. The equations to satisfy the image impedance and

phase are

Ci = 2/(2nfuR) (3.6)
Lin = R//(4mf,) (3.7)
Cie = 1/(2nfuR;) (3.8)
Line = Ri/(2mfy). (3.9)
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Figure 3.17: Absorptive notch filter topology with lumped-element coupling and transmission
line.

This topology will favor integrated circuit implementations (smaller inductors) as the resonator
performance (K,ZQ figure-of-merit) improves because the inductances required decrease with better
resonator K>Q. This is because |Y;| and || at resonance, used in Equation (3.5), are inversely
proportional to the KtzQ product. Hence R; (and therefore L;,, and L;;,.) will decrease as the KZZQ
increases.

Assuming perfect matching, using the MBVD values for Resonator 1 for both resonators in
the filter and Equation (3.5)-(3.9), the filter is designed with Cj,, = 1.35 pF, L;;,, = 79.3 nH,
Cline = 676 fF, and L;;,, = 159 nH. S-parameters from an ideal circuit simulation using these
design parameters are shown in Figure 3.18.

The simulated notch depth is 64 dB at 486.8 MHz, corresponding to a 40 dB return loss due
to absorption. The 3 dB fractional bandwidth is 3.7% and the 10 dB fractional bandwidth is 1.2%.
These become narrower with increasing resonator Q [23] (Figure 3.19), which justifies the choice
of LN resonators instead of integrated CMOS LC. While the O of CMOS LC tanks is typically
about 50 to 100, corresponding to wide notches (about 2-4% 3 dB fractional bandwidth), the Q

of the LN resonators (after refinements in materials and processing) has the potential to reach the
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Figure 3.18: Simulated S-parameters of an ideal absorptive notch filter using matched MBVD
models. Blue: [Sy;|, red: [Sy].

thousands [24], thus providing a path to improve the steepness of the notch (to less than 0.2% 3 dB

fractional bandwidth).
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Figure 3.19: Effect of resonator Q upon filter. (a) Close-up plots of notch for Q ranging from
100 to 1000. (b) Filter fractional bandwidth (3 dB and 10 dB) as a function of resonator Q.
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3.4 Fabrication and measurement of a fixed absorptive notch

filter

The circuit was assembled on an FR-4 PCB by wirebonding the resonators to the PCB and
soldering discrete inductors and capacitors. The vias (connecting the front and back side of the
board) are implemented by tying a thin wire into a knot between the double holes and wicking
solder through. To account for mismatch, the termination impedance is calculated using Equa-
tion (3.5) with both MBVD models in Table 3.1. In addition, the capacitances had to be adjusted
to compensate for parasitic capacitances to backside ground, which were estimated using finite el-
ement analysis. The values used were Cj,,, = 1.1 pF, 2C};,. = 1 pF and the outer Cy;;,, was entirely
due to the parasitic capacitance of the traces on the board. An image of the assembled circuit and
its corresponding schematic are shown in Figure 3.20. Microscope images of the two resonators
used in the filter are shown in Figure 3.14. The resonators are different physical sizes, but, because
of missing electrodes in Resonator 1 (Figure 3.14b, due to poor fabrication), the electrical sizing
(Cop) are similar for the two resonators, as evidenced in their frequency responses in Figure 3.15

and Figure 3.16.

The measured S-parameters of the constructed filter are shown in Figure 3.21. The notch is
36.4 dB deep at 487.6 MHz, with approximately 3.2% 3 dB bandwidth and 1% 10 dB bandwidth.
The close-up view of the notch in Figure 3.21b also shows the designed frequency response (using
the mismatched MBVD models).

The discrepancies between design and measurement in the passband are caused by inaccuracies
in the transmission line branch. The high |S;;| around 200-300 MHz and 500-600 MHz arises
because of inaccuracy in estimating the parasitic capacitance in Cj;y., causing the transmission line
impedance to have poor internal matching. This also explains the insertion losses of approximately

2 dB (below notch) and 3 dB (above notch). The matching can be improved with better control
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Figure 3.20: Photograph and schematic of assembled absorptive notch filter without tuning.
The purple and green highlights show the correspondence between the photograph and the

schematic. The resonators occupy two microscopic locations on the bottom of the picture
where indicated by arrows.

0 0

|S21]
S 10 S T
M |s11] oM
k=) K]
I d-20¢
20T} 0
e e
c c
IS a
= =307
“ -30 (2}

-40
-40 : : : : . ! : : : '
200 300 400 500 600 700 800 480 485 490 495 500
Frequency (MHz) Frequency (MHz)
(a) (b)

Figure 3.21: Measured S-parameters of an absorptive notch filter. (a) Wide band measure-
ment, (b) zoomed view of notch, overlaid by the designed result (dashed traces) using the

mismatched MBVD models whose parameters can be found in Table 3.1. Blue: |S3;], red:
IS11]-

over parasitic capacitance, such as with improved backplane geometry for the PCB or more tightly

specified materials.

The notch differs from design because of the spurs near the resonance (Figure 3.15 and Fig-
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3. VARACTOR TUNING OF FILTERS

ure 3.16), which are not captured by the MBVD model. The notch frequency deviates from design
(shown in Figure 3.21b, dashed traces) as the spurs change the notch frequency, the frequency at
which the net phase is zero (compounded by the mismatch in spurs between the two resonators).
The magnitude difference between MBVD model and measured spur, on the order of 3 dB, causes
impedance mismatch which decreases notch depth. For the design to better match measurement,

the spurs should be eliminated in future fabrication runs.

3.5 Tuning the absorptive notch filter

In this section, tuning is added to the absorptive notch filter. The simplest way to do so is
by using the varactor tuning described in Section 3.2. The schematic for the filter is shown in

Figure 3.22, with the varactor-resonator combination marked with a dashed red box.

o
o

Figure 3.22: Absorptive notch filter topology with tuning, with lumped-element coupling
and transmission line. The tuning is implemented by adding varactors to the resonators, as
highlighted in the red dashed boxes.

The mechanism of tuning is that the series varactor combination moves series resonance, which
is what defines the notch frequency in this topology. The simulated S-parameters are shown in

Figure 3.23.
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Figure 3.23: Simulated S-parameters of an ideal tunable absorptive notch filter with varactor
tuning. (a) Wideband plots, (b) zoomed-in view showing notch tuning as a function of varactor
capacitance.

The zoomed-in view of the notch in Figure 3.23b shows the notch to moving while becoming
shallower, until it hits the notch depth specification. This is why K? is said to determine the
tuning range; higher K? values means a slower change in impedance as the resonator is tuned.
Figure 3.24 graphs the relationship between frequency tuning range and K for the ANF topology.
For the K?> = 14.5% used here and a 20 dB notch specification, the frequency tuning range is
approximately 4.15 MHz, or about 0.85%. The tuning range of the varactor is about 10:1, which

is a realistic value, so the limiting factor to the tuning range is the notch depth.
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Figure 3.24: Frequency tuning range of absorptive notch filter as a function of resonator K? at
a 20 dB notch depth specification. As the Kl2 increases, the tuning range grows, assuming that
the varactor tuning range (here assumed to be 10:1) is not a limiting factor.

3.6 Fabrication and measurement of a tunable absorptive notch

filter

A practical concern when implementing the tuning in the notch filter is the mismatch between
resonators and spurs near resonance (Figure 3.15 and Figure 3.16). These cause the impedance
to fluctuate dramatically as the notch frequency is tuned. To address this, varactors are added to
the surrounding circuit (in Cyj,e and Cjy,); the schematic as implemented is shown in Figure 3.25,
and the photograph of the circuit is in Figure 3.26. The varactors tune the impedance of the
transmission line and impedance inverter, allowing the circuit to adjust to the variation due to the
spurs. In addition, to reduce parasitic capacitance, the backplane is patterned using the double-side

feature of the LPKF S63 milling machine, removing most of the metal, and used a Rogers Duroid'

The dielectric constant for Rogers Duroid 5880 is 2.20 +0.02 according to the specification sheet. However,
the reader looking to replicate these results should be warned that the Duroid turned out to be very difficult to mill in
the milling machine! This was because of the soft PTFE-based material, whose bending also threatened to break the
wirebonds. It would be easier to use something rigid, such as Rogers TMM3, which resulted in much cleaner milling
and yielded encouraging results on the dielectric constant (but the thin traces were damaged by repeated soldering
attempts before the full circuit could be built and measured).
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3.6 Fabrication and measurement of a tunable absorptive notch filter

5880 substrate which has a lower and better controlled dielectric constant than FR-4.

o
o

Figure 3.25: Absorptive notch filter topology with tuning, as implemented with fine-tunable
shunt capacitors (Cj;,, and Cjy,) in the transmission line and inverter sections.

Figure 3.26: Photograph of the tunable absorptive notch filter as implemented. The highlights
correspond to the portions of the schematic highlighted in Figure 3.25. The varactors are
implemented using screw-top varactors.

Measurements of this circuit demonstrate frequency tuning, as shown in Figure 3.27. The
passband varies when the Cj;,,, capacitance is changed, so the measured worst-case insertion loss
ranges from 3 dB to 10 dB (the best-case insertion loss being about 2 dB). The notch tunes from
484.3 MHz to 491.2 MHz as the C,,, varactor tunes from 10 pF to about 5 pF (about 40C, to
20Cy). This tuning range exceeds the theoretical tuning range because the spurs add extra notch
frequencies (in addition to adding spurious notches within the filter response); the notch criteria (0

phase and impedance match) are nearly met at these frequencies and therefore form extra notches.

71



3. VARACTOR TUNING OF FILTERS

Likewise, at other frequencies, the spurs cause impedance fluctuations that exceed the matching

capability of the circuit, thus preventing appreciable tuning to those frequencies.
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Figure 3.27: Measured S-parameters of tunable absorptive notch filter with varactor tuning.
(a) Wideband plots, showing variation in the passband due to changes in Cj;,.; (b) zoomed-in
view showing notch tuning as a function of varactor capacitance.

3.7 Discussion on discontinuous tuning range

The operation of the absorptive topology relies on the impedance match. Equation (3.5) pre-
scribes the impedance in order to create optimal passage through the bandpass branch, thus creating
the notch.

In addition, the phase of the branches matters as well. The destructive interference creating the
notch will only work if the net phase of the two resonators in series, at the notch frequency, is zero;
otherwise, the bandpass branch phase will deviate from 90 degrees and fail to completely cancel
with the transmission line phase of 270 degrees, even if the impedance magnitudes are perfectly
matched.

The nonzero phase (in addition to impedance magnitude mismatch) explains the discontinuous
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3.7 Discussion on discontinuous tuning range

tuning (Figure 3.27). When the resonator has fluctuations in its frequency response, the net phase
(sum of the admittance phase of the two resonators) jumps away from zero, thus preventing suc-
cessful destructive interference and preventing the notch from being tuned to those frequencies,

thus creating discontinuities in the tuning range.

Filter simulations using resonator measurements free of large fluctuations (Figure 3.28a, mea-
surements taken from devices with just one individual resonator instead of four in parallel) demon-
strate that clean resonators can provide continuous tuning range. The result, shown in Figure 3.28b,
is that the filter can tune continuously. However, there still are fluctuations in the notch, as seen
by the non-monotonic left slope of the simulated notch. This motivates the investigations on fluc-

tuations due to modal coupling in Chapter 4 and on spurs (especially due to transverse modes) in

Chapter 5.
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Figure 3.28: (a) Measured admittances of two relatively clean resonators on the same die used
for the notch filter; (b) simulated | S, | of an absorptive notch filter inserting the relatively clean
resonator measurements into the circuit. The spurs are mild enough that the tuning (within a
20 dB notch specification) is continuous.
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3.8 Proposed method to extend the tuning range

Even in the ideal simulation, the tuning range is quite low for this absorptive notch filter. In
the ideal tunable filter (Figure 3.24), the tuning range-to-K? ratio of approximately 0.06, which
is lower than that of the ladder filter (whose ratio was about 0.1 for the example in the earlier
part of this chapter). This can be explained from the perspective of impedance matching. The
impedance magnitude of the resonator changes as it is tuned (Figure 3.2), while the impedance of
the surrounding circuit remains the same. This creates an impedance mismatch as the resonators
are tuned, which causes the notch to become increasingly shallow as the resonance is tuned toward

the antiresonance.

One way to address this limitation head-on is to make the circuit adjust to the changing
impedance of the resonators. One possible solution is proposed in the schematic shown in Fig-
ure 3.29. All the elements in the circuit are now adjustable, so one could imagine switching the
impedance once the tuning range at a particular impedance is exhausted. The idea of switching
impedance (rather than continuously varying impedance) means that there is no need for continu-

ously tunable inductors; switched inductors are adequate.

Figure 3.30 shows a simulated response of the proposed circuit, using MBVD models for the
resonators, where at each new impedance, the circuit elements can be configured according to
Equation (3.5)-(3.9) to the new impedance. The leftmost subset of traces (in blue) show the same
behavior as in the tuned circuit from before, being limited by the notch specification at around
491.7 MHz. Now, however, the inductors, capacitors, and termination are switched to a new
impedance, 621 Q, which is the impedance of the resonator at 491.7 MHz. The notch deepens as
a result of this refreshed impedance match, and the series varactors can push the frequency along
some more. In this demonstration, the impedance is reset a third time, at 495 MHz. The overall

tuning range for this demonstration is now 2%, more than twice the original 0.85%.
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(o)

Figure 3.29: Proposed topology to offload impedance match burden to the remainder of the

circuit by adding tunability to the operating impedance. The inductors may be switched induc-
tances.
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Figure 3.30: Simulated |S»;| of tunable absorptive notch filter with proposed stepped
impedance tuning. In this demonstration there are three impedances to which the circuit is

coarse-tuned (484, 621, and 775 Q). Within each impedance, the varactors in series with the
resonators provides fine tuning.

The limit to this proposed technique is the tuning limits on the varactors, inductors, and/or the
termination. In effect, some of the tuning burden from the resonator has been offoloaded to the

rest of the circuit. Note that a large K in the resonators still helps by extending the tuning range

at each impedance level.
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3.9 Conclusions

This chapter has reviewed the tuning of a bandpass filter using varactors. In this chapter,
only one varactor has been used to tune each resonator, but it is possible to attach two (or more)
varactors, as done in [9]. A contribution for the bandpass filter is the analysis on the effects of
parasitic capacitance to ground from the varactor pads; this was found to cause sagging in the
passband (because of the reduction in the effective K,2 of the shunt branch resonators) and to
increase the passband ripple (because of the loading from the extra capacitance). An increase in
the frequency of the shunt branch (per Equation (2.8)) can compensate for the reduced effective
shunt K7 due to parasitic capacitance, and a decrease in the termination impedance can compensate

for the ripple due to the loading from the extra capacitance.

For an experimental demonstration of tuning, this chapter has presented the design, construc-
tion, and measurement of a tunable absorptive notch filter. The measured results have a notch depth
exceeding 30 dB, and a worst-case passband insertion loss ranging from 2 dB to 10 dB depending
on the quality of the impedance matching of the transmission line branch. The tuning range of
the filter is about 1.4% in measurement, compared to 0.85% in theory (for a K> = 0.145). The
discrepancy, along with the discontinuous nature of the tuning range, is due to the fluctuations
that occur in the resonator frequency response near resonance; at these frequencies, the impedance
match fails (both in magnitude and phase) and hence the filter has shallow notch depth at those fre-
quencies, to the extent that tuning to those frequencies violates the notch depth specification. This
motivates studies on fluctuations in the resonator response, especially those near the resonance.
Because each fabricated resonator for this demonstration consisted of four individual (visibly non-
identical) resonators in parallel with shared release pits, it is hypothesized that one possible cause
of the fluctuations is mismatch or mechanical coupling between the resonators. This is studied in

Chapter 4. Another cause of the fluctuations could be from spurious modes within the individual
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resonators themselves; these causes (namely transverse modes) are studied in Chapter 5.

To increase the tuning range of the circuit, a switched-impedance method has been proposed.
Using switched inductors, tunable capacitors, and tunable termination impedance, it is possible to
increase the tuning range in a piecewise manner. This method distributes the tuning burden to the
circuit surrounding the resonators. For example, it is possible to increase the theoretical tuning

range from 0.85% to 2% by changing switching the impedance from 484 Q to 775 € in two steps.
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Chapter 4

Fluctuations from modal coupling in

arrayed resonators

4.1 Introduction

In Chapter 3, the tunable absorptive notch filter turned out to suffer from a discontinuous tuning
range, which was caused by the fluctuations in the resonator response near resonance. These
fluctuations, manifesting as large swings in the admittance of the resonator, led to frequencies at
which the impedance and phase matching were impossible, leading to forbidden frequencies to
which the filter could not be tuned. The conclusion was that these fluctuations would need to be
eliminated or strongly mitigated in order to make the tuning range continuous and to smooth out
the filter notch.

This chapter considers a possible mechanism that may lead to the undesirable fluctuations,
especially in large resonators. The large resonators consist of several smaller resonators in parallel,
as shown in Figure 3.14. These large resonator combinations will be called “arrayed resonators”.

The hypothesis is that the fluctuations could be due to mismatch or mechanical coupling between
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4. FLUCTUATIONS FROM MODAL COUPLING IN ARRAYED RESONATORS

the individual resonators within the larger resonators, even if each individual resonator were to be
free of fluctuations.

Figure 4.1 illustrates the impact of the fluctuations upon the tuning of the resonator. The
schematic of the arrayed resonator with varactor is shown in Figure 4.1a. This models the four
individual resonators of “Resonator 17, whose microscope image is shown in Figure 3.14a. Visual
inspection shows that the resonators are not identical. The arrayed resonator behavior is taken
from measurement of “Resonator 1” (Figure 3.15), while the varactor behavior is that of an ideal
tunable capacitor. Figure 4.1b shows the simulated admittance as C,,, is tuned. The fluctuations
have compromised the ability to tune the resonance peak continuously; as C,, is decreased, there

is no clear or consistent movement of a resonance peak.
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Figure 4.1: Simulated tuning of the resonator response using measured resonator admittance
and an ideal varactor, showing how the fluctuations in the arrayed resonator compromise the
tuning of the peak (that is, it is unclear that there is any appreciable tuning of the peak).

The challenge of designing individual resonators free of fluctuations is addressed in Chapter 5.
In the analysis for this chapter, the arrayed resonators consist of individual resonators each modeled
by an MBVD model. The chapter is organized as follows. First, the need for arrayed resonators

is presented. Then basic analyses of mechanical and electrical coupling between individual res-
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onators reveal possible sources of fluctuations in the resonator response. Finally, a solution that can
help align the resonator responses is proposed for the case where frequency variation dominates

the fluctuations.

4.2 Why arrayed resonators?

Impedance matching (by Equation (2.3)) dictates the need for resonators with large Cy on the
order of picofarads for 50 € termination impedances. The Cj is related to the size of the resonators
(number of fingers, length of fingers), so a (naive) solution is simply to increase the number and
length of the fingers. This approach has the disadvantage of requiring large release undercuts,
which leave large undercut areas of unused LN material because the undercut is at least half the
resonator width, as illustrated in Figure 4.2. Also, if there are excessive residual stresses in the LN
film, then large resonators are more susceptible to cracking and therefore yield loss. Another effect
is that a resonator with long or many fingers will have long and narrow strips of electrode routing
in the fingers or bus, which could lead to non-negligible levels of electrical resistance, leading
to losses. Increasing the width or thickness of the fingers and bus to decrease resistance would
compromise the resonator performance (K and spurs).

Another solution that increases the Cy is to array several “regular-sized” resonators (Cp on the
order of 100 fF each) in parallel into “arrayed” resonators. If the resonators are identical, and ne-
glecting mechanical coupling, then the resonators in parallel will scale their Cy only, the remaining
parameters (f;, K7, Q) remaining constant'. The release undercut stays the same distance as the
individual resonators, while the routing to the individual resonators can be widened to address any

sheet resistance concerns. Nominally, this is an elegant way to extend Cy because of the incremen-

I'The reader can prove this by working out the admittance or impedance for, say, four identical MBVD models in
parallel, which turns out to be equivalent to a single MBVD model with 4 times Cy and C,, and 1/4 times L,,, R, R;,
and Ry.
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LN on Si substrate

I Wundercut 2 Wres/2

Undercut LN

i

Figure 4.2: Microscope image of a resonator with LN undercut marked. The undercut will
be at least half the shorter dimension of the resonator, in this case the width. This means that
increasing the size of the resonator will also increase the undercut.

tal area increase (compared to the overhead amount of area consumption for the release pit) for a
linear capacitance gain.

However, imperfections in this method of Cjy expansion may lead to fluctuations due to mechan-
ical or electrical coupling of resonances, which are explored in this chapter: Section 4.3 explores
what happens when identical resonators are arrayed together while sharing a release pit, while
Section 4.4 explores what happens when the individual resonators have no mechanical coupling

but are not identical.

4.3 Mechanical coupling of parallel identical resonators

This section considers the impact of mechanical coupling between resonators. In general, cou-
pling between resonators (even identical resonators) can spread out the poles (as in the case of the
coupled filter in Chapter 2). Mechanical coupling is similar; in fact, mechanical couplers have

been used with microresonators to create filters [25]. The concern is that uncontrolled or unin-
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4.3 Mechanical coupling of parallel identical resonators

tended mechanical coupling across the undercut LN plate could distort the resonance of arrayed
resonator such as those depicted in Figure 3.14, where the etch pit is shared.

Of course, a simple solution to this concern would be to separate the individual resonators
such that their etch pits are mechanically isolated. For example, this idea was applied to the
filter in Figure 2.17, where the resonators were spaced such that the etch pits were disconnected.
An illustration is shown in Figure 4.3. The tradeoff with this etch pit isolation technique is that
more area (about twice) is consumed by the sparsely packed resonators than if the resonators
were packed close together with shared pits. As such, it is worth the effort to determine whether
the impact of sharing the pits is enough to create noticeable fluctuations in the arrayed resonator

frequency response.

x107

x10™ x107

Figure 4.3: COMSOL 3D geometry setup for two resonators with isolated pits. The high-
lighted rings (purple) indicate the regions of the PML boundary condition; there is a Fixed
Constraint applied to the backside to simulated anchoring effects.
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4. FLUCTUATIONS FROM MODAL COUPLING IN ARRAYED RESONATORS

4.3.1 COMSOL simulation of mechanical coupling

The effect of mechanical coupling can be understood from a comparison of COMSOL FEA
simulations of two devices with isolated pits versus simulations of two devices with a shared pit. In
this simulation, a Fixed Constraint boundary condition has been added underneath the LN material
where it would be attached to the silicon in the actual device. This, in conjunction with the Perfectly
Matched Layer (PML), simulates the anchoring of the silicon, which can cause reflections of the
acoustic waves (whereas without the Fixed Constraint, all the energy goes into the PML without
reflection). The setup of the geometry are shown in Figure 4.3 and Figure 4.4 where the Fixed
Constraint regions are highlighted. Figure 4.3 illustrates a double resonator with isolated release
pits, while Figure 4.4 illustrates a double resonator with shared pits, where the spacing between

resonator anchor centers is 72 pum.

Figure 4.4: COMSOL 3D geometry setup for two resonators with shared pit. The highlighted
ring indicates the region of the PML boundary condition; there is a Fixed Constraint applied
to the backside to simulated anchoring effects. The spacing between the resonator edges is
18 um, or 72 pm between resonator centers (the resonators are 54 um wide).
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4.3 Mechanical coupling of parallel identical resonators
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Figure 4.5: COMSOL simulations of mechanical coupling comparing two resonators with
isolated pits (dashed, Figure 4.3) to two resonators with a shared etch pit (solid, Figure 4.4). In
this simulation, the PML has an additional Fixed Constraint boundary condition on the bottom
of the LN material layer to simulate the anchoring scheme. The length of the anchors is 12 um
(Figure 4.6a), as optimized before the Fixed Constraint was added to the simulation. The

1solated-pit resonator has a split in the peak, and the shared-pit widens the separation between
the two peaks.

The simulations results are shown in Figure 4.5. The dashed trace is the admittance of the iso-
lated pits, while the solid trace is for the shared pit, both with Fixed Constraint for the pit perimeter.
The dashed trace has far more splitting of the peak, which suggests that mechanical coupling could
play a role. However, the split peak in the baseline (isolated pit), which is introduced as a result
of adding the Fixed Constraint (it does not appear without the Fixed Constraint, all else being held
equal), causes confusion in understanding the source of the peak splitting. A device needs to be

designed so that the isolated pit simulation does not have peak splitting.

In order to suppress the peak-splitting that appears in the isolated pit resonators upon intro-
duction of the Fixed Constraint, the anchor length is extended to L, = 15 um (illustrated in Fig-
ure 4.6b), which is a quarter wavelength longer than the original design (12 um, illustrated in
Figure 4.6a). The results comparing the two anchor lengths are shown in Figure 4.7. The peaks

are brought together (solid trace) with L, = 15 pm, with a slight penalty to Q due to the different
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4. FLUCTUATIONS FROM MODAL COUPLING IN ARRAYED RESONATORS

boundary condition. The Q ~ 2800 is adequate for filter designs with insertion loss less than 1 dB

(recall that the filter simulations in Chapter 2 use Q < 1000).

%10 )

x10™ %107 w107

(a) (b)

Figure 4.6: COMSOL 3D geometry setup for isolated-pit resonators (just one resonator
shown) with (a) 12 um and (b) 15 um long anchors. Only the anchor length (and the cor-
responding release hole length) is changed.

The results for mechanical coupling with the lengthened anchor are shown in Figure 4.8, with
several distances of separation between the resonators in order to see trends in the coupling as a
function of distance.

The two resonators with isolated pits corresponds to the dashed black trace, which has a single
peak (unlike in Figure 4.5). In terms of sizing for fabrication, the resonators would be separated
by about 130 um edge-to-edge in order to provide the mechanical isolation.

When two copies of these resonators are placed adjacent to each other with an 18 um release
hole separating the edges (72 um between resonator anchor centers), the simulation results in the
orange trace exhibiting a split peak. This suggests that mechanical coupling may cause fluctuations

in the individual resonators.
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Figure 4.7: COMSOL simulations of isolated pit resonator devices with PML and Fixed
Constraint boundary conditions comparing anchor length (dashed) L, = 12 ym and (solid)
L, = 15 pm. The electrical behavior exhibits similar Cy (at the ends of the frequency range)
but different resonance due to the differing mechanical boundary conditions. The L, = 15 um
has a Q about 2800 and the L, = 12 um has a Q around 8000, but with a split peak.
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Figure 4.8: COMSOL simulations of mechanical coupling comparing two resonators with
isolated pit (dashed black) to shared etch pit (illustrated in Figure 4.4) with 72 um (orange),
90 um (green), 114 pm (blue), and 138 um (magenta) separation between resonator centers. In
this simulation, the PML has a Fixed Constraint boundary condition on the bottom of the LN
material layer to simulate the anchoring scheme. The simulation setups are shown in Figure 4.3
and Figure 4.4 with length of the anchors being 15 um.
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4. FLUCTUATIONS FROM MODAL COUPLING IN ARRAYED RESONATORS

When the distance between resonator edges (still sharing the release hole) is increased to 36 pm
(90 um between resonator anchor centers), the peak splitting is mitigated (green trace). This result
suggests that it may be possible to avoid the mechanical coupling (previously done with 100 um
spacing) while still sharing an etch pit, by spacing the resonators slightly wider.

When the distance is increased even further to 60 um (114 um between resonator anchor cen-
ters) and 84 um (138 um between resonator anchor centers), the peak continues to stay single. The
spike near 507.5 MHz for the 138 um (magenta) trace is due to energy escaping the resonator body
through the anchoring and resonating in the released area; hence it is hypothesized that the sizing
of the undercut LN area may add additional constructive or destructive mechanical interference, at
least when using the Fixed Constraint to model the anchored LN film. This is a topic appropriate

for future investigation.

4.4 Electrical coupling of parallel mismatched resonators

This section presents the analysis of the parallel combination of resonators that are mismatched.
The MBVD model is used to model the individual resonators.

The measurement of “Resonator 1 from Chapter 3 provides a basis for comparison. Its ad-
mittance near resonance is plotted in Figure 4.9 (the full sweep is plotted in Figure 3.15, and its
microscope image in Figure 3.14a).

To match the frequency mismatch theory to the measurement, four MBVD models can be
modeled in parallel. The schematic describing the resonator is shown in Figure 4.10 and consists
of four parallel MBVD models labeled “a” to “d”.

The “nominal” MBVD values for the individual resonators are extrapolated from the MBVD
model of the arrayed resonator, from Table 3.1 (“Resonator 1”°). The Cj is estimated to be a quarter

of the total arrayed value for each individual resonator. For the Q, it is assumed that individual

88



4.4 Electrical coupling of parallel mismatched resonators

50
>
Q
ke
g ot
Z': 0
(5]
%]
©
<
o
501
470 480 490 500 510 470 480 490 500 510
Frequency (MHz) Frequency (MHz)
(a) (b)

Figure 4.9: Close-up view of the measured admittance near resonance for “Resonator 17 used
in the absorptive notch filter in Chapter 3.
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Figure 4.10: Schematic of arrayed resonator with four parallel MBVD models with possibly
different frequencies. For the example in this chapter, resonators “a” and “b” are at the nominal

frequency (486 MHz), resonator “c” at 0.823% offset (490 MHz), and resonator “d” at a 2%
offset (496.6 MHz).
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4. FLUCTUATIONS FROM MODAL COUPLING IN ARRAYED RESONATORS

resonator Q is 200 (whereas the Q of the array is only 100 because of the fluctuations). This is

approximately in line with the Q measured in the other single resonators in this run.

The frequency (f; = ) of each resonator can be varied to compare the arrayed response

1
Zn LlnCITI
to the measurement. Here, this is done manually. Figure 4.11 shows the results of aggregating
resonators “a” through “d”, with resonators “a” and “b” at the nominal frequency (486 MHz),

resonator “c” at 0.823% offset (490 MHz), and resonator “d” at a 2% offset (496.6 MHz).
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Figure 4.11: Comparison of measurement vs. simulation with four MBVD models with mis-
matched frequency. The solid blue is the measurement and the dashed red is the model. For

[P

the model, resonators “a” and “b” are at the nominal frequency (486 MHz), resonator “c” at
0.823% offset (490 MHz), and resonator “d” at a 2% offset (496.6 MHz).

The frequencies of the fluctuations match quite well, suggesting that frequency mismatch could
be a valid origin. The variation in frequency for individual resonators across the die was about
1.2%, so the spur around 497 MHz (due to the 2%-offset resonator) could instead have been a
transverse mode spur (which is not modeled by the MBVD model) in individual resonators. Trans-

verse mode spurs will be discussed in Chapter 5.
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4.5 Proposed method to align the response of arrayed resonators

4.5 Proposed method to align the response of arrayed resonators

If the resonator fluctuations in arrayed resonator combination are dominated by frequency mis-
match between individual resonators, then tuning the individual resonators can be used to align
their peaks, thus smoothing out the arrayed response.

Returning to the example in Section 4.4, tuning of the arrayed resonator is desired. This was
implemented with a single varactor in series with the arrayed resonator, as illustrated in Figure 4.1a.
This technique had failed to produce continuous tuning of the resonance.

Instead, the resonator-varactor combination can be changed slightly: the varactor can be broken
into smaller sub-varactors and wired individually to the individual resonators, as illustrated in

Figure 4.12. This allows each individual resonator to be tuned by its own varactor.

Figure 4.12: Schematic of arrayed resonator with varactor tuning of individual resonators.

Using the arrayed resonator model and values in Figure 4.11, values for Cyur.a, Cyarp» Crare
and C,,.4 can be designed to pull the peaks together. The approach is to pick the highest frequency
of the four resonators and tune the others toward that frequency. In this example, resonator “d”” had
the highest frequency at 496.6 MHz. To tune the other resonators to that frequency, the findings in
Section 3.2 can be used to guide the sizing of the C,,,, namely using Equation (3.3).

To tune to approximately 496.6 MHz, it is found that Cy4,.q = Cy4r, = 70 {F, Cyypc = 140 1F,
and C,,.4 = 1 pF produces close alignment of the frequencies of the individual resonator-varactor

combinations. In aggregate (Figure 4.12) this results in the response shown in Figure 4.13. The
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varactors have pushed the responses into alignment, which smooths the arrayed response.

Phase(Y) (deg)

90 . . . . . . . . . .
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Figure 4.13: Demonstration of frequency alignment using varactors tuning each individual
resonator within the arrayed resonator. The dashed line is the model from Figure 4.11, while
the solid line corresponds to the circuit in Figure 4.12, using the same resonator values and
adding ideal capacitances to align the individual resonators.

4.5.1 Remark on Q and split varactor tuning

This technique holds even if the Q of the resonators is high (in the forgoing simulation, Q had
been in the hundreds, whereas the Q of LN resonators can exceed 1000 with adequate process
development). Figure 4.14 repeats the simulation, except using Q = 2000 and R; = Ry = 0 per

individual resonator. The alignment is still possible (though more sensitive because of the increased

Q).

4.5.2 Practical considerations

This subsection identifies and makes estimates about the practical considerations needed to
implement the proposed technique of splitting the tuning varactor. The considerations are the

varactor size and tuning range, and parasitic capacitance to ground.
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Figure 4.14: High Q demonstration of frequency alignment using varactors tuning each indi-
vidual resonator within the arrayed resonator. The dashed line is the model from Figure 4.11,
while the solid line corresponds to the circuit in Figure 4.12, demonstrating proper alignment.
The parameters are the same as for Figure 4.13, except that the Q of each resonator is 2000
instead of 200 and R; = Ry = O for all resonators.

Varactor size is guided by the Cy of the individual resonators. In the example illustrated in Fig-
ure 4.13, the varactor sizing ranged from 70 {F to 1 pF for a Cy = 57 {F (per individual resonator),
the maximum size being approximately Cyurmax/Co = 1 pF/57 fF = 17.5 and the minimum size
being approximately Cyq.min/Co = 70 fF/57 fF = 1.2. More generally, given a maximum (frac-
tional) frequency deviation Af, the approximate minimum required varactor capacitance can be

estimated using the first-order Taylor expansion of Equation (3.3):

18 1
Coar,min (E?KtzA_f — 1) Co. 4.1)

For example, if Af = 200 MHZ-86 MEz — 022, € = 57 {F, and K? = 0.145, then the above
formula predicts Cyqpmin = 1.6Co. This is different from the 1.2Cy used in the demonstration
because, in addition to the Taylor approximation, the formula neglects the tuning of the target

frequency (496.6 MHz) by C,urmax, Which in the example was about 498 MHz. Nonetheless,
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Equation (4.1) provides a reasonable estimate of C,4.min if the designer is given Af, for example

from statistics from fabricated devices.

Varactor tuning range is another practical consideration closely related to the varactor size.
In the example, the varactors had a tuning range of 4 pF : 70 fF = 57 : 1, which is already a
challenge to obtain. This is only to align the response to a baseline value; further tuning range
is needed to provide frequency tuning of the aligned response. MEMS-based variable capacitors,
such as those integrated in CMOS [26], may meet that challenge with their large tuning ratios,
small minimum capacitance, and low parasitic capacitance. Switched varactors may also extend

the total capacitance tuning range.

Parasitic capacitance is a practical concern that imposes limits on the minimum size of the
individual resonators. As discussed in Chapter 3, a primary source of parasitic capacitance is the
bondpads, which cannot be made arbitrarily small; this imposes a constant capacitance to ground
that must exist in all practical resonator-varactor combinations. Because each bond comes with
a parasitic capacitance, the single varactor in series with the arrayed resonator will have lower

parasitic capacitance than the sub-varactors individually bonded to each resonator.

The parasitic capacitance is modeled as a shunt capacitance to ground, Cp, on each terminal
of the varactor as shown in Figure 3.8. The resonator-varactor configuration for the notch filter is

shown in Figure 4.15 with N being the number of varactors for each arrayed resonator.

Let us assume that the designed value for Cy,, is large enough to absorb the NCp, parasitic
capacitance; this simplifies the number of parasitic elements to only the two parasitics between
the two series resonator-varactor combinations. The effect of the parasitic capacitance is two-fold:
first, the notch will become shallower because the parasitic capacitance will change the impedance
matching, and second, the passband will have more ripple because the parasitic capacitance loads
the bandpass filter branch, roughly adding to the outer Cj;,.. This is illustrated in Figure 4.16a,

where the [Sy1] ripple at 570 MHz is 0.3 dB without parasitics and about 0.8 dB at the NC);, ~
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Figure 4.15: Model of an absorptive notch filter including parasitic capacitance due to bond-
pads. N is the number of varactors per resonator. The dashed lines indicate where the parasitic
capacitance could be absorbed into the design of the filter.

100 fF (and arrayed resonator size Cy 4, = 227 fF) level of parasitic (to bond one varactor per

individual resonator), and the notch depth is about 64 dB without parasitics and about 40 dB at the

one varactor per individual resonator.
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Figure 4.16: Simulated S-parameters for the absorptive notch filter with varying shunt para-
sitic capacitance Cpp. (a) Wide sweep showing increased ripple in the passband, (b) close-up
of the notch showing a shallower notch with increased C,,. Filter parameters are the same as
in Section 3.3 and the parasitic capacitance is varied from 0 to 227 fF in five linear steps.

To mitigate the parasitic capacitance, the impedance matching can be adjusted to improve

the notch depth, and the transmission line capacitors can be adjusted to improve the ripple in
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the passband. For the notch, the C;,, should be increased slightly to compensate for the current
being diverted by the shunt capacitance. This is illustrated in Figure 4.17 (for the NCp, = 113 {F,

Co,ag = 227 1F example), where a notch depth exceeding 50 dB can be achieved.
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Figure 4.17: Simulated |S»;| demonstrating improvement of the notch depth by increasing
Ciny, which compensates for the parasitic capacitance. The parasitic capacitance is set at
NCpp = 113 {F (and Cp 4 = 227 {F) for this example as an estimate of the parasitics expected
for one varactor per individual resonator.

To mitigate the ripple in the passband, the outer Cj;,, can be adjusted. As shown in Figure 4.18,
reducing the outer Cj;,,, to 476 {fF (from 676 fF) smooths the passband to less than 0.2 dB of ripple.
Note that the Cjy, is the 1.55 pF from deepening the notch (Figure 4.17); the reduction of the outer
Ciine does not affect the notch depth.

With these mitigation techniques, it is possible to engineer a deep notch and smooth passband
for the estimated NCp;, = 113 {F and Cy ¢ = 227 F corresponding to one varactor per individ-
ual resonator, thus indicating that the subdivision of arrayed resonators into individually tunable

resonators is feasible for the notch filter from the perspective of parasitic capacitance.
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Figure 4.18: Simulated |S,;| demonstrating improvement of the passband ripple by decreasing
the Cj;,. at the outer nodes of the transmission line (shown: 676 fF, 576 fF, and 476 fF),
compensating for the parasitic capacitance. The Cj,, is the 1.55 pF shown to deepen the notch
(Figure 4.17); the reduction of the outer Cy;,, does not affect the notch depth. The parasitic
capacitance is set at NCp,, = 113 fF (while Cy 4, = 227 {F) for this example as an estimate of
the parasitics expected for one varactor per individual resonator.
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Chapter 5

Resonator spur mitigation

5.1 Introduction

This chapter discusses the origin and mitigation of spurs in single, standalone resonator de-
vices. The filter motivation for spur mitigation, developed in the preceding chapters, is to smooth
the passband and to make the tuning range continuous. The chapter starts with methods to quan-
tify the spurs. Then the origins of spurs are surveyed, and scaling laws and tradeoffs are discussed.
This chapter ends with a description of the simulations performed to explore the mitigation of spurs

due to misalignment and underetch and spurs due to transverse modes.

To quantify the spurs, it is necessary to quantify the frequency of occurrence and some measure
of the size of the spurs. One way to do this is to note the difference between magnitude of the spur
admittance peak and what the admittance magnitude would be if the spur were not there, which can
be obtained by interpolating through the spur or by fitting the entire resonator response to a MBVD
model (procedure and code to fit to the MBVD model are given in Appendix A.3), which does not
contain spurs. An example is shown in Figure 5.1. This method of computing the magnitude

difference is the primary method used quantify spurs in this chapter.
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Figure 5.1: Quantifying spurs by their peaks in |Y|. The solid trace is the measurement (with
spurs). The dashed trace is the fitted MBVD model, which approximates the response if it did
not have spurs. Spurs can be quantified by the difference between the measured admittance
magnitude at the peak and the MBVD value at that frequency. Appendix A.3 contains the
procedure and code used to fit the MBVD model to the measurement.

Another way to quantify the spurs is to consider their impact upon filters. For example, spurs
in the passband region will cause ripple in the |S»;|. In addition, the group delay T, will suffer.
Outside the passband, spurs might compromise the out-of-band rejection, as in the measured results
in Section 2.5, illustrated in Figure 5.2. Therefore, an indirect way to quantify spurs is through

comparing the |S>1| and T, against what they would be without spurs. This can be helpful when

deciding on whether a given spur suppression technique is adequate.
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Figure 5.2: Quantifying spurs by their peaks in the filter |S>;|. The solid trace is the measure-
ment (with spurs). The dashed trace is the filter simulation using a fitted MBVD model, which
approximates the response if it did not have spurs. Spurs can be quantified by the difference
between the measured admittance magnitude at the spur peak and the simulated value at that
frequency. For the spur indicated by arrows, the difference is —5.6 dB 4-14.9 dB = 9.3 dB.

5.2 Origins of spurs in standalone resonators

This section introduces the equations or techniques to identify the spurs that may appear in
measurement of standalone resonators. The spurs appear at all parts of the resonator frequency
response, both inside and outside the passband region. Although this makes it difficult at first
glance to identify the spurs, the spurs can be divided into those that can be modeled in one, two,

and three dimensions.

5.2.1 Misalignment and under/overetch (1D)

Spurs can arise because of the imperfect boundary conditions in the axis of the wave propaga-
tion. There are two sources of these spurs: under/overetch and misalignment.

Underetch is defined here as symmetric extension W, of the LN plate in the direction of the

101



5. RESONATOR SPUR MITIGATION

wave propagation. Overetch is defined using negative W,,. Misalignment is defined as a shift of the

electrodes relative to the LN plate. These are illustrated in Figure 5.3.
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Figure 5.3: Illustration of nominal, underetched, and misaligned resonators. The dashed lines
indicate the edge of the nominal device where the edges of the LN and electrodes are aligned.

The number of electrode pairs and the width of the plate dictate the number of nodes in dis-
placement that are transduced. With perfect etching and alignment, and with the electrode fingers
located at the mechanical anti-nodes (locations of maximum displacement), the modes fit perfectly
into the length of the cavity and only the fundamental frequency is supported; other modes are
canceled by the electrodes and cavity length [27].

With under- and overetch, when the cavity length lengthens or shortens relative to the electrode
span, two things occur: first, the main mode frequency decreases or increases (respectively), and
second, the harmonics start to appear because of the under-enforced boundary conditions on the
sides of the resonator. The simulated admittance magnitude is shown in Figure 5.4a; the simulation
is performed using COMSOL 2D FEA on a cross section similar to that of Figure 5.3.

With misalignment, the under-enforced boundary condition appears on one side only. The
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simulated admittance magnitude (again using COMSOL 2D FEA) is shown in Figure 5.4b. This
thesis will only consider cases where the misalignment is far smaller than the width of the edge
fingers, but an extreme case would be a whole half-wavelength shift of the electrodes such that
they became located at the nodes (instead of the anti-nodes), which is shown in [27] to suppress

the main resonance while exhibiting dominant under- and overtones.

1007 1007
50l n = 2 overtone 50l n =1 overtone
%) o /
g g
= o = o
d pa
Pl bl
n = -2 undertone n = -1 undertone
-50¢ -501
-10 . . . . . ’ -10 . . . . . ’
00 300 400 500 600 700 800 00 300 400 500 600 700 800
Frequency (MHz) Frequency (MHz)
(a) (b)

Figure 5.4: 2D COMSOL FEA simulations for (a) under/overetch and (b) misalignment.
The underetch is varied from -0.4 to 0.4 ym, while the misalignment is varied from -0.25
to 0.25 um. The pitch of the electrodes is 6 um and there are ten fingers, so the plate width is
54 um. The finger width is 2 um for the inner fingers and 1 um for the outermost two fingers.
The mode number labels for n correspond to Equation (5.1).

The harmonics appear approximately at frequencies modeled by 1D standing wave theory.
Each harmonic corresponds to an integer addition or reduction in the number of displacement
nodes in the response. Plots of the displacement across the resonator cross-section are shown for
underetch in Figure 5.5 and for misalignment in Figure 5.6. In each plot, the main mode and the

closest undertone and overtone are shown. To aid in the development of the model, it can be noted

that the number of nodes changes by integer multiples.
Using a 1D model, the modes appear at approximately half-wavelength multiples such that for
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Figure 5.5: Visualization of mode shapes for underetch using 2D COMSOL simulation. Plots
of total displacement magnitude are shown for a 0.2 um underetch. The undertone has 7 nodes,
the main mode has 9 nodes, and the overtone has 11 nodes. These correspondton =—2,n =0,
and n = 2 in Equation (5.1). The nominal width of the plate is 54 um, or nine half-wavelengths.

overtone number 7, the mode frequency appears at approximately

Ne—1
o= (Np = 1) )3 ! ];Vf_)1+nfo 5.1)

where Ny is the number of fingers, n is the mode number (relative to the main mode), vy is the
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5.2 Origins of spurs in standalone resonators
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Figure 5.6: Visualization of mode shapes for misalignment using 2D COMSOL simulation.
Plots of total displacement magnitude are shown for a 0.2 ym misalignment. The undertone
has 8 nodes, the main mode has 9 nodes, and the overtone has 10 nodes. These correspond
ton=—1,n=0, and n = 1 in Equation (5.1). The width of the LN plate is 54 um, or nine
half-wavelengths.

acoustic velocity of the mode, and W is the nominal width of the cavity. fy is the main mode with

n = 0 (including the effect of underetch).

Odd n correspond to the misalignment spurs, where odd multiples of half wavelengths are

being added to one side of the cavity. Even n correspond to the spurs due to underetch. n =0
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5. RESONATOR SPUR MITIGATION

corresponds to the fundamental mode. The equation indicates that the spurs from misalignment
and underetch will superimpose, which can be seen in the measurement later in this chapter.

For ten fingers, the model predicts spurs at g Jo ~ 0.89fy and 19—0 fo ~ 1.11 fy due to misalign-
ment, and approximately % fo =~ 0.78 fp and % fo = 1.22fy due to underetch. The simulations (in
COMSOL 2D FEA) result in 0.92fy, 1.20fy, 0.80fy, and 1.33 fj, respectively. One major con-
tributing factor for the inaccuracy between model and simulation is the antiresonance, which will
push out (increase) the frequencies of the upper modes (the ones higher than the main resonance).

The underetch term (W,) in the equation indicates that there is a change in the frequency even
at n = 0. This is because of an extension (for W, > 0) or contraction (W, < 0) of the 1D cavity,
resulting in longer or shorter vibrational wavelengths, meaning decreased or increased frequencies,
respectively. Reframing Equation (5.1), the resonance frequency will be fo = fdesign%wu’ where

Jdesign 18 the frequency as designed (no underetch).

5.2.2 Non-S0 modes of vibration (2D)

Spurs can arise because of modes of acoustic vibration that are not the extensional SO mode
being targeted in the resonator design. This effect manifests in 2D analysis of the resonator (with
the cross-section slicing along the direction of wave propagation and including the thickness of
the film). In terms of design, knowledge about the location of unintended modes of vibration can
guide the selection of the device thickness.

The established method to predict the vibrational modes that appear at a given frequency and
device thickness is to consult the dispersion diagram for a given material. However, if a dispersion
diagram is not available for the particular material stack (as is the case), then simulation of the
device in 2D, with visualization of the displacement, can provide information on location of flex-
ural modes that may appear in a given resonator design. In addition, simulating in 3D can capture

modes with displacement going out of the page, namely shear modes.
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5.2 Origins of spurs in standalone resonators

For example, flexural (asymmetric) modes can be transduced in the resonators in this work
because of asymmetry in the material stack [28]. An illustration using COMSOL 2D simulation is
shown in Figure 5.7. This AO mode occurs at 495 MHz, slightly lower in frequency than the main
S0 mode (503 MHz), which is consistent with the tendency of the AO mode to have lower velocity

than symmetric modes in a typical dispersion diagram [29] for thin plates.

Wbloat=0, Wmis=0 freq(296)=4.95E8 Surface: Total displacement (um) o

[T ! ! ! ! ! T_]
2_ 1 x107

-2 5 0.5

-8 k. 1 1 1 1 1 =
-30 -20 -10 0 10 20 30

Figure 5.7: Visualization of flexural mode in COMSOL 2D simulation. The total displace-
ment is plotted (with a 500x magnification); the serpentine profile is characteristic of the
flexural mode. The frequency is at 495 MHz for a resonator whose SO mode is at 503 MHz.

5.2.3 Transverse modes (3D)

Going into 3D analysis of the resonator can explain modes that occur close to the resonance of
standalone resonators.

In particular, the third-order transverse mode (characterized by the k3 wavevector) can occur
significantly close to the resonance for typical resonator sizing proportions.

Although the transverse modes are a 3D effect, the model can be compressed into 2D when
considering only one type of vibrational mode (e.g., SO). The characteristic equation (adapted from

[28]) becomes that of a 2D standing wave, similar to modes in a waveguide:

B (Ne=1)+n 2 imN2
fn,m—VO\/(T) +<Z) . 5.2)
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5. RESONATOR SPUR MITIGATION

Similar to before, n is the harmonic number in the direction of wave propagation, v is the
acoustic velocity of the mode, and W is the width of the cavity. In the transverse direction, m is the
transverse mode number (a positive odd number) and L is the length of the cavity. For example, if
the fundamental mode (Ny = 10, n =0, m = 0) appears at 509.2 MHz, W = 54 ym, and L = 120 um,
then the third-order (m = 3) transverse mode is predicted to appear at 514.9 MHz.

An illustration of the third-order (m = 3) transverse mode is shown in Figure 5.8. The x-
displacement field (relative to the x of the device) is plotted. This mode appears at 514.9 MHz, in
excellent agreement with Equation (5.2).

The approximate x-displacement shape, according to [28], is

S(n,m) = Asin ((<Nf _vt/) +”)nx) sin (’"Tn) (5.3)

where A is the amplitude, n and m are the mode numbers (in the case of Figure 5.8, Ny =10, n =0,
and m = 3), W is the cavity width (x-direction), and L is the cavity length (y-direction). This agrees

with the simulation, where in the x direction there is a sinusoidal variation with half-period equal

((Nf—1)+n)7tx . (Nf—])TC
w T (Nf*l)P

to the finger pitch (the argument of the sine being x = %x), and in the y
direction there is a sinusoidal variation with three half-periods fitted in the length of the resonator.
The transverse mode theory also applies to vibrational modes other than SO. For instance, it is

possible to encounter third-order transverse modes for the SHO mode of vibration [30, 31].

These tools enable identification of the spurs by the following steps:

e Measure fabricated dimensions of the resonator as well as possible, including W, and W,
for the spurs due to underetch and misalignment, and film and electrode thicknesses for spurs

due to non-SO modes of vibration.

e Consult the dispersion diagram or run a simulation to identify the modes of vibration that

are possible, and at which frequencies. If an exact film thickness is not available, vary the
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Figure 5.8: Visualization of third-order transverse SO mode in COMSOL 3D simulation. The
color scale represents the x-displacement field. The x and y of the device (the coordinate
system of interest) are marked on the resonator. (The rotation relative to the global coordinates
is at -60 degrees to the z-axis in x-cut LN to obtain high K?).

thickness (of the piezoelectric film and of the electrode) slightly to see if flexural modes

coincide with measured spurs.

e Find vq (or fy) for each mode of vibration from knowledge about the main mode frequency

and 1D cavity size, using Equation (5.1) with n = 0 for the main mode.

e Calculate the 1D harmonics due to misalignment and under- or overetch for each mode of

vibration using Equation (5.1).
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5. RESONATOR SPUR MITIGATION

e Calculate the transverse modes for each mode of vibration using Equation (5.2).

As an example, the measurement of the shunt resonator device of Section 2.5 can be dis-
sected. An annotated image of the device is shown in Figure 5.9. The simulation indicates that
the 6.551 um pitch will provide a nominal resonance frequency of 457 MHz. The admittance

magnitude is plotted in Figure 5.10, showing an actual resonance frequency of 440.7 MHz.

T
W,~=1.79 ym

W= 6&.54- u.m- éu

Figure 5.9: Microscope image (50x magnification) of standalone shunt resonator, with
6.551 um pitch, with measured dimensions labeled.

There are ten fingers, so the nominal width of the cavity is 58.959 um. The image has labels of
the actual dimensions of the device (as measured from the image using ImageJ software), showing
underetch of W, = (62.54 um — 58.959 um)/2 = 1.79 um on each side, and misalignment of
Wiis = 0.43 um. The fingers were designed to all be 2.265 um wide, but the fabricated widths
are 2.348 um for the inner fingers and 2.663 um for the outer fingers. The thickness of the metal
is nominally 100 nm, but estimated to be about 50 nm because resistivity measurements (using a
meandering line test structure) were about twice the nominal value.

A 2D simulation (runtime: about five minutes) using the measured dimensions explains most

of the spurs outside the resonance. To estimate the thickness of the LN film (nominally 1 ym),
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Figure 5.10: Admittance of the standalone shunt resonator, with close-up view of rolloff.
Labels indicate the location of spurs.

the thickness is swept in the simulation and the behavior of the flexural modes is compared to
the spurs in the measurement. In the 2D simulations shown, the thickness used is 0.9 um. Fig-
ure 5.11 plots the simulated admittance on the measured response, showing good agreement in
between simulation and measurement in terms of the frequency locations. Three major discrep-
ancies between design and measurement are explained by the misalignment and underetch: the
K? reduction (predicted: 40%, measured: 28%), the frequency reduction (predicted: 457 MHz,
measured: 440.7 MHz), and spurs outside the resonance. A comparison of measurement, simu-
lation, and 1D theory is summarized in Table 5.1, showing good agreement between simulation
and measurement and a consistent underestimation of the theory (by about 6%) for the spurs above
resonance.

The transverse modes for the SO mode are predicted (by Equation (5.2), using measured di-
mensions) to appear at 450 MHz, 465 MHz, and 488 MHz. This agrees quite well with the mea-
surement (Figure 5.10b), which has spurs at 453.3 MHz, 462.6 MHz, and 484.8 MHz.

The flexural mode frequencies change with the thickness of the LN film (by dispersion), so

a simulation thickness is chosen to place flexural modes in locations corresponding to measured
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Figure 5.11: 2D COMSOL simulation (dashed) vs. measurement (solid) for resonator, ex-
plaining the K? reduction, the frequency shift, and spurs outside resonance, all due to mis-
alignment and underetch. The dimensions were obtained from the microscope image of the
device, shown in Figure 5.9. A close-up showing the location of flexural modes is shown in
Figure 5.12.
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Figure 5.12: Zoomed-in view of 2D COMSOL simulation (dashed) vs. measurement (solid)
for the resonator, focusing on flexural modes.
spurs: in this simulation a 0.9 ym film (1 ym is the nominal thickness according to the vendor) in
the 2D simulation shows flexural modes near 406 MHz (with 28 displacement nodes), 432 MHz (29
nodes), and 460 MHz (30 nodes). The measurement has spurs at 409.4 MHz, and 432.8 MHz. The

comparison between measurement and 2D simulation near the resonance is shown in Figure 5.12.
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5.2 Origins of spurs in standalone resonators

Table 5.1: Comparison of spur frequencies for measurement, 2D simulation, and theory for
misalignment and underetch, using the values marked in Figure 5.9. This table does not pro-
vide much information about amplitude, though in general the spurs for odd n were smaller
than for even n. The “none” for n = 5 is because the spur was too small to measure in both the
simulation and measurement. The equation routinely underestmates the spurs above the reso-
nance (n > 0) by about 6% because the antiresonance (which is not accounted for by theory)
pushes the frequencies higher. The n = 0 frequency for the theory is 440.7 MHz as an in-
put taken from the measured value, whereas calculating Equation (5.1) using just the nominal
designed velocity and measured underetch would predict 443 MHz.

n || Measurement | 2D simulation | Equation (5.1)
-4 || 244.7 MHz 243 MHz 245 MHz

-3 || 298.1 MHz 293 MHz 294 MHz

-2 || 345.0 MHz 345 MHz 342 MHz

-1 || 396.8 MHz 395 MHz 392 MHz

0 || 440.7 MHz 441 MHz 440.7 MHz (input)
1 || 523.2 MHz 526 MHz 490 MHz

2 || 570.5 MHz 572 MHz 539 MHz

3 || 625.3 MHz 622 MHz 587.6 MHz

4 | 675.5 MHz 676 MHz 637 MHz

5 || none none 686 MHz

6 | 787.2 MHz 791 MHz 734 MHz

It is ambiguous whether the simulated 460 MHz AO mode (in the 2D simulation) corresponds
to the measured 462.8 MHz spur (which was accounted for by transverse mode theory) or the
measured 473.4 MHz spur; a 3D simulation (runtime: about 33 hours) can clarify this. A 3D
simulation including misalignment, underetch, and guessed thickness is shown in Figure 5.13.
The simulation exaggerates the Q (because it only accounts for anchor loss). The order of the
spurs is close to those seen in the measurement. It can be seen that the flexural mode most closely

relates to the spur measured at 462.8 MHz.
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Figure 5.13: Zoomed-in view of 3D COMSOL simulation (dashed) vs. measurement (solid)
for the resonator, with modes labeled. The cardinal number by each mode indicates the number

of nodes that are in the width direction of the resonator.

5.3 Scaling laws and tradeoffs

The resonator spurs may change their behavior when scaling the size and frequency of the

resonators. This section describes these scaling laws and tradeoffs.

e Misalignment and under/overetch: scaling with frequency. The absolute value of mis-

alignment and under/overetch are independent of the device frequency. However, their rel-

ative value will scale with frequency, because the electrode pitch and width scale inversely

with frequency. Therefore, for a given amount of misalignment and underetch, resonators at

higher frequencies will experience more severe harmonics outside resonance.

¢ Dispersion: scaling with frequency or thickness. Changing the thickness of the film or the

frequency of operation moves along the dispersion curve; therefore, the relative locations

of the non-SO modes will move around unless the ratio of frequency to thickness is held

constant. This scaling is dictated by the dispersion relation of the material stack.

e Transverse modes: scaling with aspect ratios and frequency. The location of the trans-
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verse mode scales by the aspect ratio of the resonator width and length. For a fixed frequency
(W), this means that (by Equation (5.2)) a longer L will bring the transverse mode closer to
the main mode. When changing the frequency while maintaining aspect ratio, the location

of the transverse modes will remain the same, relative to the main mode.

5.4 Further details on mitigating spurs due to misalignment

and under- and overetch

This section presents a study of the spurs due to misalignment and under- and overetch in more
detail. For this study the spurs due to non-S0O modes and transverse modes are neglected; this effort

is focused primarily on spurs due to misalignment and under- or overetch.

5.4.1 Simulation of sensitivity to misalignment and underetch

Using 2D COMSOL FEA simulations provide the sensitivity of the resonator spurs to under-
etch and misalignment, which can provide an idea of how much tolerance to misalignment and
underetch can be tolerated. Initial tests with the stepper machine in the CMU NanoFab provided
alignment within £0.25 um; the amount of underetch has been about 0.4 — 0.8 ym in previous runs
but is not well characterized. The spur amplitudes increase as the misalignment and over/underetch
deviate farther from 0, as illustrated in the simulated results of Figure 5.14.

The filter is sensitive to the spurs because of the spurious peaks in the stopband. The misalign-
ment and underetch spurs affect the out-of-band rejection, so these spurs can be quantified in the
filter domain by the difference between the filter |S;| with and without the spurs. For example, the
simulated filter sensitivity to misalignment at the n = —1 undertone is plotted in Figure 5.15. The

simulation is performed by inserting the results of COMSOL 2D simulations of series and shunt
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Figure 5.14: Simulated spur magnitude as a function of (a) underetch (W,) and (b) misalign-
ment (W,,;s) amounts, for the undertone and overtone spurs, using COMSOL 2D simulation.
The frequency responses are plotted in Figure 5.4. In the case of misalignment, the undertone
corresponds to n = —1 and the overtone corresponds to n = 1. In the case of underetch, the
undertone corresponds to n = —2 and the overtone corresponds to n = 2.
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resonators (at the varying W,,;s) into the 1T ladder topology (Figure 2.11).
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Figure 5.15: Simulated effect of misalignment spurs upon filter out-of-band rejection in the
region of the n = —1 undertone. The admittance from COMSOL 2D simulation are inserted
into an ideal filter simulation to obtain the response with spurs. The method to quantify the
spurs is illustrated in Figure 5.2.
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If this were to be fabricated, a method of control would be to design single resonators with
prescribed amounts of overetch compensation and x and y misalignment; a well-chosen range will
yield one device that “perfectly” compensates for overetch and misalignment. The misalignment
could range from —0.2 ym to 0.2 um in steps of 0.2 um, which, according to the simulation, results
in fairly small resonator spurs (< 2 dBS) and small filter spurs (< 1 dB). The overetch compen-
sation ranges from 0.5 um to 1.5 pm in steps of 0.5 um, which results in resonator spurs below
3 dBS and filter spurs below 1 dB. A layout of a full ladder filter is included at each combination
of misalignment and underetch in order to study their effects on the filter.

The baseline resonator is designed for future fabrication runs to carry out this misalignment
and underetch study. The design target is minimal loss in order to avoid smothering the spurs.
The design process starts with the design of the interdigitated electrodes to have optimal reflector
electrode coverage (W, = Wy/2, where W, is the width of the fingers at the edges of the resonator
and Wy is the width of the main electrode fingers in the middle of the resonator). This reflector
electrode coverage uniformily distributes the electric field across the cavity, so that a perfectly
fabricated device would have no overtones or undertones [27]. (This is different from the “active
reflectors” in [10], where the reflector electrode coverage was intentionally increased to compen-
sate for overetch at the expense of spurs outside the passband, even with perfect alignment and
etching, due to the unevenly distributed electric field). Then, to design the ends of the resonators,
sweeps of anchor dimensions and gap-to-bus spacing are employed, using COMSOL Multiphysics
FEA with a Perfectly Matched Layer, similar to in [19]. An excellent Q comes with anchor width
W, = 9 um, anchor length L, = 12 pym, and finger-to-bus spacing G = 9 um. This configuration
yields an anchor-loss-only Q exceeding 53,000. The frequency response as simulated using COM-
SOL 3D FEA is shown in Figure 5.16. The spur around 515 MHz is caused by the third-order

transverse mode, which is to be addressed in a separate study.
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Figure 5.16: Admittance of resonator with high Q simulated in COMSOL 3D FEA with a
Perfectly Matched Layer boundary condition, to be used for the study of misalignment and
underetch. The gap between the finger and bus is G = 9 um and the anchor dimensions are

W,=9umand L, = 12 pm.
5.5 Transverse mode suppression techniques

In addition to the study on the misalignment and underetch, several devices to validate a tech-
nique to suppress the third order transverse mode spur were also designed. This technique involves

the use of stubs [28, 32] in order to cancel the third order transverse mode while minimally affect-

ing the main mode.

5.5.1 Simulation setup

A layout labeled with the dimensions of interest is shown in Figure 5.17.

The optimum electrode overlap, L,,, should be two-thirds the total length of the resonator, L,
[28]. Therefore, for a 500 MHz (A = 12 um) resonator length of L,.; = 120 um = 10A, the nearest
half-wave multiple of %Lm is chosen, so L,, = 84 um. Leaving the bus width at /2 = 6 um [19],
this leaves a 12 um gap between the end of the resonator and the bus. Therefore, the parameter

being swept is L, the stub length.
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5.5 Transverse mode suppression techniques

Figure 5.17: Labeled layout of resonator with stubs for transverse spur suppression. The
orange hatch is the electrode layer, the white is LN, and the pink grid-hatch is the etch pit
layer.

The hypothesis is that the stub length will control the amount of spur suppression, with the
longest stub lengths maximally canceling out the third-order transverse mode. However, if the
stub is long enough such that the gap to the end of the opposing electrode is “small” (smaller
than the spacing between adjacent electrodes, for instance), then the hypothesis is that the gap will

promote electric fields in the perpendicular direction to wave transduction, thus impacting K>Q.

Initial simulations performed using COMSOL 3D FEA indicate successful spur suppression
as a result of adequately long stubs. Figure 5.18 shows a comparison of Ly, = 0 um (no stub)
swept in 3 um (quarter-wavelength) increments to Lg,;, = 9 um in 3D simulation. In the case of
the no-stub design, there is a third-order transverse mode around 516 MHz. Lengthening the stub

to 9 um largely attenuates that mode. The Q (counting anchor losses only, for this simulation with
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PML boundary conditions) is reduced from over 7,000 (Lg,,, = 0 um) to 2,100 (Lg,, = 9 um). This

is an acceptable trade-off, as filter design would be adequate with Q = 1000 (as in the simulations

in Chapter 2).
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Figure 5.18: COMSOL 3D simulation showing suppression of the third order transverse mode
with increased stub coverage. (a) Wide frequency sweep, (b) close-up of the third-order trans-
verse mode, which is suppressed as the stub length is increased.
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Chapter 6

Conclusion

This thesis has presented groundwork that can lead to compact reconfigurable filter banks. It
has addressed key challenges to advancing the state-of-the-art using filters implemented in lithium

niobate.

The first challenge is to demonstrate a fixed filter in LN with good performance (low inser-
tion loss, wide bandwidth, and a smooth and accurate frequency response). To that end a ladder
filter has been designed as a testbed for baseline filter performance. The design includes image
impedance design principles to smooth the passband and rolloff as compared to the direct adapta-
tion of filter topologies designed with low-K? approximations. The measured results from an initial
fabrication run showed good frequency precision (within 1% tolerance) and comparable insertion
loss (< 3 dB) to that of the state-of-the-art, but had spurious modes and poor frequency accuracy.

These shortcomings prompted the investigation of spurs in the latter half of this thesis.

The second challenge, that of tuning the filters, is addressed in theory for the ladder band-
pass filters and in measurement for an absorptive notch filter. For the bandpass filter, an outline is
presented overviewing the varactor configurations that can steer a narrow passband within the en-

velope defined by the maximum filter bandwidth. The effect of parasitic capacitance from bonding
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the resonators to the varactors is also analyzed, and a way to compensate for the parasitic capac-
itance by increasing the frequency of the shunt resonators is proposed, thus sacrificing a small
amount of tuning range (in the example presented, about a 20% reduction in tuning range) for a
smooth passband. A tunable notch filter has demonstrated in experiment the viability of using ex-
ternal varactors in series with the resonators to tune the frequency with a tuning range of about 6%
of the K?. Whereas the state-of-the-art bulk acoustic wave filter bank lacks tuning of the individual
filters, this demonstration has finally brought tuning (in a prototype form on a PCB) to the realm of
filters created with miniaturized resonators, and could be extended to using chipscale components
such as CMOS or CMOS-MEMS inductors and tunable capacitors. Discontinuities in the tuning
range are due to fluctuations in the resonator near resonance, further motivating the investigation

into fluctuations due to coupling and spurs in individual resonators.

Because of their impact on filter performance and tuning range, fluctuations or spurs are a
major challenge impacting the filters. Fluctuations are considered from the perspective of arrayed
resonators (resonators in parallel), and spurs are considered from the perspective of individual

resonators.

For arrayed resonators, Chapter 4 has presented studies on the effect of mechanical coupling
(through the released plate) between identical resonators and the effect of electrical coupling be-
tween non-identical, mechanically-isolated resonators. For the latter, a way to align the frequency
response using varactor tuning of the individual resonators has been proposed, including an analy-
sis and proposed method to mitigate the effects of parasitic capacitance (from the bond pads) upon

the tunable notch filter.

For spurs in individual resonators, the impact of misalignment and underetch has been studied.
The misalignment and underetch not only introduce spurs at intervals modeled by a 1D cavity,
but also reduce the K,z. In addition, the underetch lowers the resonance frequency because of the

extension in the acoustic cavity width.
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In addition to the study of spurs due to misalignment and underetch, the technique of mitigating
spurs due to transverse modes by using stubs in the electrodes was simulated for extensional-mode
LN microresonators. An investigation was carried out in simulation to study the effect of stub
length upon the mitigation of the third-order transverse spur (for a fixed resonator and interdigitated
electrode overlap amount). The results suggest that a stub at least half the gap is needed to suppress

the third order transverse mode.

6.1 Future prospects

Several research and development directions have been identified to increase the usability of

the LN microresonator reconfigurable filter banks.

6.1.1 Increasing resonator f,Cp, Ktz, and Q0

The reader might wonder: out of the four main parameters in the MBVD model (f;,Co, Ktz,
and Q), which parameters would be the best to improve? This section explains the benefits of
improving each parameter.

It is critically important to increase the resonator frequency f; in order for LN filter banks
to become reality. This thesis has provided demonstrations using 500 MHz resonators for the
practical reason of clean lift-off during fabrication, but there is no fundamental barrier to applying
the design principles here to resonators at frequencies in the GHz range where the radio spectrum
is most crowded [1]. The designer should choose a thin LN substrate to cut off higher order
vibrational modes (from dispersion).

The Cyp was found to impact the termination impedance, and 50 Q requires about 6 pF of Cj at
around 500 MHz. This work has examined the effects of modal coupling when extending the Cy by

using arrayed resonators (Chapter 4). The Cy required for 50 €2 scales inversely with the frequency,
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and the resonator has higher capacitance density for higher frequencies (because the interdigitated
electrodes are closer), so the size requirements relax as frequency is increased. As an example,
a 2.4 GHz resonator would need to be just 70 pm x 120 um in size to satisfy the approximately
1.2 pF Cy for 50 Q termination impedance. Therefore, pushing for higher f; should relax the sizing
requirements (Cp) for termination impedance.

The Kt2 has been found to directly dictate the tuning range of the filters. As such, increas-
ing the K> would mean increasing the tuning range, which would decrease the number of filters
needed to cover a given tuning range application. This relaxes the requirements on the reconfigu-
ration (switching) network. In addition, higher Kt2 means more margin for using the techniques to
compensate for parasitic capacitance (Chapter 3 and Chapter 4).

At first glance, increasing Q seems to be a development with steeply diminishing returns;
the insertion loss of the bandpass filter was demonstrated to be low despite some losses due to
Q < 1000 (Chapter 2 used Q = 500 for the simulations using the COMSOL model). However,
high Q has a second-order effect on tuning range. From the design sections in Chapter 2, it can
be seen that the IL and out-of-band rejection trade off when cascading filter sections — the more
filter sections, the higher (worse) the IL and the higher (better) the OBR. Therefore, an increased
Q would increase the IL-OBR design space. In the f.-FBW tuning range diagram of Chapter 3,
the OBR turned out to be the limiting factor for the bottom edge of the tuning range. Therefore,
increasing Q can indirectly increase tuning range by allowing more OBR for the same IL.

It is therefore beneficial to increase all four MBVD parameters. However, the f; and K> each

bring multiple benefits for filter bank applications, and thus may be prioritized.

6.1.2 More resonator routing layers

In this thesis, the microresonators used were built with just one routing layer for the electrodes.

This means that the devices were lateral field excitation (LFE) devices, with a low Cj density thanks
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to the wide spacing of the electrodes (relative to their pitch). This low Cy can lead to large arrays
of devices in order to satisfy impedance matching (the notch filter had a termination impedance of
almost 500 Q and already had arrays of four resonators), which motivates the work in Chapter 4

on handling the multiple resonators.

In contrast, a device with two routing layers (driven by through field excitation, TFE) would
have high Cj density because the finger designs are wider for maximizing through field excitation
and because the capacitance would be dominated by the thickness of the LN film. The capacitance
density increases by approximately an order of magnitude according to parallel-plate capacitance
estimates (Cyp of individual devices would be on the order of 1 pF for the TFE devices as compared
to the approximately 100 fF for the LFE devices for the same resonator width and length), so
reaching 50 € termination (Cyp on the order of 10 pF) would require fewer than ten TFE devices in
parallel. This Cy benefit has the most benefit at lower frequencies because Cy scales inversely with

frequency for a given termination impedance.

An additional benefit of two routing layers is the suppression of asymmetric wave modes [28].
The development of a LN microresonator with two routing layers could have adequate geome-
try parameters to address the spurs due to dispersion in Chapter 5; future work would focus on

optimizing the electrodes of the bottom routing layer to suppress the unwanted vibrational modes.

Combined with the frequency scaling (increasing the f;), one potential challenge for the de-
velopment of a two routing layer resonator is the electrode thickness. As the LN layer becomes
thinner when the frequency increases, the mass loading due to the electrodes will increase. The
designer could exploit the mass loading to suppress spurious modes due to acoustic energy leakage

out of the resonator body [33].
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6.1.3 Investigation of undercut LN film effects

In addition to simulations in Section 4.3 with double resonators with shared pits, several addi-
tional simulations were performed keeping the etch pit the same size but using only one resonator.

This is illustrated in Figure 6.1 with the key parameter (pit opening width) labeled.

x1074 %1077

Figure 6.1: COMSOL geometry for single resonator placed in widened pit. In this case, the
pit width (marked) corresponds to a pit the same size as the one used in the 72 um spaced
resonators in Figure 4.4.

The results of the simulation are shown in Figure 6.2 for the “default” pit width (18 pum), the
pit width corresponding to the overall etch opening for the double resonators with 72 um center-to-
center spacing (54 um pit width), and the pit width corresponding to the overall etch opening for
the double resonators with 90 um center-to-center spacing (63 um pit width). The key observation
is that the peak of the resonance changes with the width of the pit, with varying Q and shape.

It is hypothesized that the geometry of the undercut LN film can be optimized to sharpen the

peak of the resonator as well as to reduce the spurs in the frequency response, at least to the
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Figure 6.2: COMSOL 3D simulations of a single resonator with varying pit widths. Dash:
“default” pit width of 18 pum, solid: pit width 54 um (corresponding to the overall etch opening
for the double resonators with 72 um center-to-center spacing), dot-dash: pit width 63 pum (cor-
responding to the overall etch opening for the double resonators with 90 um center-to-center
spacing). The ring around the resonator is subject to PML and Fixed Constraint boundary
conditions as done in Section 4.3.

extent that the Fixed Constraint approximates the anchoring of the LN by the silicon underneath.
A study on this effect would augment the transmission line model in [34]. A similar study has
been performed in aluminum nitride [32], where the release area was pre-patterned in an attempt
to reduce the interaction between resonator and silicon. A future study could better characterize
the effect of anchor distance (undercut radius) and etch pit width upon the quality factor and spurs

in LN microresonators.

6.1.4 Switching networks

To build a bridge between individual filters and filter banks, an efficient network is desired to
connect and select the filters. This can be achieved using a switching network or manifold.
A switching network was illustrated in the introduction chapter (Figure 1.1a), using a single-

pole-N-throw switch to connect N parallel filters. A potential limitation for this idea is the parasitic
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capacitance to ground at the ports of each switch; for large N, the sum of the parasitic capacitance
could load the input and output of the filter bank and compromise its insertion loss by introduc-
ing ripple (similar to the effect of the outer parasitic capacitance for tuning the bandpass filter in

Chapter 3).

A more elegant solution might be found in the form of switchless filter banks, introduced as
“intrinsically switched” filter banks by Guyette [7, 8, 21]. The idea is to move the switching mech-
anism to within the individual filters, thus reducing the loading on the input of the filter bank.
The filter topologies in the intrinsically switched filter banks have controlled coupling between the
resonators (unlike in Chapter 2, they are not directly coupled). Controlling the coupling (mag-
nitude and phase of the connection between the resonators) allows control over the configuration
of the filter bank without using switches, including selecting the filter band, bandwidth, and even
inserting notches into bandpass filters. The existing work uses electromagnetic resonators with
microstrip routing, where the coupling is controlled by tuning the electric field distribution. As
noted in the Introduction, electromagnetic resonators are large for the GHz frequencies of interest,

so being able to use LN resonators would confer a size benefit.

To adapt these intrinsic switching techniques to LN microresonator filters, methods of con-
trollable coupling would need to be developed. Whereas in microstrip resonators, the coupling is
readily tunable by using varactors to control the electric field distribution, the coupling to the mi-
croresonators of this thesis is less obvious. Indeed, in Chapter 3, the coupling between resonators

in the notch filter was an external IT network — not an elegant integrated solution.

A potential path to explore is the idea of toggling the drive on the resonator electrodes. For
example, a network of switches as shown in Figure 6.3a can control a resonator with four terminal
electrodes. Toggling switches S13/S24 and S14/S23 can turn the resonance on and off, effectively
switching the motional (R,,, L, and C,,) branch of the MBVD model on and off (leaving just Cy

in the “off” state at the frequency of interest). The admittance is simulated using the Mason model
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[35] of a normalized resonator and the results are shown in Figure 6.3b. This multiport switching
idea, along with other ways to exploit driving multiple terminals, could enable control of the cou-
pling to resonance at the resonator level, with the potential to reduce the parasitic capacitance at
the filter bank input and output. This research direction would also need to address how to handle

the “off”-state capacitance (Cp) of the resonators.

Electrodes
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Figure 6.3: Potential “intrinsic” switching topology to turn resonance on and off. (a) topology
and illustration of electrode allocation, (b) simulated admittance with the electrodes driven in
phase (S13 and S24 on, S14 and S23 off) and out-of-phase (S13 and S24 off, S14 and S23 on),
showing switching of the resonance (motional branch of the MBVD model) on and off in the
frequency of interest.

6.1.5 Integration with CMOS

At the time of publication of this thesis, the LN devices are prepared on one chip and the
electronics (switches, non-resonator filter components) on a separate sample; the two are then
wirebonded together. This level integration is appropriate for the demonstrations in this thesis
work, but might not be compact or robust enough for the final application in handheld devices.

A development that would advance integration is to engineer flip-chip bonding of the LN and

CMOS samples. This effort would involve developing an encapsulation structure to protect the
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resonators [36, 37]. The parasitic capacitance of the bump pads would need careful consideration,
similar to the analysis in Chapter 3 and Chapter 4. The reward of successful flip-chip bonding
is access to CMOS and CMOS-MEMS components for networks that might be too intricate for
wirebonding, such as large switch networks.

Further integration could be pursued to monolithically combine both the filters and the CMOS
on a single chip, reducing the parasitics and size of the system. Initial efforts using aluminum ni-
tride have successfully integrated four coupled ladder filters with a single-pole-four-throw CMOS
switch network monolithically [38]. A fundamental challenge of integrating the LN material would

be the method to deposit or attach crystalline LN at the desired orientation upon the CMOS.

6.1.6 Optimization for reconfiguration control

A reconfigurable filter bank is most useful if it can be reprogrammed automatically and spon-
taneously in order to quickly shield against interference. In the envisioned radio application, the
filter bank would be used in an RF receiver front-end along with variable amplifiers, resulting in
many variables that can be controlled. Efficient optimization (against power and noise specifica-
tions) of the variables is an ongoing effort [39] that is critical for the use of the filter banks in

varying spectral environments.
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Appendix A

Definitions and models

A.1 Acronyms and abbreviations

LN: Lithium niobate, or LiNbO3, the piezoelectric material used for resonators in this work.

IL: Insertion loss (of a filter), defined as the |Sy;| of the passband. Lower IL is better.

OBR: Out-of-band rejection (of a passband filter), defined as the highest |S;| in the stopband.
For single-sideband filters, this can be divided into upper- and lower-sideband OBRs.

FBW: Fractional (3 dB) bandwidth of a bandpass filter, defined as {;f;Tfi where f}, is the upper

3 dB cutoff frequency and f; is the lower 3 dB cutoff frequency.

FEA: Finite-element analysis.

S0: Lowest-order symmetric mode of acoustic vibration on a plate, with an extensional dis-
placement profile.

AO0: Lowest-order asymmetric mode of acoustic vibration on a plate, with a flexural displace-
ment profile.

SHO: Lowest-order shear mode of acoustic vibration on a plate, with a displacement profile

that shears periodically in the length axis of the resonator.
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A.2 Resonator geometry parameters

An image of a canonical resonator is annotated with geometry parameters in Figure A.1. The
edges of the image (marked by diagonal lines) are undercut LN film. The width of the resonator
body is Lyy = 2L, + G+ Ly and the width of the body is Wiy = (N — 1)P, where Ny is the total

number of fingers.

. o

Figure A.1: Image of resonator annotated with geometry parameters. The edges of the image
(marked by diagonal lines) are undercut LN film.
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A.3 Modified Butterworth-Van-Dyke (MBVD) model

The Modified Butterworth-Van-Dyke (MBVD) model describes a spur-free resonator with one

series resonance and one antiresonance, with parameters to describe the resonator size, electrome-

chanical coupling, and losses.

The MBVD circuit schematic is shown in Figure A.2a and the frequency response of its ad-

mittance is shown in Figure A.2b. Note that the MBVD model does not capture the behavior of

spurs.
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Figure A.2: Modified Butterworth-Van-Dyke model (a) schematic and (b) frequency response
of the admittance magnitude and phase.

The equations relating the K,Z, 0, Cp, and fy set of parameters to the Cp,, R,,, Co, and L,, set of

parameters are
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8

Co = —Co? (A1)
T
2] 1 1 21 f,L,

R, - & L _ sk (A2)
8 2nf,Co K2Q  27f,CnQ Q
2 1 1

Ly = = (A3)

8 2nf)2Cok?  (21f,)%C

Typically one uses the Ktz, 0, Cy, and f; set when analyzing measurements and discussing
resonator performance, and the C,,, R, Co, and L,, set when conducting circuit design. In both
cases, the Ry and Ry are typically extracted from measurement.

A least-squares fitting is employed to obtain fit MBVD model parameters to the measurement.
Priority weighting is given to the regions of resonance and antiresonance. The algorithm can be

described as:

1. Calculate f; by finding the frequency at which the |Y| is maximum. Calculate f, by finding

the frequency at which the |Y| is minimum, or from manual override.

2. Considering only the regions immediately around the resonance and antiresonance (in code,

floloto flohi and fhilo to fhihi), use least-squares fit to get K,2 and an initial Q.

3. Smooth the area outside resonance (here, the area 1x the frequency spacing between the
resonance and antiresonance is smoothed, from f; — (f, — fs) to f, + (fp — f5)). Combine

this with the measured data inside the resonance region (forming ycomb).

4. Perform least-squares fit on the combined (smoothed outside resonance) curve to get Cy, R;,

Ry (denoted in the code as Rp)
5. Re-fit for Q using the regions immediately around the resonance and antiresonance.

Several heuristics are used:
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Unit sizes are scaled to powers that keep the values in the range of 10-1000 to avoid error
due to too much numerical dynamic range. Within the calculations, admittance is in dBS and
degrees, frequency in MHz, capacitance in fF, and K? in percent. (These are converted back
to complex siemens, Hz, F, and decimal, respectively, for the output). This scaling should

be reviewed when adapting this code to resonators of very different frequency or size.

The regions immediately near the resonance are assumed to be about 1/10 the distance be-

tween fs and f),; this has provided a sufficient number of data points while excluding spurs.

There is an option in the code to manually enter the antiresonance frequency in Hz. This is

because some measurements have spurs that are deeper than the antiresonance.

The Q may be over-estimated; it is recommended that the user check carefully to make sure

the Q is acceptable (that the peak amplitudes match and peak phase slopes match).

The Ry may be too high in the fitting, which optimizes to the measured frequency response

without regard to the actual electrical resistance of the electrodes.

The last point (about R, being too high) introduces the question of whether there is a way to

force the R; to be a physical value (corresponding to the measured resistance of the series routing,

for instance) without impacting the fit of the model. Because the MBVD model resembles R and

R,, in series at resonance (neglecting Cy because the high KIZQ means its admittance will be lower

than that of R,;)), Ry and Q may be traded off as long as

R+ R,, = Constant. (A4

R,, is inversely related to Q by (A.2), so R, can inversely trade off with Q. As an example, the

MBYVD fitting for the resonator in Figure 2.21b (parameters listed in Table 2.2) have Ry = 55.6 Q.

This is an unphysical value, as sheet resistance measurements (0.587 Q/square) suggest that Ry =
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2.3 Q. Figure A.3 shows that using Equation (A.4) does not significantly change the MBVD trace,
while allowing for a more physical R than from fitting to just the frequency response measurement.
Therefore, the user of the fitting code is advised to check the R; and make adjustments to O, using

Equation (A.4), accordingly.

The two models are nearly
* jdentical at resonance

=37+
—>

8-38

|Yre | (dBS)

-39 1

-40

8 -60 iy 0 — Measurement

— — Model, R, = 18.67 Q (Q = 986), R, =55.59 Q

>_§ -70 — Model, R, =71.96 Q (Q =256), R,=2.3Q

= 80 (2.3 Q is the physical value of R based on sheet
i resistance)
-90

470 480 490 500 510 520
Frequency (MHz)
Figure A.3: Example of trading off Q and R, in the MBVD model, where the model is not
very sensitive to the tradeoff. The gray trace is the model as fitted by the fitting code, while the
black trace is the model when forced to an Ry — 2.3 Q as calculated from sheet resistance mea-

surements. Equation (A.4) can be used to manually override R; if the fitted model exaggerates
its value.

The least-squares fitting code is included as follows:

function [fs, kt2, CO, Q,Rs,Rp,ycomb] = fitBVDv5 (freq,yres, fpHz)
% Least-squares fit to Modified Butterworth-Van-Dyke model

% Sean Yen

% Inputs:

o\

freq: array of frequencies

yres: resonator admittance (real+imaginary) evaluated at frequencies in
freq

fpHz: manual override of antiresonance frequency in Hz

o® o° o o

o\

Outputs:
fs: series-resonance frequency of the resonator (Hz)
kt2: kt2 of the resonator (decimal)

o\

o°
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A.3 Modified Butterworth-Van-Dyke (MBVD) model

CO:
Q:
Rs:
Rp
ycomb

o o° o o o

Cco
Se

of the resonator (F)

ries unloaded Q of the resonator (unitless)

resistance in series with resonator impedance
(AKA RO):

resistance in series with CO0 in the CO branch
admittance response used for fitting smoothed outside resonance

yres=squeeze (yres);

% Find the resonance
[~,fsi] = max(abs(yres));
[~,fpi] = min(abs(yres(fsi:end)));
5| fpi = fpit+fsi-1;
fs = freqg(fsi);
fp = freq(fpi);
if nargin == 3 % Manual override of fp
fpitemp = freg>fpHz;
fpitemp = diff (fpitemp);
fpi = find(fpitemp);
fp = freq(fpi);
end

% frequency band 2*(fs-fp) away from series and anti resonances
flowi fsi-round (1* (fpi-fsi));
fhii fpi+tround (1* (fpi-£fsi));

[)

$ frequency band for resonance and antiresonance

flolo = fsi-round (0.1* (fpi-fsi));
flohi = fsit+round (0.1* (fpi-fsi));
fhilo = fpi-round(0.1* (fpi-fsi));
fhihi = fpi+round(0.1* (fpi-£fsi));
fregbandi= [flolo:flohi fhilo:fhihi];

fregband=freq(fregbandi);

% Smooth data outside of band to get reduce spurs
ysmooth smooth (yres, round (length (freq) /10),"'rloess’);

% Combine the smoothed out-of-band data with in-band raw data
ycomb [ysmooth (1:flowi-1); yres(flowi:fhii-1); ysmooth(fhii:end)];

[}

% Calculate initial parameters
fsMHz=fs/10"6;

kt2 = (1- (fs/fp)"2)*100; % approximate initial kt2

COfF = 1imag(ysmooth(l))/(2*pi*freq(l))*10"15; % approximate initial COfF
Rm = 1/real(yres(fsi))

Q = 1/(2*pi*fs* COfF*107-15 * 8/pi”2 * kt2 * Rm);

Rs = 0;

Rp = 0;

bvdfitted = [fsMHz, kt2, COfF, Q,Rs,Rpl;
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65| fs=fs/10"6;
bvdfitted=bvdfitted (2:end);
67
Fit to both resonances (in range of "fregbandi") ONLY
kt2 = bvdfitted(1l);

COfF = bvdfitted (2);

Q = bvdfitted (3);

Rs = bvdfitted (4);

Rp = bvdfitted (5);

o o

69

71

o° o° o o°

73

75| Yresfs = @(bvdfitted,f) [20*1ogl0(abs( 1./(bvdfitted(4) + 1 ./ ( 1./(1./(1i*2*
pi*f*bvdfitted (2)*107-15) + bvdfitted(5)) + 1./( 1/( (2*pi*fs*1076)"2 * 8/
pi*2*bvdfitted (2) *10"-15*bvdfitted (1) /100 )*2*pi*fs*1076/bvdfitted(3) + 11i
¥2*pi*f*1/( (2*pi*fs*1076) "2 * 8/pi”2*bvdfitted (2)*10"-15*bvdfitted (1) /100
) + 1./ (1li*2*pi*f*8/pi~2*bvdfitted(2)*10"-15*bvdfitted (1) /100) ) )) ))

180/pi*unwrap (angle (1./ (bvdfitted(4) + 1 ./ ( 1./(1./(li*2*pi*f*bvdfitted

(2)*107-15) + bvdfitted(5)) + 1./( 1/( (2*pi*fs*1076)"2 * 8/pi~2*bvdfitted
(2)*10"-15*bvdfitted (1) /100 )*2*pi*fs*1076/bvdfitted (3) + 1i*2*pi*f*1/( (2
*pi*fs*1076) "2 * 8/pi”2*bvdfitted (2)*10"-15*bvdfitted (1) /100 ) + 1./(1i*2*

pi*f*8/pit2*bvdfitted (2)*10"-15*bvdfitted (1) /100) ) ) ) )) 1;
Ydata = [20*10gl0 (abs (ycomb (fregbandi))) 180/pi*unwrap (angle (ycomb (fregbandi))
)13
771 [bvdfitted, resnorm] = lsqcurvefit (Yresfs,bvdfitted, fregband, Ydata, zeros (size (

bvdfitted)),lel0*ones (size (bvdfitted)));

791 % Keep kt2, and Q; then fit to whole curve
kt2=bvdfitted (1) ;
si{Q=bvdfitted (3);
bvdfitted=[bvdfitted (2) bvdfitted (4:end)];
83
% Fitting to whole curve (smoothed outside resonance)
g5| Zresfskt2Q = @ (bvdfitted,f) [20*1ogl0 (abs (bvdfitted(2) + 1 ./ ( 1./(l./(li*2*
pi*f*bvdfitted (1) *107-15) + bvdfitted(3)) + 1./( 1/( (2*pi*fs*10"6)"2 * 8/
pit2*bvdfitted (1) *107-15*kt2/100 )*2*pi*fs*10"6/Q + 1i*2*pi*f*1/( (2*pi*fs
*1076) "2 * 8/pi”2*bvdfitted (1) *107-15*kt2/100 ) + 1./ (li*2*pi*f*8/pi~2*
bvdfitted (1) *107-15*kt2/100) ) ))) 180/pi*unwrap (angle (bvdfitted(2) + 1 ./
( 1./(1./(li*2*pi*f*bvdfitted(1)*10"-15) + bvdfitted(3)) + 1./( 1/( (2*pi
*fs*1076) "2 * 8/pi~2*bvdfitted (1) *107-15*kt2/100 )*2*pi*fs*1076/Q + 1i*2*
pi*f*1/( (2*pi*fs*1076) "2 * 8/pi~2*bvdfitted(1)*10"-15*kt2/100 ) + 1./(1li*

2*pi*f*8/pit2*bvdfitted (1) *10"-15*kt2/100) ) ))) 1;
Zdata = [20*1ogl0(abs(l./ycomb)) 180/pi*unwrap (angle (1./ycomb))];
871 [bvdfitted, resnorm] = lsqcurvefit (Zresfskt2Q,bvdfitted, freq, Zdata, zeros (size(

bvdfitted)),lel0*ones (size (bvdfitted)));

so| COfF = bvdfitted (1) ;
Rs = bvdfitted (2);
9ot Rp = bvdfitted (3);

93/ % Re-fit the Q given the Rs and Rp
bvdfitted = Q;
95| Yresfskt2QCO0RsRp = @ (bvdfitted,f) [20*1logl0(abs(l./(Rs + 1 ./ ( 1./(1./(1i*2*
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pi*f*COfF*107-15) + Rp) + 1./( 1/( (2*pi*fs*1076)"2 * 8/pi”2*COfF*10"-15*
kt2/100 )*2*pi*fs*1076/bvdfitted (1) + 1i*2*pi*f*1/( (2*pi*fs*1076)"2 * 8/
pit2*COfF*107-15*kt2/100 ) + 1./ (li*2*pi*f*8/pi"2*COfF*10"-15*kt2/100) ) )
))) 180/pi*unwrap (angle(l1./(Rs + 1 ./ ( 1./(1./(1i*2*pi*f*COfF*10~-15) +

Rp) + 1./( 1/( (2*pi*fs*107%6)"2 * 8/pi”2*COfF*10"-15*kt2/100 )*2*pi*fs*
1076/bvdfitted (1) + 1i*2*pi*f*1/( (2*pi*fs*1076)"2 * 8/pi”2*COfF*10"-15%*
kt2/100 ) + 1./ (1i*2*pi*f*8/pi”2*COfF*107-15*kt2/100) ) ) ))) 1;

Ydata = [20*10gl0 (abs (ycomb (fregbandi))) 180/pi*unwrap (angle (ycomb (fregbandi))
)15

971 [bvdfitted, resnorm] = lsqgcurvefit (Yresfskt2QCORsRp,bvdfitted, fregband, Ydata,
zeros (size (bvdfitted)),lel0O*ones (size (bvdfitted)));

Q = bvdfitted(1);

99

fs=£fs*10"6;

01| kt2=kt2/100;

C0 = COfF*10"-15;

A4 K?vs. k?

In order to make fair comparisons, one must distinguish between upper-case K> and lower-case
k2, both expressing electromechanical coupling. The literature can be unclear or use the definitions

interchangeably, so use caution when reading! The following definitions are used in this thesis:

Upper-case K? is the definition used by the acoustic community [12]. It is defined as

» TG ()
K = =3 (fs) 1. (A.5)

The capacitances Cy and C,, represent the static and motional capacitances, respectively, in the

MBYVD model, while f; and f), are the resonance and antiresonance frequencies, respectively.

Lower-case k,z, defined by IEEE Standard 176-1987, is given by

s nf (Tl h
ki = 27, tan(2 7, ) (A.6)

The two definitions are approximately related as
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k

~ —. A7
e (A7)

146



Appendix B

RF measurement

B.1 RF Probe Station setup

The RF measurements for the resonators and bandpass filters are performed using an RF net-
work analyzer with a probe station (for the resonators and bandpass filters) or SMA connectors
(for the notch filter). The probes used are PicoProbe Model 40A GSG 150 RF probes (PicoProbe

by GGB Industries, Naples, Florida, USA) with 150 um pitch.

B.2 Network analyzer setup

A vector network analyzer (VNA) is used to take the RF measurements. The Agilent (now
Keysight Technologies, Santa Rosa, California, USA) N5230A VNA is used for the resonator and
bandpass filter measurements, and the Agilent E§358 A VNA is used for the notch filter measure-
ments.

Calibration is performed using short-open-load-thru (SOLT) calibration with calibration sub-
strates from the probe manufacturer for the probed setups (for resonators and bandpass filters) and

using the LCALO6A SMA SOLT calibration kit (LiConn, Inc., Arden Hills, Minnesota, USA) for
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connectorized measurements (for the notch filter).

The settings for all measurements in this work are at least 6401 frequency points linearly
spaced, IF bandwidth at most 100 Hz (lower IF bandwidth reduces noise in the measurement),
power at most -10 dBm, and no averaging or smoothing.

Files are stored as S-parameters in real/imaginary TouchStone format (. s2p file extension) and

can be processed using Matlab.

B.3 Deembedding procedures

In this work, open deembedding is used to remove parasitic capacitance due to test structures
that would be minimized in a final application, such as probe pads.

The model for the parasitic elements is a IT network as shown in Figure B.1. These elements
can be isolated in measurement by creating an “open” structure corresponding to Figure B.2. This
usually means leaving the routing and release holes to the DUT intact, but removing the electrodes
from where the DUT usually would be located. It is important to leave the etch release holes intact

in order to estimate the parasitic admittance correctly.

Ys

ypl DUT sz

(o]
o

Figure B.1: Model of embedding network assumed during open deembedding. The “DUT” is
the device under test, whose network parameters are desired.

The embedding parameters can be obtained by applying the definition of Y-parameters upon
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Ys

ypl

yp2

(o)

(o]

Figure B.2: Schematic of “open” structure to isolate embedding network assumed during open

deembedding.

the measurement. The embedding parameters are

Yp1

Yp2

_Y21,open
Yll,open — Vs
Y22,open — Vs

(B.1)
(B.2)

(B.3)

where y11 opens ¥22,0pen> and Y12 open are the measured Y-parameters of the deembedding structure

(modeled by Figure B.2). Measured Y-parameters can be obtained from measured S-parameters

using the conversion s2y in Matlab.

The deembedding step refers to subtracting the embedding parameters (ys, yp1, and y,2) from

the measurement (y,eqs) to obtain the network parameters for only the device under test (DUT).

The equations to do this are

Yii.pur
Y pur
Y21.0uT

Yi2pur

Y11,meas — Yp1 — Vs
Y22 meas — Yp2 — Vs
Y21,meas + s
Y12 meas + Ys-
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The Ypyr parameters can be converted back to S-parameters using s2y.
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Appendix C

COMSOL FEA simulation setups

This appendix contains the COMSOL model files in .m format, showing the setup of key sim-

ulations.

C.1 2D simulation

This simulation gives information to estimate the behavior of K? and spurs due to 1D cavity

modes. Wbloat is equivalent to W, in this work.

function out = model

resonator2dLNx60_even_electrode_share.m

o o o° o

Model exported on May 26 2016, 17:43 by COMSOL 5.1.0.145.

import com.comsol.model.*
import com.comsol.model.util.*

model = ModelUtil.create (’'Model’);

model .modelPath ('’ /afs/ece.cmu.edu/usr/syen/Private/FP2 system simulations/
gratings’);

model.label (' resonator2dLNx60-even-electrode-share.mph’);
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60

C. COMSOL FEA SIMULATION SETUPS

model.comments ([

"1);

"LNSi03X-cutw2s2-weighted500M-tapeout -N2lextend-DChbiasExpt\n\n

model .param.set (' Wf’ 2", '"Width of inner fingers’);

model.param.set (' 6", '"Pitch of electrodes’);

model .param.set (' Wfout’ 17, 'Width of outer fingers’);

model .param.set (' TLN’, '1’, ’'Thickness of LN’);

model.param.set (' Nmid’, ’8’, ’'Number of middle fingers’);

model.param.set ('WLN’, 'P*(Nmid+1l)’, ’'Width of LN body’);

model.param.set ('WPTX’, "0.75’, 'Width of bottom Pt ledge’);

model .param.set ("WPT’, 'WLN+2*WPTX’, ’'Width of bottom Pt’);

model.param.set (' Xleft’, '-WLN/2+(P-Wf)/2+P/2', ’'X-location of leftmost middle

finger’);

model.param.set (' TPT’, '0.09’, ’'Thickness of Pt bottom electrode’);

model .param.set (' TAL’, '0.17, ’'Thickness of Al electrode’);

model .param.set (' TALOX', '0.04’, ’"Thickness of A1203 coating’);

model .param.set (' Wmis’, '0’, ’'Misalignment amount (Wmis>0, Wmis - Wbloat <
Wfout) ") ;

model.param.set (' Wbloat’, '0’, ’'LN bloat amount (symmetric, can be negative,
but Wmis - Wbloat < Wfout)');

model .modelNode.create ('modl’);

model.modelNode ("modl’) .label ('Model 17);

model .modelNode ('modl’) .definelLocalCoord(false);

model.file.clear;

model .geom.create (' geoml’, 2);

model .mesh.create ('meshl’, "geoml’);

model .geom (' geoml’).lengthUnit ([native2unicode (hex2dec ({’00" "b5"}), 'unicode’
) 'm"1);

model.geom ('’ geoml’).create('rl’, ’'Rectangle’);

model.geom ('’ geoml’).feature(’'rl’).label ("LN body’);

model .geom (' geoml’).feature('rl’).set (’'size’, {’'WLN+Wbloat*2’ ’'TLN'});

model.geom (' geoml’) .feature('rl’).set ('pos’, {’'-WLN/2-Wbloat’ "0"});

model.geom ('’ geoml’).create('r2’, ’'Rectangle’);

model .geom (' geoml’).feature('r2’).active(false);

model.geom (' geoml’).feature (’ r2’) label (Pt bottom electrode’);

model.geom (' geoml’).feature (’ ") .set ("size’, {'WPT’ ’"TPT'});

model.geom (' geoml’) .feature(’'r2’").set ('pos’, {’'-WPT/2' '"-TPT'});

model .geom (' geoml’) .create('r3’, ’'Rectangle’);

model .geom (' geoml’).feature (' r3’).label ('Leftmost middle finger Al');

model .geom (' geoml’).feature (' r3’).set('size’, {'WE’" "TAL'});

model .geom (' geoml’ ) .feature (' r3’).set ('pos’, {’'Xleft-Wmis’ ’'TLN’});

model.geom (' geoml’) .create (' rd’ "Rectangle’);

model .geom (' geoml’ ) .feature('rd’) .active(false);

model.geom ('’ geoml’).feature('rd4’).label ("A1203 top of finger’);

model .geom (' geoml’ ) .feature ('rd’).set ('size’, {'WEf’ "TALOX'});
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66

68

70

74

76

78

84

86

88

90

92

94

96

98

100

102

104

C.1 2D simulation

model.
model.
model.
model.
model.
model.
model.geom
model.geom
model.geom
model.geom
model.geom
model.geom
model.geom
model.geom
)i
model.
model.geom
model.geom
model.geom
model.geom
")
model.geom
model.geom
model .geom
model.geom
model .geom
aF
model.geom
model.geom
model.geom
model.geom
model .geom
model.geom
model.geom
model.geom
model.geom
model.geom
TAL" });
model
1)
model
model
model
")
model .geom
model.geom
model.geom
model.geom
model

geom
geom
geom
geom
geom
geom

geom

model .geom (' geoml’).feature('rll’) .set ('size’,

(
(
(
(
(
(
(
(
(
(
(
(
(
(

(
(
(
(
(

(
(
(
(
(

(
(
(
(
(
(
(
(
(
(

(
(
(
(

"geoml’

"geoml
"geoml’
"geoml’
"geoml’
"geoml’
"geoml’
"geoml’
"geoml’
"geoml’
"geoml’
"geoml
geoml
"geoml’

4

4

’ r

"geoml’
"geoml’
geoml’
"geoml’
"geoml’

’

"geoml’
"geoml
"geoml’
"geoml’
"geoml’

4

"geoml’

"geoml
"geoml’
"geoml’
"geoml’
"geoml’
"geoml’
"geoml’
"geoml’
"geoml’

4

"geoml’

"geoml’
"geoml’
"geoml’

) .
).
).
).
).
) .
) .
).
).
).
) .
) .
).
).

).
) .
).
).
).

) .
) .
).
).
).

) .
).
).
).
).
) .
).
).
).
).

.geom (" geoml’) .

.geom (" geoml’) .
.geom (' geoml’) .
.geom (" geoml’) .

).
).
).
).

.geom (" geoml’) .

feature ('rd’).

create ('r5’,
feature
feature
feature
feature (' r5’
create ('
feature
feature
feature
feature
create('r7'",

r

(
( 4
(

’

("r
("r
("r
("r

feature ("r7’).
feature('r7").

feature ('r77).
feature('r7").

create ('r8’,

feature ("r87).
feature ('r87).

feature ('r8’).
feature ('r8").
create ('unil’,
feature (‘unil’
feature ("unil’

feature ("unil’
feature ("unil’
create ("arrl’,

set ("pos’, {'Xleft’ "TLN+TAL’'});
Rectangle’);

.active (false);

.label ("A1203 left of finger’);
.set (’'size’, {'(P-Wf) /2" 'TALOX'});
.set ("pos’, {’'Xleft-(P-Wf)/2'
Rectangle’);

.active (false);

.label ("A1203 right of finger’);

.set ("size’, {'(P-WEf) /2" "TALOX'});

.set ("pos’, {'Xleft+Wf’ "TLN'});
"Rectangle’);

active (false);

label ("A1203 left of finger conformal ledge’

’

"TLN"});

set (size’, {’'TALOX' 'TAL'});

set ("pos’, {'Xleft-TALOX’ 'TLN+TALOX'});
Rectangle’);

active (false);

label ("A1203 right of finger conformal ledge

’

set ('size’,

set (' pos’,
"Union');
) .active (false);

) .label ("A1203 union over left middle finger

{" TALOX" '"TAL"});
{"Xleft+Wf’ ’'TLN+TALOX'});

) .set ("intbnd’, false);
) .selection (/" input’) .set ({});
"Array’);

feature ("arrl’).label ('Middle finger array’);
feature ("arrl’).set (’displ’, {'P" "0"});
feature ("arrl’) .set (’'size’, {’'Nmid’ "1’

feature ("arrl’

create ('r9’,

feature ('r97’).
feature ('r9’).

feature ('r9’).

create ('rl0’

’

)i
) .selection (/" input’).set ({'r3"});
"Rectangle’);
label ("Left reflector finger’);
set ("size’, {’'Wfout+min (-Wmis+Wbloat,0)" '
"TLN'

set ("pos’, {’'-WLN/2-min (Wmis, Wbloat)’

"Rectangle’);

feature ("rl10’).active(false);
feature ('r10’).label ('A1203 right of left reflector finger

feature ("r10’).set ('size’,
feature ('rl0’) .set ('pos’,

create ("rl1l’

14

{"P/2-Wfout’ ’'TALOX'});
{"-WLN/2+Wfout’ 'TLN'});
"Rectangle’);

feature ('rll’) .active(false);
feature ('rl1l1’).label ("A1203 right of left reflector finger
conformal ledge’);

{" TALOX’" '"TAL'});
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C. COMSOL FEA SIMULATION SETUPS

model .geom (' geoml’) .
model.geom ('’ geoml’).create(’'r12’, ’'Rectangle’);
model.geom ('’ geoml’).feature('rl2’).active(false);
model.geom (' geoml’) .

7
model.geom
model.geom
model.geom

feature ('rl12’).set ('size’, {’Wfout’ ’"TALOX'});
feature ('rl12’).set ('pos’, {’'-WLN/2’ ’TLN+TAL'});
create ('uni2’, ’'Union’);

geoml’
geoml’
geoml’

2imodel .geom (' geoml’).feature ('uni2’).active (false);
feature ("uni2’) .label ("A1203 union over Left reflector’);
model.geom (' geoml’ feature ("uni2’) .set ("intbnd’, false);
).

feature ("uni2’ selection (" input’) .set ({});
create('rl13’, ’'Rectangle’);

feature ('r13’).label ('right reflector finger’);
feature ("rl13’).set ("size’, {’'Wfout+min (0, Wmis+Wbloat)"’

model.geom
model.geom
model.geom
model.geom

TAL" });
model.geom
model.geom
model.geom
model.geom (' geoml’

geoml’
geoml’
geoml’

(I

(I

(I

(I
model.geom (' geoml’

(I

(I

(I

(I

("geoml’

) .
) .
).
).
).
) .
) .
).
).
).

(' feature ('r13’).set ('pos’, {'WLN/2-Wfout-Wmis’ 'TLN'});
(' create('mirl’, ’'Mirror’);
(' feature ('mirl’) .active (false);
(' feature ('mirl’) .set ('"keep’, true);
model.geom (' geoml’ feature ('mirl’).selection(’input’).set ({'r9"1});
model .geom ('’ geoml’ create ("uni3’, ’'Union’);
EI
(I
(I
(I
("

geoml’ ).
) .
).
).
).
).

geoml’ ) .feature
).
).
).
).
) .

geoml’
geoml’

model . geom ("uni3’) .active (false);

model .geom (' geoml’).feature ('uni3’).label ('Union of all A1203");
model.geom (' geoml’ feature ("uni3’) .set ("intbnd’, false);

model .geom (' geoml’).feature ('uni3’).selection(’input’).set ({});
model.geom (' geoml’) .run;

model.geom (' geoml’ run (' fin’);
model.variable.create ('varl’);
model.variable ('varl’) .model ('modl’);
model.variable ('varl’).set ('I_piezo’, ’'intopl(-es.Dx*nx-es.Dy*ny)*2*pi*freq*j*
intopl (es.d)/intopl (1)');
model.variable (
YI117);

model.view.create ('view2’, 2);

model .material.create('mat2’, ’'Common’, ’'modl’);

model .material.create ('matl10’, ’Common’, ’'modl’);

model .material.create('mat9’, ’'Common’, ’'modl’);

model .material.create ('mat7’, 'Common’, ’'modl’);

model .material.create ('mat8’, 'Common’, ’'modl’);

model .material ("mat2’).selection.set ([]);

model .material ("mat2’) .propertyGroup.create ('Enu’, ’Young’’s modulus and
Poisson’’s ratio’);

model .material ("mat2’) .propertyGroup.create (’ StressCharge’, ’Stress-charge
form”);

model .material (‘matl0’).propertyGroup.create(’Enu’, ’'Young’’s modulus and
Poisson’’s ratio’);

model .material ("mat9’).selection.set ([2 3 4 5 6 7 8 9 10 11]);

154

feature ('rl1l1’).set ('pos’, {’'-WLN/2+Wfout’ 'TLN+TALOX'});

feature ('rl12’).label ('A1203 top of left reflector finger’)

"varl'’).set ('Y1ll_piezo’, 'I_piezo/lindev(es.V0_1)’, ’"admittance
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C.1 2D simulation

model .material ("mat9’).

Poisson’’s ratio’);

model .material (‘mat7’).
model .material (‘mat7’).

form’);

2l model ..material ('mat8’).

Poisson’’s ratio’);

model.
model.

model.

model

model.
model.
model.
model.

model

model

model.

2| model

model
model
model
model
model
model
model

model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.

model

cpl.create ('

coordSystem.
.coordSystem.
coordSystem.
coordSystem.
coordSystem.
coordSystem.
.coordSystem.
model.
model.
model.
model.

coordSystem.
coordSystem (
coordSystem ('modl_yz_sys’
coordSystem ('modl_zx_sys’
.coordSystem
model.

coordSystem

propertyGroup.create ('Enu’,

propertyGroup.create ("Enu’,

"Young’''s

selection.set ([1]);
propertyGroup.create (' StressCharge’,

"Young''s

intopl’, ’Integration’, ’'geoml’);
cpl(’intopl’) .selection.geom(’'geoml’, 1);
create ('modl_xy_sys’, 'geoml’, ’'VectorBase
create ('modl_yz_sys’, 'geoml’, ’'VectorBase
create ('modl_zx_sys’, 'geoml’, ’'VectorBase
create ('modl_yx_sys’, 'geoml’, ’'VectorBase
create ('modl_xz_sys’, 'geoml’, ’'VectorBase
create ('modl_zy_sys’, 'geoml’, ’'VectorBase
create('pmll’, ’"geoml’, ’"PML');
create ('pml2’, ’'geoml’, "PML');
"modl_xy_sys’).set ('orthonormal’, true);

) .set (" orthonormal’, true);

) .set ("orthonormal’, true);
("modl_yx_sys’).set ('orthonormal’, true);
("modl_xz_sys’).set ('orthonormal’, true);
("modl_zy_sys’).set ('orthonormal’, true);

coordSystem

.physics.create(’solid’,

.multiphysics.create ('pzel’,

"SolidMechanics’,

"PiezoelectricEffect’,

"geoml’);

155

"geoml’,

modulus and

"Stress-charge

modulus and

4 .

’
r .
’

)

)
")
).
)
)

r
r
r .

r
4

4

.physics (’solid’).field('displacement’).field('u2’);

.physics (’solid’).field(’displacement’) .component ({’u2’" 'v2’ "w2'});
.physics (’solid’).create(’pzml’, ’"PiezoelectricMaterialModel’, 2);
.physics (’solid’) .feature('pzml’).selection.set ([1]);

.physics (’solid’) .feature(’'pzml’).create(’'dmpl’, ’'Damping’, 2);
.physics.create(’es’, 'Electrostatics’, ’'geoml’);

.physics (’es’).field(’'electricpotential’).field(’'V2");

physics (’es’).create(’ccnpl’, ’'ChargeConservationPiezo’, 2);

physics (’es’).feature(’ccnpl’).selection.set ([1]);

physics (’es’).create(’gndl’, ’'Ground’, 1);

physics ('es’).feature(’gndl’).selection.set ([4 14 24 34 44]);

physics (’es’).create('terml’, 'Terminal’, 1);

physics ("es’).feature (’'terml’).selection.set ([9 19 29 39 49]);

physics ('es’).feature(’'terml’).create(’hpl’, ’'HarmonicPerturbation’, 1);
physics (’es’).create(’'potl’, "ElectricPotential’, 1);

physics (’'es’).feature(’'potl’).create(’hpl’, ’HarmonicPerturbation’, 1);
physics ('es’).feature ('potl’).feature(’'hpl’).selection.set ([]);

physics ('es’).create(’'term2’, ’'Terminal’, 1);

physics ("es’).feature (’'term2’).create(’hpl’, ’'HarmonicPerturbation’, 1);
physics (’es’).create(’fpl’, ’"FloatingPotential’, 1);

physics (’'es’).feature(’'fpl’).selection.set ([2]);

2);




C. COMSOL FEA SIMULATION SETUPS

model .mesh ('meshl’).autoMeshSize (4);
198
model.result.table.create ('tbhll’, ’'Table’);
20| model.result.table.create('evl2’, 'Table’);

202l model .probe.create (’'varl’, ’'GlobalVariable’);
model.probe ("varl’) .model ('modl’);

204

model.view ('viewl’).axis.set (’'abstractviewxscale’, 70.0029729728121310472");
06| model.view (’viewl’) .axis.set ("ymin’, " -12.147374153137207");
model.view (’'viewl’) .axis.set ('xmax’, "29.700000762939453");
08| model .view (’'viewl’) .axis.set ("abstractviewyscale’, 70.0029729728121310472");
model .view (’'viewl’).axis.set ('abstractviewbratio’, "-11.04306697845459");

( )
( )
( )
( )
( )
2ol model .view (' viewl’) .axis.set ("abstractviewtratio’, "11.04306697845459");
( )
( )
( )
( )
( )

model.view (’viewl’) .axis.set ('abstractviewrratio’, 70.050000015646219254");
22l model.view ('viewl’) .axis.set ('xmin’, " -29.700000762939453");

model.view (’'viewl’).axis.set ('abstractviewlratio’, 7 -0.050000015646219254");
24l model .view ('viewl’) .axis.set ("ymax’, "13.247374534606934");

model .view ('view2’).axis.set (’'viewscaletype’, ’'automatic’);

216

model .material ("mat2’).active (false);

sisl model .material ("mat2’).label ('S1027);

model .material ('mat2’) .propertyGroup ('def’).set(’electricconductivity’, {’0[S/
m]’” 0" 0" 0" 'O[S/m]” ’"O" 'O'" 'O'" 'O[S/m]"})

»nolmodel .material (‘mat2’) .propertyGroup ('def’).set ('thermalexpansioncoefficient’,

{"0.5e-6[1/K]" 0" 0" "0’ "0.5e-6[1/K]" 0" "0" 0" "0.5e-6[1/K]

model .material ("mat2’) .propertyGroup ('def’).set (' heatcapacity’, "730[J/(kg*K)]
")

2| model .material (‘mat2’) .propertyGroup ('def’).set (' relpermittivity’, {"4.2" "0’/
Tor O rAL2n QT TOr 0T TAL27 ) )

model .material ("mat2’) .propertyGroup

»n4fmodel .material ('mat2’). propertyGroup

/(m*K) 1" 0" 0" '0" "1.4[W/(

def’).set ('density’, "2200[kg/m"3]");
"def’).set ('thermalconductivity’, {'1.4[W
rrQroror r0r r1L4 W/ (m*KR) 1Y)

('
(
)]
model .material (‘mat2’). propertyGroup(’Enu’).set(’youngsmodulus’, "70e9([Pal’);
sl model .material ('mat2’) .propertyGroup ('Enu’) .set ('poissonsratio’, "0.177);
model .material (‘mat2’) .propertyGroup (' StressCharge’).set ('cE’, "7);
g model .material ('mat2’) .propertyGroup (' StressCharge’).set ("eES’, "'");
model .material ("mat2’) .propertyGroup (' StressCharge’) .set ("epsilonrS’, '7);
0l model .material (‘mat2’) .propertyGroup (' StressCharge’) .set ("eta_cE’, '");
model .material ('mat2’) .propertyGroup (' StressCharge’) .set ('eta_eES’, '7);
232 model .material (‘mat2’) .propertyGroup (' StressCharge’).set ("eta_epsilonS’, "');
model .material (‘mat2’) .propertyGroup (' StressCharge’).set ('cE’, {’1.27205el11" '
’

8.02122e10" 70" 71.27205el11" '0Q7

' 18.46702el107 .

24 71.17436e€117 70" 0" 0" 0" 'O’ 'O’ '0" "1.27205ell” 78.46702e10'

0" 0" 0’ "2.29886el0" "0’ ’'1.17436ell’ '0" 0’ 0" '0'

26| "12.29886e€107 70" 0" "2.29886el0’ '0" '2.34742e10"});

model .material (‘mat2’) .propertyGroup (' StressCharge’).set ("eES’, (’0" 707 70" '/
o’ ro" ro" 0" 0" o’ rof c.

370" 0" 07 70" "O" 0" 'O 'O7});

model .material ('mat2’) .propertyGroup (' StressCharge’).set ("epsilonrS’, {’

2.29886el10" '8.02122el10’ '8.46702e10" 'O
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C.1 2D simulation

1704.40" 0" 0" 0" "1704.40" 0" 0" '0" "1433.61"});

model .material ("mat2’) .propertyGroup (' StressCharge’).set ("eta_cE’, {0’ 0" '0
L A A O L O O R R Ce

"o" Q" rQr ro” ro" 0" Q0" r0” 0" 'O’

O A O A O A O | A O VA O

R R (A VA VA (RN B B

model .material (‘mat2’) .propertyGroup (' StressCharge’) .set ("eta_eES’, {07 70’
o’ ro" ro" 0" 0" r0” 0" "0’

U R R A A A R (A VA B

model .material ("mat2’) .propertyGroup (' StressCharge’).set ('eta_epsilonS’, {'0’
R R A O A O A R A VA B

model .material (‘matl0’).active(false);

model .material ('matl0’).label ("A1203 - Aluminum oxide / Aluminium oxide’);

model .material ("matl0’).propertyGroup ('def’).set ('electricconductivity’, {’0[S
/ml1” 0" 0" 0" 'O[S/m]" "0’ "O" "0’ 'O[S/m]"});

model .material (‘matl0’) .propertyGroup (’'def’).set ('thermalexpansioncoefficient’
, {'6.5e-6[1/K]" 0" 0" 0" '"6.5e-6[1/K]" 0" 0" 0" "6.5e-6[1/K]"});

model .material ('matl0’) .propertyGroup ('def’).set (’'heatcapacity’, "730[J/(kg*K)
17) 5

model .material ("matl0’) .propertyGroup ('def’).set (' relpermittivity’, {’5.7" "0’

"o Q" 5.7 0T r0 0" P50T7 )

model .material (‘matl0’).propertyGroup (’'def’).set (’'density’, "3965[kg/m"3]1");

model .material ("matl0’) .propertyGroup ('def’).set ('thermalconductivity’, {’35[W
/{m*K) 1’ 0" 07 r0" "35[W/(m*K)]" 0" '0" "0’ '35[W/(m*K)]"});

model .material ("matl0’).propertyGroup ('Enu’) .set (' youngsmodulus’, "400e9[Pa]’)

’

model.material ('matl0’) .propertyGroup ('Enu’).set ('poissonsratio’, "0.22");
model .material (‘mat9’).label (A1l - Aluminum / Aluminium’);
model .material (‘mat9’).set (/ family’, ’"aluminum’);
model .material ('mat9’) .propertyGroup ('def’).set ("electricconductivity’, {’35.5
e6[S/m]" 07" 0" 0" "35.5e6([S/m]’ 0" 0" "0’ '35.5e6[S/m]"});
model.material ('mat9’) .propertyGroup (’def’).set(’'thermalexpansioncoefficient’,
{"23.1e-6[1/K]" 0" "0" 0" "23.1le-6[1/K]" "0’ 0" '0" '23.1e-6[1/K]"});
model .material ('mat9’) .propertyGroup ('def’).set ("heatcapacity’, "904[J/(kg*K)]
")
model .material ('mat9’) .propertyGroup ('def’).set (’'density’, "2700[kg/m"3]1");
model .material ('mat9’) .propertyGroup (’'def’).set ('thermalconductivity’, {’237[W
/(m*K) 1" 0" "0’ 0" '237[W/(m*K)]’” 0" 0" '0" '"237[W/(m*K)]"});
model .material (‘mat9’) .propertyGroup ('def’).set ('relpermittivity’, {’1lell’” "0’
0" Q" "lell’” TO" 'O" 'O' 'lell’});
model .material ("mat9’) .propertyGroup ('Enu’) .set ('youngsmodulus’, ’"70.0e9[Pa]’)

r

model.material ('mat9’) .propertyGroup ('Enu’).set ("poissonsratio’, "0.35");
model .material (‘mat7’).label ('Lithium Niobate X+60UP 1');

model .material (mat7’) .propertyGroup ('def’).func.label ('Functions’);

model .material ('mat7’) .propertyGroup ('def’).set (’'density’, "4640[kg/m"3]1");
model .material (‘mat7’) .propertyGroup (' StressCharge’).func.label ('Functions’);
model .material ("mat7’) .propertyGroup (' StressCharge’).set ('cE’', "7);

model .material (‘mat7’) .propertyGroup (’ StressCharge’).set ("eES’, ''");

model .material ("mat7’) .propertyGroup (' StressCharge’) .set ("epsilonrS’, "7);
model .material (‘mat7’) .propertyGroup (' StressCharge’) .set ("eta_cE’, '');
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C. COMSOL FEA SIMULATION SETUPS

model .material ("mat7’) .propertyGroup ('’ StressCharge’) .set ("eta_eES’, '7);
276 model .material (‘mat7’) .propertyGroup (' StressCharge’) .set ('eta_epsilonS’, '');
model .material ("mat7’) .propertyGroup (' StressCharge’).set ('cE’, {’1.8671lell” '
0.8218el1l1" 70.6478ell1’ "-0.0000" "-0.0000" "-0.0141ell” 70.8218ell1" '
2.1794e11” 70.5788ell’ "-0.0000"
2781 7 0.0000" 7 -0.0997ell’” "0.6478e11’ 70.5788ell’” "1.9886ell’ 70.0000" 70.0000"
-0.0968el11” "-0.0000" "-0.0000"
"0.0000" "0.5613e11” 70.0139e11” "0.0000" "-0.0000" "0.0000" "0.0000" 70.0139
ell’” 70.7581ell” 70.0000"
20’ -0.0141ell’” "-0.0997ell’ 7-0.0968ell” "0.0000" "0.0000" "0.7405ell’});
model.material ('mat7’) .propertyGroup (' StressCharge’) .set ("eES’, {'4.7231" '
2.0081" 0" "-1.6556" '-2.5811" "0’ ’'-1.9375" "-1.3842" "0’ "-0.0000"
%[ ’0.0000" 7-4.5019"” '0.0000"” "0.0000" "-0.1375" "-1.1096" "0.1444" "0.0000"1})
model .material (mat7’) .propertyGroup (' StressCharge’).set ("epsilonrS’, {’
41.0000" "6.9282" "0.0000" "6.9282" 733.0000" "-0.0000" "0.0000"” "-0.0000"
745.0000"});
4l model .material (‘mat7’) .propertyGroup (' StressCharge’) .set ("eta_cE’, {'0" 70" 0
A A | O A A A VR A Vi ..
"o’ Q" "o0” Q0" 'o" Q" 'O’ Q" 0" rQ’
870" 0" 0" Q" 'O’ Q" 'O Q" 'O" 'Q’
R A A O R VA VLA T
8| model .material (‘mat7’) .propertyGroup (' StressCharge’) .set ('eta_eES’, {’0" 0" 7
or ro" ror 0" 0" 0" ror o’
R (A A O R VA (A AV D |
00| model .material (‘mat7’) .propertyGroup (' StressCharge’).set ("eta_epsilonS’, {’0’
L O R O A O R O LA A VR B B
model .material ("mat8’).active (false);
22| model .material ("mat8’).label (Pt - Platinum’);
model .material ('mat8’).set ('diffuse’, ’custom’);
c4l model .material (‘mat8’).set ('noise’, ’"on');
model .material ('‘mat8’).set (' family’, ’'custom’);
06| model .material (' ") .set ('specular’, ’'custom’);
model .material ('mat8’).set (' customambient’, {’70.7843137254901961" '
.7843137254901961" "0.7843137254901961"1});
03| model .material (‘mat8’).set ('noisefreq’, "17);

o

)
model .material ("mat8’).set (' customspecular’, {’0.7843137254901961" 717 "1"});
30l model .material (‘mat8’) .set (’lighting’ "cooktorrance’);
model.material(’matS').set(’amblent’, "custom’) ;
32/ model .material (‘mat8’) .set (' fresnel’, "0.97);
)

model .material (‘mat8’).set (' customdiffuse’, {’0.7843137254901961" '

.7843137254901961" '0.7843137254901961"1});

304 model .material ('mat8’) .propertyGroup ('def’).set ("electricconductivity’, {’8.9
6[S/m]" 0" 0" "0’ 7"8.9e6[S/m]" 0" "0’ 0" "8.9e6[S/m]"});

model .material (‘mat8’) .propertyGroup ('def’).set (’'thermalexpansioncoefficient’,

{"8.80e-6[1/K]" 0" 0" 0" "8.80e-6[1/K]" "0’ '0" '0" '8.80e-6[1/K]"});

36| model .material (‘mat8’) .propertyGroup ('def’) .set (' heatcapacity’, "133[J/(kg*K)]
")

model .material ('mat8’) .propertyGroup ('def’).set ('density’, 721450[kg/m"3]1");

308) model . materlal( mat8’) .propertyGroup ('def’).set ('thermalconductivity’, {’71.6]

W/ (m*K) 1" 0" 07" 0" "71.6[W/(m*K)]” 70" 0" 0" "71.6[W/(m*K)]1"});
model. materlal( mat8’) .propertyGroup ('def’) .set ('relpermittivity’, {’1lell’ "0’

o
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C.1 2D simulation

"o’ 0" "lell’ 'O0" 'O

model

model

model.coordSystem ('modl_xy_sys’

model.coordSystem ('modl_yz_sys’

model.coordSystem (’'modl_yz_sys’

model.coordSystem ('modl_yz_sys’
0

model.coordSystem (’'modl_zx_sys')

model.coordSystem ('modl_zx_sys’)

model.coordSystem ('modl_zx_sys’)
Tt

model.coordSystem (’'modl_yx_sys')

model.coordSystem ('modl_yx_sys')
A DI

model.coordSystem ('modl_xz_sys’)

model.coordSystem (’'modl_xz_sys’)

model.coordSystem ('modl_xz_sys')
Tr0nY)

model.coordSystem ('modl_zy_sys’).

model.coordSystem ('modl_zy_sys’)

model.coordSystem (’'modl_zy_sys’)
SRAURSF

model

r

model .physics (’solid’).feature (’'pzml’).feature('dmpl’).set ('DampingType’,

.material ('mat8’) .propertyGroup ('Enu’).set (' youngsmodulus’,
.material ('mat8’) .propertyGroup ('Enu’).set ('poissonsratio’,

.physics (’solid’).feature(’lemml’).set ('coordinateSystem’,

IsotropicLossFactor’);
model .physics ('solid’).feature ('pzml’).feature('dmpl’).set('eta_s_mat’, '
userdef’);

model
model
model

model.
model.
model.
model.

model

model

model.
model.
model.
model.

model
model
model

.physics (

.physics ('es’)
.physics ('es’).feature
physics (’'es’).feature
physics ('es’).feature
physics ('es’).feature
physics (’es’).feature

.multiphysics (’'pzel’).set(’InitializePiezoCoupling’,

.mesh (’meshl’).
.table (’

result (
.table (/
(
(

result
result
result

.table (’
.table ('’
.probe ('varl’).
.probe ("varl’).
.probe ("varl’).

run;

tbll’).
tbll’).
evl2’).
evl2’).
active (
set ('wi

set ("expr’,

0" "lell’});

) .
) .
) .set ("outofplane’,
) .set ("base’, {'0’
.set ("outofplane’,
.set ("base’, {'0'

.set ("base’, {'0'

.set ("outofplane’,

.set ("base’, {'1'

.set ('outofplane’,

.set ("base’, {'0'

"solid’) .feature(’'pzml’).feature('dmpl’).set('eta_s’,
.feature(’'ccnl’) .set (' coordinateSystem’,
terml’).set (' TerminalType’,
IOI),.

( 14

("terml’) .set ("VO",
("potl’).active (false);
("term2’).active (false);
("fpl').active (false);

active (false);
label (' Probe Table 1");
label ("Evaluation 2D');

"168e9([Pal’);
"0.38");

label (" Material XY-Plane System’);
label ('Material YZ-Plane System’);
00 ;

IOI

.label (' Material ZX-Plane System’);
"17);
Ill

.label ("Material YX-Plane System’);
Vll

.label ("Material XZ-Plane System’);
UK
IOI

label ("Material ZY-Plane System’);
07
IOI

P17; 717 r07 r0T; r0r 'l
P07; 707 T0Y r1T; 1O
707; "1 707 Y07; Y07 1O
P07 707 70T f17; 10’ 1
P17; 707 T17 707 1010

"modl_xz_sys')

I

"0.001");
"modl_xz_sys’');
"Voltage’);

SUF

comments (/' Interactive 2D values'’);

false);
ndow’, ’'windowl’);
"pzd.V0_2");
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0.

2lmodel .probe ('varl’).set ("unit’, 'V’');

model .probe ('varl’).set ('descr’, 'Terminal voltage'’);

model.probe ("varl’).set ("table’ "tbll');

model.study.create ("stdl’);

model.study (’stdl’).create (' param’ "Parametric’);

model.study (’stdl’).create(’'stat’, ’Stationary’);

model.study (’stdl’).create (' frlin’ "Frequencylinearized’);

model.result.dataset.create(’'dsetl’, ’Solution’);

model.result.dataset.create(’dset3’, ’Solution’);

model.result.dataset.create(’'dsetd4’, ’"Solution’);

model.result.dataset.create (’dsetb5’, ’"Solution’);

model.result.dataset ('dset3’).set ('probetag’ "varl’);

model.result.numerical.create(’gevl’, ’"EvalGlobal’);

model.result.numerical ("gevl’) .set (’data’ "dset3');

model.result.numerical ("gevl’) .set ('probetag’, ’'varl’);

model.result.create('pg5’, '"PlotGroup2D’);

model.result.create('pg6’, '"PlotGroup2D’)

model.result.create('pg7’, "PlotGroup2D’);

model.result.create('pg8’, 'PlotGrouplD’)

model.result.create(’pgl0’, ’"PlotGroup2D’);

model.result.create('pgll’, ’"PlotGroup2D’);

model.result.create('pgl2’, ’"PlotGroup2D’);

model.result ("pg5’).create(’'surfl’, ’"Surface’);

model.result ("pg6’).create(’surfl’, ’'Surface’);

model.result ("pg6’).feature(’surfl’).create(’'def’, '"Deform’);

model.result ("pg7’).set ('data’, ’'dsetb5’);

model.result ("pg7’).create(’'surfl’, ’"Surface’);

model.result ("pg7’).feature(’surfl’).create('defl’, ’"Deform’);

model.result ("pg8’).create(’globl’, "Global’);

model.result ("pgl0’).create(’arwsl’, "ArrowSurface’);

model.result ("pgll’).set (’data’ "dset5');

model.result ("pgll’).create(’surfl’, ’"Surface’);

model.result ("pgll’).feature(’surfl’).create(’'def’, ’"Deform’);

model.result ("pgl2’).set ('data’ "dset5'");

model.result ("pgl2’).create(’surfl’, ’'Surface’);

model .result.export.create('datal’, ’'Data’);

model.study (’stdl’).feature ('param’).active(false);

model.study ("stdl’).feature(’'param’).set ('pname’ {"Wbloat’ 'Wmis’});

model.study (’stdl’).feature (' param’).set ('plistarr’, {’-0.4,-0.4,-0.4,
60,0,0,0,0,0,0.4,0.4,0.4,0.8,0.8,0.8" 70.3,0.1,0,0.9,0.7, 0.6, 0.4,
0,0.9,0.4,0,0.9,0.4,0"});

model.study (’stdl’).feature ('param’).set ('punit’, {7 "7"});

model.study (’stdl’).feature(’'param’).set ('plotgroup’ "pg8');

model.study (’"stdl’).feature (' param’).set ('plot’, ’"on’);

model.study (’stdl’).feature(’stat’).set ('geometricNonlinearity’ true);

model.study (’stdl’).feature(’frlin’).set ('plist’, ’range(200,1,800)");

model.study (’stdl’).feature(’frlin’).set ('geometricNonlinearity’ true);

model.study (’stdl’).feature(’frlin’).set ('punit’, 'MHz');
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C.1 2D simulation

model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.

model

model.
model.
model.
2| model.
model.
model.
model.
model.
model.
model.

Vo0

model.
model.
model.
>l model.
model.

model.
model.
model.
model.
model.
model.
model.
model.

model.
model.

model

model.
model.
model.
model.
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result.dataset ('dset3’).label ("Probe Solution 3');
result.numerical (‘gevl’) .active (false);

result.numerical ("gevl’).label ('Global Variable Probe 17);
result.numerical ('gevl’) .set ("expr’, ’'pzd.V0_2");

result.numerical ('gevl’) .set (’'descr’ "pzd.V0_2");

result.numerical ("gevl’).set ('table’ "tbll");

result ("pgb’).label ('Electric Potential (es)’);

result ("pgb’).set (/' frametype’, 'spatial’);

result ("pgb’).feature(’'surfl’).set ('expr’ V27 ;

result ("pgb’).feature(’'surfl’).set ('unit’, "V’');

result ("pgb’).feature(’'surfl’).set (’descr’ "Electric potential’);
result ("pg6’).label (' Stress (solid)’);

result ("pg6’).feature(’'surfl’).set('expr’, ’'solid.mises’);

result ("pg6’).feature ('surfl’).set ("unit’, 'N/m"2’'

result ("pg6’).feature(’'surfl’).set (’descr’ "von Mises stress’);
result ("pg6’).feature(’'surfl’).feature(’def’).set (’scale’ "0 ;
.result ("pg6’).feature (' surfl’).feature(’def’).set(’scaleactive’ false);
result ("pg7’).feature (’'surfl’).feature(’'defl’).set(’'scaleactive’, true);
result ("pg7’).feature(’'surfl’).feature(’'defl’).set (’'scale’ "1507);
result ("pg8’).label ('admittance from I-V');

result ('pg8’).set (’"ylabel’, ’"admittance dBS’);

result ('pg8’) .set ('xlabel’, "freq');

result ("pg8’).set (' xlabelactive’ false);

result ("pg8’).set ('ylabelactive’ false);

result ("pg8’).feature(’'globl’).set ('unit’, {’"7});

result ("pg8’).feature(’'globl’).set(’descr’, {’admittance dBS’});
result ("pg8’).feature(’'globl’) .set ('expr’ {"20*1ogl0 (abs(es.I0_1/es.
1))y

result ("pgl0’).label ('2D Plot Efield’);

result ("pgl0’).feature("arwsl’).set(’scale’, 73.026164385948591E-7");
result ("pgl0’).feature("arwsl’).set ('expr’ {"es.EX" ’"es.EY'"});
result ("pgl0’).feature(’arwsl’).set (' ynumber’ "5");

result ("pgl0’).feature(’'arwsl’).set ('descr’ "Electric field (Material)’
result ("pgl0’).feature("arwsl’).set (’ xnumber’ "1007);

result ("pgl0’).feature(’'arwsl’).set(’scaleactive’ false);

result ("pgll’).label (’Stress (solid) 17);

result ("pgll’).feature(’'surfl’).set ("expr’ "solid.mises’);

result ("pgll’).feature(’/surfl’).set ('unit’, 'N/m"2");

result ("pgll’).feature(’'surfl’).set(’descr’ "von Mises stress'’);
result ("pgll’).feature(’'surfl’).feature(’'def’).set(’'scale’ 07,
result ("pgll’).feature(’'surfl’).feature(’'def’).set(’'scaleactive’ false)
result ("pgl2’).label ("Electric Potential (es) 17);

result ("pgl2’).set (' frametype’, 'spatial’);

.result ("pgl2’).feature('surfl’) .set (’'expr’ V27 ;

result ("pgl2’).feature(’'surfl’).set ('unit’, "V’);

result ("pgl2’).feature(’'surfl’).set (’descr’ "Electric potential’);
result.export ('datal’).set ('data’ "dsetb5’);

result.export ("datal’).set ('descr’, {’Admittance’});
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model .result.export (‘datal’).set ("expr’, {’'es.I0_1/es.V0_1"1});

sofmodel .result.export ('datal’).set (' filename’, ’'/afs/ece.cmu.edu/usr/syen/

Private/FP2 system simulations/gratings/Yll-1lportLN60x-500M-Nmid8-AlElec-
WE2p265AR2p265um-Whloatlp5Wmisl.csv');

model.result.export ('datal’).set (’sdim’, ’"global’);
452lmodel .result.export ("datal’).set (‘unit’, {’"71});
454/ out = model;

C.2 3D simulation with misalignment and underetch

This simulation includes a Perfectly Matched Layer (PML) boundary condition on the under-
cut LN plate to model anchor loss and spurs. For the resonator simulations of Chapter 2, there
was only the rectangular undercut segment immediately attached to the anchor (as depicted in Fig-
ure 1.5b), and a Fixed Constraint boundary condition was used at the vertical edge of that segment

(no PML). For the resonator simulations in Chapter 4, there was no Linear Elastic Model condition

(LinearElasticModel) on the electrodes.

This model is inherited from [19]. Changes from the inherited simulation are:

gree orientation of the geometry

e Finer meshing, such that COMSOL gave no warnings regarding element size

e Calculation of x and y displacements (in the resonator frame of reference) added using a

rotation upon v and w from the global coordinate system

o Addition of Linear Elastic Material Model (LinearElasticModel) to the electrodes to

model their mechanical loading (but not for the simulations in Chapter 4)
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Rotated the orientation of the corner PML elements (the cylinders) to match the x-cut 60 de-
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C.2 3D simulation with misalignment and underetch

function out = model

Anchor_losses_3D_substrate_PML_even_manualmeshfine Ey197GPaNul_
rotatePMLcyls_misalignbloat_P6p551lxmisOp43bloatlp69_TLNOp875TAlOpO05.m

o® o° o° o o

Model exported on May 26 2016, 17:55 by COMSOL 5.1.0.145.

import com.comsol.model.*
import com.comsol.model.util.*

model = ModelUtil.create (’'Model’);

model .modelPath (’/afs/ece.cmu.edu/usr/syen/Private/FP2 system simulations/
gratings’);

model.label ("Anchor_losses_3D_substrate_PML_even_manualmeshfine-Ey197GPaNul -
rotatePMLcyls-misalignbloat -P6p551xmisOpd43bloatlp69-TLNOp875TALOpOS -~
RESULTS .mph') ;

model.comments ([/500MHz anchor losses 3D substrate PML\n\n’]);

’Wa’, "4.5%*13.102[um]’, ’"anchor width’);

! ’, 713.102[um]’, "anchor length’);

! , "111.367[um]’, '"resonator length’);
’R r, 743 [um]’ "substrate radius’);
"PML', ’"43[um]’, 'PML radius’);

model .param.set (' lambda’ 713.102[um]’, 'PML wavelength’);
model .param.set ("scale’ ’1’, "PML scaling factor’);

model .param.set (
(
(
(
(
(
('

model .param.set ("order’, ’'1’, 'PML order’);
(
(
('
('
('
('
('
('

model .param.set
model.param.set
model.param.set
model.param.set

model.param.set (' TAL’, "0.05[um]’, ’thickness of metal’);

model .param.set ("sp’ "2[um]’, "gap between bus and finger end’);

model .param. set bus "6.551[um]’, '"bus width');

model .param.set TLN’ "0.875[um]’, "thickness of LN');

model .param.set ! "O[um]’, "overetch’);

model .param. set plthdth’ "18[um]’, 'width of etch pit’);

model.param.set ('Wf’, "2.348[um]’, 'Width of fingers’);

model.param.set r’, "2.663[um]’, ’'Width of reflector finger’);

model .param.set (' pltrectwidth’, "2*pitwidth+9/2*lambda’, ’'width of overall
etch pit (both etch pits plus resonator)’);

model.param.set ("angle’, '-60[deg]’, ’"angle of rotation of x-cut LN relative
to +z axis’);

model .param.set ("ypml’, ’cos(angle)* (L+La)-sin(angle)* (pitrectwidth/2)’
rotated y-coord of cylinder radius for PML, for 1lst quadrant before
rotation’);

model.param.set (' zpml’, ’'sin(angle)* (L+La)+cos (angle)* (pitrectwidth/2)", '
rotated z-coord of cylinder radius for PML, for 1lst quadrant before
rotation’);

model .param.set ('xmis’, "0.43[um]’, ’"amount of misalignment in x (direction of
wave propagation)’);

model .param.set ("bloat’, "1.69[um]’, "amount of underetch’);
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parallel to resonator length’);

model .geom (' geoml’).feature ('blk6’) .
model.geom (' geoml’).feature ('blk6’).
b i
model.geom ('’ geoml’).feature('blk6’).
model .geom (' geoml’).create ('mir5’, 7/
model .geom (' geoml’).feature ('mir5") .
model .geom (' geoml’).feature ('mir5’) .
model.geom (' geoml’) .feature ('mir5’).
model.geom (' geoml’).create(’'cyl2’, '
model.geom ('’ geoml’).feature('cyl2’).

{'"Rs’ '"L+2*La’ '"TLN'});
{"-Rs/2-pitrectwidth/2'

set ('size’,
set (' pos’, "o’
set (' base’,
Mirror');
set ("keep’, true);

set ("axis’, {'1" 0" "0"});
selection (’"input’) .set ({"blkb6’});
Cylinder’);

set ("r’, "Rs');

"center’);
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"TLN’

"TLN"1});

model .modelNode.create ('modl’);
model .modelNode ("modl’) .label ('Model 17);
model .modelNode ("modl’) .definelLocalCoord(false);
model.file.clear;
model.geom.create (' geoml’, 3);
model .mesh.create ('meshl’, "geoml’);
model.geom ('’ geoml’).geomRep (' comsol’);
model .geom (' geoml’).repairTol (1.0E-T7);
model.geom ('’ geoml’).create('blk2’, "Block’);
model .geom (' geoml’).feature('blk2’).label ("anchor’);
model .geom (' geoml’) .feature('blk2’).set ("axis’, {707 70" "1"});
model .geom (' geoml’ ) .feature ('blk2’).set ("size’, {'Wa-2%oce+2*bloat’ ’'La’
P

model.geom (' geoml’).feature ('blk2’).set ('pos’, {0’ "L/2+La/2" '0"});
model.geom (' geoml’ ) .feature ('blk2’).set ("base’, ’'center’);
model .geom (' geoml’) .create ('mirl’, ’"Mirror’);
model .geom (' geoml’) .feature('mirl’) .set ("keep’, true);

2lmodel .geom (' geoml’) .feature('mirl’).set ("axis’, (0" "=1" 7"0"});
model .geom (' geoml’).feature ('mirl’).set ("pos’, {'0" 70" "0"});
model .geom (' geoml’).feature ('mirl’).selection(’/input’).set ({'blk2’});
model.geom ('’ geoml’).create('unil’, ’Union’);
model .geom (' geoml’).feature(’unil’).set (' repairtol’, "1.0E-6");
model .geom (' geoml’).feature ('unil’).selection (/input’).set ({'blk2’ 'mirl’});
model.geom ('’ geoml’).create("blk5’, "Block’);
model.geom ('’ geoml’).feature(’blk5’).label ("undercut area before anchor’);
model .geom (' geoml’ ) .feature ('blk5’).set ("size’, {’'pitrectwidth’ ’'Rs’
model.geom (' geoml’).feature ('blk5’).set ('pos’, {0’ "L/2+La+Rs/2" "0'});
model .geom (' geoml’).feature('blk5’).set ("base’, ’'center’);
model.geom ('’ geoml’).create('intl’, ’'Intersection’);
model .geom (' geoml’).feature(’intl’).active (false);
model .geom (' geoml’ ) .feature(’intl’) .set ("intbnd’, false);
model .geom (' geoml’).feature(’'intl’) .set (' repairtol’, "1.0E-6");
model .geom (' geoml’).feature(’intl’).selection(’input’).set ({});
model.geom ('’ geoml’).create('blk6’, "Block’);
model.geom (' geoml’).feature ('blk6’).label ('undercut area next to etch pit

IOI




C.2 3D simulation with misalignment and underetch

model.geom
9| model.geom

TLN/2"}
model.geom (' geoml’

"geoml'’) .feature(’'cyl2’).set ("axis’, {07 0" "1"});
geoml’) .feature('cyl2’).set ('pos’, {’'-pitrectwidth/2’ 'L/2+La’ '-

’

(

(

) 14

( feature ('cyl2’).set ("h’, "TLN'");

92| model.geom (' geoml’ create ('mir6’, ’'"Mirror’);

model .geom (' geoml’ feature ('mir6’).set ("keep’, true);

94| model .geom (' geoml’ feature ('mir6’) .set ("axis’, {17 70" "0"});
(
(
(
(

) .
) -
) .
) .
model .geom (' geoml’).feature ('mir6’).selection(’/input’).set ({’'cyl2’});
) .
) .
) .

9| model.geom ('’ geoml’ create ("blk7’, ’'"Block’);
model.geom (' geoml’).feature ("blk7’).label ('block for subtracting cylinder’);
9g model .geom (' geoml’ feature ("blk7’).set ("size’, {’'pitrectwidth + 2*Rs’ ’'Rs’ '/
TLN" });
model.geom (' geoml’ feature ("blk7’).set ('pos’, {'0’" "La+L/2-Rs/2'" '"0"});
10| model.geom (" geoml”’ feature ("blk7") .set ("base’, 'center’);
model.geom (' geoml’ create ('difl’, ’'Difference’);
12l model.geom (' geoml”’ feature (’difl’) .set (' repairtol’, "1.0E-6");
model .geom (' geoml’ feature ('difl’) .set ("intbnd’, false);
104 model .geom (" geoml’ feature ('difl’).selection(’input’).set ({'cyl2’ 'mir6’});
model .geom (' geoml’ ) .feature ('difl’).selection(’input2’).set ({’blk5" "blk7"});
106l model .geom (" geoml’) .create (' copyl’, "Copy’);
model.geom (' geoml’ feature (' copyl’) .selection(’input’).set ({"difl’});
108 model.geom (" geoml’ create ("blk8’, ’'Block’);

blk8' label ("undercut area before anchor 27)
’

})

(' ) -
| model .geom (' geoml’).feature ('blk8’).set ('size’, {’'pitrectwidth’ ’'Rs’ 'TLN
model.geom (' geoml’).feature ('blk8’).set ('pos’, {0’ "L/2+La+Rs/2" "0"});
112l model.geom (' geoml’ feature ("blk8’) .set ("base’, ’'center’);
model.geom (' geoml’ create ('mir7’, ’'Mirror’);
114/ model.geom (' geoml’ feature ('mir7") .set ("keep’, true);
model.geom (' geoml’ feature ('mir7’) .set ("axis’, {'0" "=1" 70"});
6| model .geom (' geoml’ ) .feature ('mir7’).selection (’input’).set ({'blk8’ "difl’});
model .geom (' geoml’).create ('uni3’, ’Union’);

gl model.geom (" geoml”’ feature ("uni3’) .set (' repairtol’, "1.0E-6");
model .geom (' geoml’ feature ("uni3’).selection (’input’).set ({'blk6’ "blk8" '
difl’ "mir5’ 'mir7(1)"});
20l model.geom (" geoml’).create(’'blk9’, ’"Block’);
model .geom (' geoml’) .feature ('blk9’).set ('size’, {’'pitrectwidth+Rs’ ’'Rs+PML’ '/
TLN'" });

122 model .geom (/" geoml’) .feature ("blk9’) .set ("pos’, {'Rs/2" "L/2+La+(Rs+PML) /2" "0’
1)
model.geom
24| model.geom

( ).
( ).
( ).
( ) .
( ) .
( ).
( ).
( ).
( ) .
( ) .
model.geom ('’ geoml’) . feature
( ).
( ).
( ).
( ) .
( ) .
( ).
( ).
( ).
( ) .
( ) .

r

"geoml feature ("blk9’) .set ("base’, ’'center’);

( ) .
("geoml’) .create('blk10’, "Block’);
( ) .
( ) .

model.geom (' geoml’ feature ("blk10’").set ("size’, {’PML’ '"L+2*La’ 'TLN’"});
126 model .geom (" geoml’ feature ("blk10’).set ('pos’, {’'-Rs-pitrectwidth/2-PML/2" '0
"0 )
model.geom (' geoml’ feature ("blkl10’).set ("base’, 'center’);
8| model.geom (" geoml”’ create ('mir8’, ’'Mirror’);
model .geom (' geoml’).feature('mir8’) .set ('keep’, true);

set ("axis’, {’17 70" '0"});

) .
) .
) .
) .

( ).
( ).
( ). (
30| model .geom (' geoml’ ) .feature('mir8’
( ). (
( ).
( ).

model .geom (' geoml’ feature ('mir8’ set ("pos’, {'0" 0" "0"});
32| model.geom (" geoml’ feature ('mir8’ selection (/input’) .set ({"blk10"});
model.geom(’geoml’).create(’'cyl3’, ’'Cylinder’);
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model.geom (' geoml’ ) .feature('cyl3’)
model.geom ('’ geoml’).feature ('cyl3’)
TLN/27});
model.geom (' geoml’ ) .feature (' cyl3’)
model .geom (' geoml’) .create ('mir9’,
model.geom (' geoml’).feature('mir9")
model.geom ('’ geoml’).feature ('mir9”’)
model.geom (' geoml’ ) .feature ('mir9”’)
model.geom (' geoml’ ) .feature ('mir9’)
model.geom (' geoml’).create("blkll’,
model .geom (' geoml’).feature ('blkll’)
"TLN"});
model.geom ('’ geoml’ ) .feature('blkll")
model.geom ('’ geoml’).feature('blkll")
model .geom (' geoml’) .create('dif2’,
model .geom (' geoml’ ) .feature('dif2")
model .geom (' geoml’ ) .feature ('dif2")
model.geom (' geoml’ ) .feature ('dif2")
model.geom (' geoml’ ) .feature ('dif2")
copyl”});
model.geom (' geoml’).create('blkl2’,
model.geom (' geoml’).feature('blkl2’
model.geom ('’ geoml’).feature('blkl2")
model.geom (' geoml’ ) .feature ('blkl2’
model.geom (' geoml’).create('mirl0’,
model.geom (' geoml’ ) .feature('mirl0’
model .geom (' geoml’).feature ('mirl0’
model .geom (' geoml’ ) .feature ('mirl0’
model.geom ('’ geoml’).create('mirll’,
model .geom (' geoml’).feature ('mirll’)
model .geom (' geoml’).feature ('mirll’
model .geom (' geoml’).feature ('mirll’
mirl0(2)"1});
model.geom (' geoml’).create("blkl7",
model.geom (' geoml’) .feature('blkl7’
model .geom (' geoml’ ) .feature ('blkl7’
model.geom ('’ geoml’).feature("blkl7’
"L’ 'TLN' });
model.geom (' geoml’).feature('blkl7’
-TLN/2'
model .geom (' geoml’).create('blkl13’,
model .geom (' geoml’ ) .feature ('blkl3’
model.geom (' geoml’).feature('blkl3’
1)
model.geom (' geoml’ ) .feature ('blkl3’
xmis’ '-sp/2' 'TLN/2+TAL/2'
2lmodel.geom (' geoml’) .feature('blkl3’
model.geom ('’ geoml’).create (' rot3’,
model.geom ('’ geoml’).feature (' rot3’

).

.set ('r’, "Rs+PML’);
.set (" pos’ {"-pitrectwidth/2’ 'L/2+La’ '-
.set ("h’", "TLN");
"Mirror’);
.active (false);
.set ("keep’ true);
.set ("axis’ {r1r 0 oty
.selection (’input’).set ({'cyl3’});
"Block');
.set ("size’, {’100e-6+2*Rs+2*PML’" ’'Rs+PML’
.set (" pos’ {0’ "La+L/2-PML/2-Rs/2" '0"})
.set ("base’ "center’);
"Difference’);
.set ("repairtol’, "1.0E-6");
.set ("intbnd’, false);
.selection ("input’).set ({’cyl3’});
.selection(’input2’).set ({'blkll’” "blk9’" '
"Block');
) .set ("size’, {’pitrectwidth’ ’'PML’ ’'TLN’})
.set ("pos’ {0’ "L/2+La+Rs+PML/2" "0'});
) .set ("base’ "center’);
"Mirror’);
) .set (" keep’ true);
) .set ("axis’ {ror =17 "0"});
) .selection (/" input’).set ({'blk1l2’ "dif2’});
"Mirror’);
.set ("keep’ true);
) .set ("axis’, {"1" 70" "0"});
) .selection (/" input’) .set ({'blk10’" "dif2" '
"Block');
) .label ("LN plate’);
) .set ("axis’, {707 70" "1"});
) .set ('size’, {'9/2*lambda - oe*2+2*bloat’
) .set ("pos’ {"-9/4*1lambda+oe-bloat’ ’'-L/2'
"Block');
) .label (' reflector finger’);
) .set ('size’ {"Wr - oe’ '"L-bus*2-sp’ ’TAL’
) .set ("pos’, {’"-9/4*lambda + Wr/2 +oe/2 +
) .set ("base’, ’'center’);
"Rotate’);
label (" Rotate reflector finger'’);
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C.2 3D simulation with misalignment and underetch

model.
model.
model.
model.
model.

misalignment’);

geom
geom

("geoml’
("geoml’
geom (' geoml’
geom (" geoml’
geom (" geoml’

) .
).
).
).
).

feature ('rot3’).set ("keep’, true);

)
feature ("rot3’).set ("rot’, 7180")
feature (' rot3’).selection (’/ input’
create ('mov2’, ’"Move');
feature ('mov2’) .label ('Move rotated reflector finger for

) .set ({"blk1l3’});

model.geom ('’ geoml’).feature ('mov2’) .set ("displx’, ’'"2*xmis’);

model .geom (' geoml’).feature ('mov2’).selection(’/input’).set ({'rot3’});

model.geom ('’ geoml’).create('blkl5", ’"Block’);

model.geom ('’ geoml’).feature(’blkl5").1label ("lower bus’);

model.geom (' geoml’).feature ('blkl5’).set ('size’, {'9/2*lambda-oe*2’ ’"bus’ 'TAL
1)

model.geom (' geoml’).feature ('blkl5’).set ('pos’, {’-9/4*lambdat+oe+xmis’ '-L/2'
"TLN/2"1});

model .geom (' geoml’).create ('blkl6’, ’'Block’);

model .geom (' geoml’).feature('blkl6’).label ('upper bus’);

model.geom (' geoml’).feature ('blkl6’).set ('size’, {'9/2*lambda-oe*2’ ’"bus’ 'TAL
1)

model.geom (' geoml’).feature ('blkl6’).set ('pos’, {’'-9/4*lambda+oe+xmis’ 'L/2-
bus’ "TLN/2'});

model.geom ('’ geoml’).create('blkl4d’, ’"Block’);

model .geom (' geoml’ ) .feature('blkl4’).label ('middle finger’);

model.geom (' geoml’).feature('blkl4’).set('size’, {'Wf’ ’'"L-bus*2-sp’ 'TAL'});

model.geom (' geoml’).feature ('blkl4’).set('pos’, {’-3*lambda/2-lambda/4+xmis’ '
sp/2' "TLN/2+4TAL/2'});

model.geom ('’ geoml’).feature('blkld’) .set ("base’, 'center’);

model.geom (' geoml’).create("arrl’, "Array’);

model.geom ('’ geoml’ ) .feature('arrl’).set ("size’, {747 717 "1"});

model.geom ('’ geoml’).feature('arrl’).set ("displ’, {’lambda’” 70" "0"});

model .geom (' geoml’).feature(’'arrl’).selection(’input’).set ({"blkld’});

model.geom (' geoml’).create('movl’, "Move');

model .geom (' geoml’).feature('movl’).label ("move to create alternating middle
fingers’);

model.geom ('’ geoml’).feature ('movl’).set ("keep’, true);

model.geom (' geoml’).feature ('movl’).set ('displx’, ’"lambda/2');

model .geom ('’ geoml’).feature ('movl’).set ("disply’, "-sp’);

model.geom (' geoml’).feature('movl’).selection(’input’).set ({"arrl (1,1,1)" '
arrl (2,1,1)" Tarrl(3,1,1)" Tarrl (4,1,1)"});

model.geom ('’ geoml’).create('blkl18’, ’"Block’);

model.geom ('’ geoml’).feature('blk1l8’).label ("anchor electrode’);

model .geom (' geoml’).feature ('blkl8’).set ("axis’, {07 70" "1"});

model.geom (' geoml’ ) .feature ('blkl8’) .set (’'size’, {'Wa-2%*oce’ '"La’ 'TAL'});

model.geom (' geoml’).feature('blkl18’).set ("pos’, {’xmis’ ’'L/2+La/2" "TLN/2+TAL
/27 %) ;

model.geom ('’ geoml’).feature('blkl8’).set ('base’, ’'center’);

model .geom (' geoml’).create ('mirl2’, ’"Mirror’);

model .geom (' geoml’ ) .feature ('mirl2’) .set ('keep’, true);

model.geom (' geoml’) .feature('mirl2’).set ("axis’, {07 "=1" "0"});

model .geom (' geoml’) .feature('mirl2’).set ('pos’, {07 70" "0"});

model .geom (' geoml’).feature ('mirl2’).selection(’input’).set ({"blkl18"});

model.geom ('’ geoml’).create('arr2’, ’"Array’);
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model .geom (' geoml’ ) .feature(’arr2’).active(false);

model.geom ('’ geoml’).feature('arr2’).set ("size’, {7607 "17 "1"1});

model.geom ('’ geoml’).feature ('arr2’).set ("displ’, {’'le-6" 0" "0"});

model .geom (' geoml’).feature (’'arr2’).selection(’input’).set ({"blkl7"});

model.geom ('’ geoml’) .create('extl’, "Extrude’);

model .geom (' geoml’ ) .feature('extl’).active(false);

model.geom ('’ geoml’).feature(’extl’).set ("unite’, false);

model .geom (' geoml’).feature('extl’).setIndex ('distance’, "Lm’, 0);

model .geom (' geoml’).feature ('extl’).selection(’inputface’).set ('unil(l)’, T[4
91);

model .geom ('’ geoml’).create('unid’, ’'Union’);

model .geom (' geoml’).feature ('unid’).active (false);

model.geom ('’ geoml’).feature (’unid’) .set ("keep’, true);

model .geom (' geoml’).feature ('unid’).set (' repairtol’, "1.0E-6");

model.geom (' geoml’).feature ('unid’).selection(’input’).set ({"arrl’” "blkl10’" '
blk12’ '"blk13’ ’"blkl5’ ’'blkl6’ "dif2’ "'mirl0’ 'mirll’ ’'mir8’

"movl’ ’'unil’ 'uni3’});

22l model .geom (" geoml’).create('rotl’, ’'Rotate’);

model.geom ('’ geoml’).feature (' rotl’).set ("rot’, "90");

model .geom (' geoml’).feature('rotl’).set ("axis’, {07 71" "0"});

model .geom (' geoml’).feature ('rotl’).selection(’input’).set ({"arrl’” "blkl10’" '
blk12’ '"blk13’ ’"blkl5’ ’"blkl6’ ’"blkl7’ ’'blk18’ "dif2’ 'mirl0Q’

"mirll’ 'mirl2’ 'mir7(2)’ '"mir8’ ’'movl’ ’'mov2’ ’unil’ ’'uni3’});

model.geom ('’ geoml’).create (' rot2’, ’"Rotate’);

model.geom ('’ geoml’).feature (' rot2’).set ('rot’, "angle’);

model .geom (' geoml’ ) .feature('rot2’).set ("axis’, {"17 70" "0"});

model .geom (' geoml’ ) .feature('rot2’).selection(’input’).set ({'rotl’});

model.geom ('’ geoml’) .runj;

model.geom (' geoml’).run (' fin’);

model.selection.create(’sell’, ’"Explicit’);

model.selection(’sell’).geom(’'geoml’, 1);

model.selection.create('boxl’, '"Box');

model.selection(’boxl’).set ('entitydim’, "27);

model.selection(’boxl’).set ('condition’, ’'inside’);

model.selection(’boxl’) .set ("xmin’, ’"-60e-6");

model.selection ("boxl’).set ('zmax’, "0.3e-6");

model.selection(’box1l’).set (’'zmin’, '"-0.2e-6");

model.selection ('boxl’).set ('ymax’, ' (Rs+L/2+La+le-6)");

model.selection(’boxl’).set ('ymin’, ’'-(Rs+L/2+La+le-6)");

model.selection(’boxl’) .set ("xmax’, '60e-6");

model.selection(’boxl’).label ("top’);

model.view.create ('view2’, 2);

model.view.create ('view3'’, 2);

model.view.create ('viewd’, 3);

model .material.create('matl’, 'Common’, ’'modl’);

model .material.create('mat2’, ’'Common’, ’'modl’);

model .material.create ('mat3’, 'Common’, ’'modl’);

model .material.create ('matd4’, ’'Common’, ’'modl’);
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C.2 3D simulation with misalignment and underetch

model .material.create
model .material.create

model .material (‘matl’
form’);

model .material ("matl’
form’);

model .material (‘mat2’

model .material (‘mat2’

model .material (‘mat2’

model .material ("mat2’
)i

model .material (‘mat2’

model .material ('mat2’
Piecewise’);

model .material (‘mat2’
Piecewise'’);

model .material ('mat2’

model .material ('mat2’

slmodel .material (‘mat2’

model .material (‘mat2’
Piecewise'’);

model .material ('mat2’

model .material ("mat2’
Poisson’’s ratio’

2lmodel .material (‘mat2’
model .material (‘mat2’
model .material ('mat3’

17 18 19 21 22 27

model .material ('mat3’
form’);

model .material (‘matd’
331);

model .material ('matd’
Poisson’’s ratio’

model .material (‘matb’
17 18 191);

model .material ("mat5’
form’);

model .material ("maté6’
17 18 191);

model .material (‘maté6’
form’);

model .material ("maté6’
form’);

model .physics.create (’

model.physics (’
model.physics ('’
1781);
model.physics ("pzd’)
model.physics ("pzd’) .

pzd’)
pzd’)

("math’, "modl’);
("mat6’, ’'Common’, ’'modl’);
) .propertyGroup.create (' StrainCharge’

"Common',

"Strain-charge

)i

) .propertyGroup.create (' StressCharge’ "Stress-charge
) .propertyGroup (‘def’).func.create(’'dL’, 'Piecewise’);
) .propertyGroup ('def’).func.create(’'k’, ’'Piecewise’);
) .propertyGroup ("def’).func.create(’'res’, 'Piecewise’);
) .propertyGroup ("def’).func.create(’epsilon’, ’'Piecewise’
) .propertyGroup ("def’).func.create(’alpha’ "Piecewise’);
) .propertyGroup ("def’).func.create(’'C_solid_1", '
) .propertyGroup ("def’).func.create(’HC_solid_1", '
) .propertyGroup ('def’).func.create('mu’, ’Piecewise’);
) .propertyGroup (‘def’).func.create(’sigma’ "Piecewise’);
) .propertyGroup ('def’).func.create (' rho’ ’Piecewise’);
) .propertyGroup ("def’).func.create (' VP_ solld 17, 7
) .propertyGroup ('def’).func.create (’'kappa’ "Piecewise’);
) .propertyGroup.create ("Enu’ "Young'’'’s modulus and
) .propertyGroup ("Enu’) . func.create('E’, ’'Piecewise’);
) .propertyGroup ("Enu’).func.create(’'nu’, ’'Piecewise’);
) .selection.set ([1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
)

28 29 30 31 32]

) .propertyGroup.create (' StressCharge’ "Stress-charge

) .selection.set ([20 21 22 23 24 25 26 27 28 29 30 31 32
Enu’

) .propertyGroup.create (' "Young'’'’s modulus and

)

) .selection.set ([1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

) .propertyGroup.create (' StressCharge’ "Stress-charge

) .selection.set ([1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

) .propertyGroup.create (' StrainCharge’ "Strain-charge

) .propertyGroup.create (' StressCharge’, ’'Stress-charge

pzd’, 'PiezoelectricDevices’ "geoml’);

.create('gndl’, 'Ground’, 2);

.feature ('gndl’) .selection.set ([167 169 171 173 175 177
.create (' fixl’, 'Fixed’, 2);

create ('terml’, 'Terminal’, 2);
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model.physics ("pzd’).feature(’'terml’).selection.set ([165 166 168 170 172 174
17671) ;

so0| model .physics (' pzd’) .create ('pmll’, "PML’, 3);
model .physics ("pzd’).feature('pmll’).selection.set ([16]);
sl model .physics (' pzd’) .create ('pml6’, 'PML', 3);
model.physics (' pzd’ feature ("pml6’).selection.set ([2]);
304 model .physics (" pzd’ create ('pml7", "PML', 3);
model.physics ("pzd’).feature ('pml7’).selection.set ([3]);
s6| model .physics (' pzd’) .create ('pml8’, 'PML’, 3);
model.physics ("pzd’).feature('pml8’).selection.set ([17]);

model.physics (' pzd’ feature ("pml2’).selection.set ([11]);
siofmodel .physics (' pzd’) .create ('pml3’, 'PML’, 3);
model.physics ("pzd’).feature ("pml3’).selection.set ([1]);
sizfmodel .physics (' pzd’) .create ('pmld’, 'PML’, 3);
model .physics ("pzd’).feature ('pmld’).selection.set ([7]);
314/ model .physics (" pzd’ create ('pmlb5’, "PML’, 3);
model.physics (" pzd’ feature ('pml5’).selection.set ([19]);
sisl model .physics (' pzd’) .create(’eqml’, 'ElectricalQuasistaticModel’, 3);

( ).
( ).
( ) .
( ) .
( ) .
( ).
( ).
( ) .
38| model .physics (' pzd’).create('pml2’, ’"PML’, 3);

( ).
( ) .
( ).
( ).
( ) .
( ) .
( ) .
( ).

) .

model.physics (' pzd’
29 30 31 32 331);
s3is model .physics ("pzd’).create (' lemml’, ’'LinearElasticModel’, 3);
model.physics ("pzd’).feature(’lemml’).selection.set ([20 21 22 23 24 25 26 27
28 29 30 31 32 331);

feature ("eqml’) .selection.set ([20 21 22 23 24 25 26 27 28

320

model .mesh ("meshl’).create (' ftri2’, ’'FreeTri’);
32| model.mesh ('meshl’) .create(’'sizel’, ’"Size’);

model .mesh ('meshl’) .create (' ftetl’, ’'FreeTet’);
324/ model .mesh ('meshl’) .create(’'size2’, ’'Size’);

model .mesh ("meshl’).create (' ftril’, ’'FreeTri’);
36| model .mesh ("meshl’

model .mesh "ftri3’, 'FreeTri’);

('
('
(
(f
(

.create ('swe3’, 'Sweep’);
(
("swel’”, 'Sweep'’);
(
(
(
('

( )

( )

( )

( )

( )

( )

("meshl’) .create
38 model .mesh ("meshl’) .create

( )

( )

( )

( )

( )

( )

model .mesh ('meshl’).create (' fqg2’, 'FreeQuad’);
330) model .mesh ("meshl’) .create(’swed’, ’'Sweep’);
model .mesh ("meshl’).create (' fql’, 'FreeQuad’);
332imodel .mesh ("meshl’).create (' swe2’, ' Sweep’);
model .mesh ('meshl’).create (’'sweb5’, 'Sweep’);
33| model .mesh ("meshl’).feature (' ftri2’).selection.set ([75 76 79 80 84 88 94 99

104 108 113 118 123 126 131 134 138 140 1611);

model .mesh ('meshl’).feature (' ftri2’) .create(’'sizel’, "Size'’);

33| model .mesh ("meshl’).feature (' ftetl’).selection.geom(’geoml’, 3);

model .mesh ('meshl’).feature(’' ftetl’).selection.set ([20 21 22 23 24 25 26 27 28
29 30 31 32 33]1);

33l model .mesh ("meshl’).feature (' ftril’).selection.set ([73 125]);
model .mesh ('meshl’).feature(’swe3’).selection.geom(’geoml’, 3);
30l model .mesh ("meshl’) .feature (' swe3’).selection.set (

6 8 9 13 141]);
[71 72 91 116 144 163]);

) ( (
( ) ( (
( ) ( [
model .mesh ("meshl’).feature ('’ ftri3’).selection.set (
32| model .mesh ("meshl’) ( (
( ) ( [

( ) (

.feature (’'swel’) .selection.geom(’geoml’, 3);
model .mesh ('meshl’).feature(’swel’).selection.set ([4 5 10 12 15 187]);
a4l model .mesh ("meshl’).feature (' fg2’).create(’'sizel’, "Size'’);
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C.2 3D simulation with misalignment and underetch

model .mesh ('meshl’).feature(’fg2’).feature(’'sizel’).selection.geom(’geoml’, 2)
14

model .mesh ('meshl’).feature (' swed’).selection.geom(’geoml’, 3);

model .mesh ('meshl’).feature(’swed’).selection.set ([6 8 13 14 20 331);

model .mesh ('meshl’).feature(’fqgl’).selection.set ([71 72 91 116 144 163]);

model .mesh ("meshl’).feature(’fgl’).create(’disl’, ’'Distribution’);

model .mesh ("meshl’).feature(’fgl’).create(’'sizel’, "Size’);

model .mesh ('meshl’).feature (' fgl’).feature(’disl’).selection.set ([82 112 144
2371);

model .mesh ('meshl’).feature(’'swe2’).selection.geom(’geoml’, 3);

model .mesh ('meshl’).feature(’swe2’).selection.set ([1 2 3 7 11 16 17 191);

model .mesh ('meshl’).feature(’swe2’).create(’'disl’, ’'Distribution’);

model .mesh ('meshl’).feature ('swe2’).feature(’disl’).selection.set ([1 7 11 19])
14

model .mesh ('meshl’).feature(’sweb’).create(’'disl’, ’'Distribution’);

model.result.table.create ('tbl5’, ’'Table’);

model.result.table.create(’'tbl6’, "Table’);

model.result.table.create('tbl7’, '"Table’);

model.result.table.create('tbl8’, ’"Table’);

model.result.table.create ('tbhl9’, "Table’);

model.result.table.create(’'evl3’, ’'Table’);

model .view ('viewl’).set (' scenelight’, ’'off’);

model .view ('view2').axis.set ('ymin’, ' -0.6345691680908203");

model.view ('view2'’).axis.set ('xmax’, "1.5411033630371094");

model .view ('view2’) .axis.set ('xmin’, " -0.5411035418510437");

model .view ('view2').axis.set ('ymax’, "1.6345691680908203");

model .view ('view3’).axis.set ('ymin’, ' -0.6345691680908203");

model .view (’view3’).axis.set ('xmax’, ’'2.5399553775787354");

model.view (’'view3’).axis.set ('xmin’, " -1.5399553775787354");

model.view (’view3’).axis.set ('ymax’, "1.6345691680908203");

model .material (‘matl’).active (false);

model .material (‘matl’).label ('Aluminum Nitride’);

model .material (‘matl’).set ('diffuse’, ’custom’);

model .material (‘matl’).set ('noise’, ’"on’);

model .material (‘matl’).set (/' family’, ’'custom’);

model .material ("matl’).set (’specular’, ’'custom’);

model .material (‘matl’).set (' customambient’, {’0.7843137254901961" '
0.7843137254901961" "0.7843137254901961"1});

model .material ("matl’).set ('noisefreq’, "17);

model .material (‘matl’).set (' customspecular’, {’0.7843137254901961" "17 "1"1});

model .material (‘matl’).set ('lighting’, ’'cooktorrance’);

model .material (‘matl’).set ("ambient’, ’custom’);

model .material (‘matl’).set (' fresnel’, 70.97);

model .material (‘matl’).set ('customdiffuse’, {’70.7843137254901961" '
0.7843137254901961" "0.7843137254901961"1});

model .material (‘matl’) .propertyGroup(’'def’).func.label ('Functions’);

model .material ('matl’) .propertyGroup ('def’).set (’'density’, ’"5080[kg/m"3]1");

model .material (‘matl’) .propertyGroup ('def’).set (’'youngsmodulus’, ’'385e9");
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model .material ("matl’) .propertyGroup(’'def’).set ('poissonsratio’ "0.247);
3| model .material (‘matl’) .propertyGroup (' StrainCharge’).func.label ('Functions’);
model .material (‘matl’) .propertyGroup (' StrainCharge’).set ('sE’, ’'7);
304f model .material (‘matl’) .propertyGroup (' StrainCharge’).set ("dET’, "'");
model .material (‘matl’) .propertyGroup ('’ StrainCharge’) .set ("epsilonrT’, '7);
36| model .material (‘matl’) .propertyGroup (' StrainCharge’) .set ('eta_sE’', '7);
model .material (matl’) .propertyGroup (' StrainCharge’).set ('eta_dET’, '7);
8| model .material (‘matl’) .propertyGroup (' StrainCharge’).set ('eta_epsilonT’, "');
model.material(’matl ) .propertyGroup (' StralnCharqe ) .set ("sE’, {’2.85842e
-012[1/Pa]’ "-8.99652e-013[1/Pa] -3.82867e-013[1/Pal’ "0[1/Pa]l’ [1/Pa]
" '0[1/Pal’ "-8.99652e-013[1/Pa]’ "3.11659e-012[1/Pa]’ '-9.64799e-013[1/Pa
17 '0[1/Pal’
a0 "0[1/Pal’ '0[1/Pa]’ "-3.82867e-013[1/Pal’ "-9.64799e-013[1/Pa]’ "3.03768e
-012[1/Pal’” '0[1/Pal’ ’"0[1/Pa]l’ ’"0[1/Pa]’ "0[1/Pa]l’ "0[1/Pal’ .
0[1/Pa]’ "8e-012[1/Pa]l’ [1/Pa]’ [1/Pa]’ [1/Pa]l’ [1/Pa] [1/Pa]’ '
0[1/Pa]’ "8e-012[1/Pa] 0[1/Pa]
42| "0[1/Pal’ '0[1/Pa]’ "0[1/Pa]’” "0[1/Pa]’ "0[1/Pa]’ "8e-012[1/Pal’});
model .material ('matl’) .propertyGroup (' StrainCharge’).set ('dET’, {’0[C/N]" ’'0[C
/N1 -1.72953e-012[C/N] O[Cc/N]" 'O[C/N]" 7" -2.78126e-012[C/N]" "O[C/N]'
0O[C/N]" "5.49006e-012[C/N]" 'O[C/N]’
404/ " =3.84e-012[C/N] [C/N] -3.84e-012[C/N] [C/N] [C/N] [C/N] [C/N
I [C/N]
model .material (matl’) .propertyGroup ('’ StrainCharge’).set ('epsilonrT’, {’
9.20817" 0" Q" 0" 79.20817" 0" 'O0" "0’ "10.2566"1});
46| model . .material (‘matl’) .propertyGroup (' StrainCharge’).set(’eta_sE’, {'0" "0’ ’0
A LA R A VA R R .
ro" Q" Q" ro0” 0" 'o" Q" Q" 'O’ 'O
408 70" 0" Q" Q" ro” 0" 'o0" 'Q" 0’ ro’
"o Q0" Q" rO0r TO0" 0"}
4s10lmodel . .material (‘matl’) .propertyGroup (' StrainCharge’).set (’'eta_dET’, {'0" 70" '
or ro" ro" 0" 0" ro” 0" ro’
R A A O A O A R A VA B
4s12lmodel .material ("matl’) .propertyGroup (' StrainCharge’).set('eta_epsilonT’, {’0’
R R R A A R A VA B I
model .material (‘matl’) .propertyGroup (' StressCharge’).func.label ('Functions’);
s14)model .material ("matl’) .propertyGroup (' StressCharge’).set ('cE’, '7);
model .material (‘matl’) .propertyGroup (' StressCharge’).set ("eES’, ''");
4s16)model .material ("matl’) .propertyGroup ('’ StressCharge’).set ('epsilonrsS’, "");
model .material ("matl’) .propertyGroup (' StressCharge’) .set ('eta_cE’, '');
s1slmodel .material ("matl’) .propertyGroup (' StressCharge’).set ('eta_eES’, '");
model .material (‘matl’) .propertyGroup (' StressCharge’).set ('eta_epsilonS’, "'");
s20lmodel . .material ("matl’) .propertyGroup (' StressCharge’).set ('cE’, {’3.85e+011[Pa]
7 71.49e+011[Pa]l’ "9.9e+010[Pa]’ ’'0[Pa]l’ 'O[Pa]’ ’'0[Pa]’ "1.49e+011[Pa]"’ ’
3.85e+011[Pa]’ "1.49e+011[Pa]’ ’"0[Pal’ .
"O[Pa]’ "0[Pa]’ "9.9e+010[Pa]’ ’"1.49e+011[Pa]’ ’'3.89e+011[Pa]’ '0O[Pa]’ '0[Pa]l’
"0[Pa]’ 'O[Pa]’ 'O[Pal’
42| "0[Pal]’ "1.25e+011[Pa]’ ’"0[Pa]’” "0[Pa]l’” ’"0[Pa]’” "0[Pa]l’ "0[Pa]’” "0[Pa]’ "1.25e
+011[Pal’ ’'0[Pal’ .
"0O[Pa]’ "0[Pa]’” 'O[Pal]l’” '0O[Pa]’ ’"0[Pa]’ "1.25e+011[Pal’});
p4lmodel .material ('matl’) .propertyGroup (' StressCharge’).set ('eES’, {’0[C/m"2]" '
[C/m"2] -0.58[C/m”2]" "0[C/m"2]" "0[C/m"2]" "-0.58[C/m"2] [C/m"2]1" 7
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0[C/m”2]" "1.55[C/m"2]" "0[C/m"2]"'
-0.48[C/m”2]" '0[C/m"2]" "-0.48[C/m"2]" '0[C/m"2]" "0[C/m"2]" '0O[C/m"2]" "OQO[C
/m~217 T0[C/m”2]"});
46| model . .material ("matl’) .propertyGroup ('’ StressCharge’).set (’'epsilonrS’, {97 70’
Tor QO r9r T T 0T r9r )y
model .material ("matl’) .propertyGroup ('’ StressCharge’) .set ("eta_ckE’, {707 0" '0
L A A L R O ..
870" 0" Q" 'O Q" 'O" Q" 'O" 'O" 'O
"o’ Q" 0" Q0" "o0" Q" 0" Q" 0" rQ’
RN I A VA | R VA A VR D B
model .material ("matl’) .propertyGroup (' StressCharge’) .set ("eta_eES’, {'0" 70" '
or 0" ror o' 0" 0" 0" o’
42/ 70" 0" Q" 0" Q" 0" rQ" 0"}
model .material ("matl’) .propertyGroup (' StressCharge’).set ('eta_epsilonS’, {'0’
L R O A O R O R A VR B B
14l model .material ("mat2’) .active (false);
model .material (‘mat2’).label ('Platinum [solid]’);
16l model .material (‘mat2’) .set ("diffuse’, 'custom’);
model .material (‘mat2’).set ('noise’, ’'on’);
43| model . .material (‘mat2’) .set (" family’, ’'custom’);
model .material (' ") .set ("specular’, ’'custom’);
40|l model .material ("mat2’) .set (' customambient’, {’0.7843137254901961" '
.7843137254901961" "0.7843137254901961"1});
model .material ('mat2’).set ('noisefreq’, "17);

o

)
slmodel . .material ("mat2’) .set (' customspecular’, {’0.7843137254901961" 71" "1"});
model .material (‘mat2’).set ('’ lighting’, 'cooktorrance’);
44l model .material ("mat2’) .set ('ambient’, ’'custom’);
model .material (‘mat2’).set (/' fresnel’, 70.97);
)

46| model .material (‘mat2’) .set ('customdiffuse’, {’0.7843137254901961" 7

.7843137254901961" "0.7843137254901961"1});

model .material (‘mat2’) .propertyGroup (’'def’).func.label (' Functions’);

gl model . .material ("mat2’) .propertyGroup ('def’).func(’dL’).set ('pieces’, {"10.0" '
70.0" "-0.00192855+1.134373E-6*T"1-9.005848E-8*T"2+3.271584E-9*T
~"3-3.362442E-11*T"4+1.238208E-13*T~5"; "70.0" "280.0" '
-0.001895358-2.225109E-6*T"1+7.277336E-8*T"2-2.321766E-10*T"3+2.913888E-13
*TAN47; 7280.07 71973.07 "-0.002617286+8.777313E-6*T"1+3.786334E-10*T
"2+5.373731E-13*T"3-6.636722E-17*T"4"});

model .material (‘mat2’) .propertyGroup ('def’).func('dL’).set ("arg’, '"T");

450l model .material (‘mat2’) .propertyGroup ('def’).func(’k’).set ('pieces’, {'0.0" 7
13.07 "209.6991*T"1+18.16709*T"2-4.678988*T"3+0.2278691*T"4-0.002748296*T
A57; 13.07 '50.0" 72978.797-201.1759*T"1+3.362113*T"2+0.0713319*T
~3-0.002761393*T"4+2.280531E-5*T~5"; 750.0" "100.0" "1212.843-69.25658*T
"1+1.763533*T72-0.0228956*T"3+1.494028E-4*T"4-3.889706E~-7*T"5"; "100.0"
285.0" 7123.3886-1.066855*T"1+0.009646914*T"2-4.536814E-5*T"3+1.072687E~-T7*
T"4-1.004522E-10*T"5"; ’"285.0" 72045.0" "73.99627-0.01557887*T"1+2.646931E
-5*T"2-6.133801E-9*T"3"});

model .material ('mat2’) .propertyGroup ('def’).func('k’).set("arg’, 'T");

4s52imodel . .material ("mat2’) .propertyGroup ('def’).func(’'res’).set ('pieces’, {"14.0’

747.0" " -5.497611E-10+1.415797E-10*T"1-1.305787E-11*T"2+5.545444E-13*T

A"3-7.41428E-15*T"4+3.513902E-17*T~5"; "47.0" "160.0" ’"1.845544E-9-3.44008E

-10*T"1+1.431636E-11*T"2-1.250757E-13*T"3+5.330375E-16*T"4-8.95938E-19*T"5

o
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"; "160.0" "600.0" " -1.927892E-8+5.233699E-10*T"1-4.107885E-13*T
"2+6.694129E-16*T"3-4.447775E-19*T"4"; "600.0" "2000.0" ' -4.843579E
-8+5.552497E-10*T"1-1.600249E-13*T"2+2.814022E-17*T"3"});

model .material ('mat2’) .propertyGroup ('def’).func(’'res’).set("arg’, 'T");

454 model .material (‘mat2’) .propertyGroup ('def’).func(’epsilon’).set('pieces’, {’
1000.0" 72000.0" 70.1248438+6.688811E-5*T"1+5.827506E-10*T"2"1});

model .material (‘mat2’) .propertyGroup ('def’).func(’'epsilon’).set(’"arg’, '"T");

4s6) model .material ('mat2’) .propertyGroup ('def’).func(’alpha’).set ('pieces’, {’710.0
" 770.0" "6.594988E-6+1.839984E-8*T"1+3.921862E-10*T"2-1.081641E-11*T
~3+1.007161E-13*T"4-3.398394E-16*T"5"; "70.0" 7230.0" "6.867919E
-6+1.945355E-8*T"1-6.698432E-11*T"2+1.199734E-13*T"3-1.069967E-16*T"4"; '/
230.0" "1973.0" ’"8.801519E-6+4.097477E-10*T"1+1.248065E-12*T"2-7.133932E
-16*T"3+1.689741E-19*T"4"});

model .material ('‘mat2’) .propertyGroup ('def’).func("alpha’).set(’arg’, 'T");

4ssmodel . .material ("mat2’) .propertyGroup ('def’).func(’C_solid_1").set ('pieces’, {’
0.0" "19.0" 70.03281349*T"14+0.001129466*T"2+3.449445E-4*T"3+5.174165E-5*T
" -1.325633E-6*T~5"; "19.0" "119.0" 710.30393-1.986516*T"1+0.1283953*T
72-0.002010741*T"3+1.359791E-5*T"4-3.445457E-8*T"5"; "119.0" '290.0" '
0.4467027+1.721765*T*1-0.009418853*T"2+2.453936E-5*T"3-2.455881E-8*T"4"; '
290.0" "2000.0" "122.2187+0.03986346*T"1-1.836174E-5*T"2+7.556773E-9*T"3"’
b

model .material ("mat2’) .propertyGroup (’'def’).func(’'C_solid_1").set("arg’, '"T");

40| model .material ("mat2’) .propertyGroup ('def’).func(’HC_solid_1').set ('pieces’, {
"0.0" "19.07 70.006401583*T"1+2.203475E-4*T"24+6.72952E-5*T"3+1.009428E-5*T
A"4-2.586177E-7*T~5"; 719.0" 7119.0" "2.018562-0.3875494*T"~1+0.02504865*T
"2-3.922754E-4*T"3+2.652817E-6*T"4-6.721742E-9*T"5"; 7119.0" '290.0" '
0.08714724+0.3358992*T~1-0.001837525*T"2+4.787383E-6*T"3-4.791178E-9*T"4";

7290.0" "2000.0" "23.84364+0.007776964*T"1-3.582192E-6*T"2+1.47425E-9*T"3

1)

model .material (‘mat2’) .propertyGroup ('def’).func(’HC_solid_1").set ("arg’, 'T")

42| model .material ("mat2’) .propertyGroup ('def’).func('mu’).set ('pieces’, {’293.0’
71480.0" "6.55395E10-1.15E7*T"1+3.035766E-9*T"2"});

model .material ('mat2’) .propertyGroup ('def’).func('mu’).set("arg’, '"T");

44| model .material ('mat2’) .propertyGroup ('def’).func(’sigma’).set ('pieces’, {’714.0
rr47,0" "1/(3.513902E-17*T"5-7.414280E-15*T"4+5.545444E-13*T*3-1.305787E
-11*T"2+1.415797E-10*T-5.497611E-10)"; "47.0" "160.0" "1/(-8.959380E-19*T
"54+5.330375E-16*T"4-1.250757E-13*T"3+1.431636E-11*T"2-3.440080E-10*T
+1.845544E-09)"; '160.0" "600.0" "1/(-4.447775E-19*T"4+6.694129E-16*T
"3-4.107885E-13*T"2+5.233699E-10*T-1.927892E-08)"; ’'600.0’ 72000.0" '
1/(2.814022E-17*T"3-1.600249E-13*T"2+5.552497E-10*T-4.843579E-08)"1});

model .material ("mat2’) .propertyGroup ('def’).func(’sigma’).set("arg’, 'T");

46| model .material ("mat2’) .propertyGroup ('def’).func(’rho’).set ('pieces’, {"10.0’
770.0" "21512.45-0.07336997*T"1+0.005824972*T"2-2.116082E-4*T"3+2.17523E-6
*T"4-8.010422E-9*T~5"; "70.0" "280.0’" "21510.32+0.1433013*T"1-0.00470128*T
~"2+1.502256E-5*T"3-1.883994E-8*T"4"; 7280.0" 71973.0" 721557.19-0.5675783*
T*"1-1.7525E-5*T"2-3.171806E-8*T"3+4.698968E-12*T"4"1});

model .material ('mat2’) .propertyGroup (’'def’).func(’'rho’).set("arg’, 'T");

48| model .material ("mat2’) .propertyGroup ('def’).func(’'VP_solid_1’).set('pieces’, {

7293.0" "2041.0" " (exp((-2.938700e+004/T+1.103900e+000*10gl0(T)+7.762810e

+000-4.527000e-001/T"3)*1og (10.0)))*1.333200e+002"1});
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model .material ("mat2’) .propertyGroup ('def’).func(’'VP_solid_1").set ("arg’, 'T")

model .material (mat2’) .propertyGroup (’'def’).func(’kappa’).set ('pieces’, {’
293.0" 71480.0" "1.99731E11-6.619246E7*T"1+4690.398*T"2"1});

model .material ("mat2’) .propertyGroup ('def’).func(’"kappa’).set(’arg’, 'T");

>lmodel .material ("mat2’) .propertyGroup (’'def’).set ("dL’, "dL(T[1/K])-dL (Tempref

[1/K]1)");

model .material ("mat2’) .propertyGroup ('def’).set ('thermalconductivity’, {’k (T
(1/K]) [W/(m*K)]" 70" "0" 70" "k(T[1/K])[W/(m*K)]" 70" 70" "0" "k(T[L/K])I[W
/(m*K)17});

model .material ("mat2’) .propertyGroup ('def’).set (' resistivity’, {’res(T[1/K]) |
ohm*m]’ "0’ "0’ "0’ ’'res(T[1/K]) [ohm*m]’” 0" "0’ "0’ 'res(T[1/K]) [ohm*m]’
1)

model .material ('mat2’) .propertyGroup ('def’).set ('emissivity’, 'epsilon(TI[1/K])
")

model .material ("mat2’) .propertyGroup ('def’).set ('thermalexpansioncoefficient’,

{"alpha (T[1/K]) [1/K]+ (Tempref-293[K])/(T-Tempref)* (alpha (T[1/K]) [1/K]~-

alpha (Tempref [1/K]) [1/K])" "0’ "0’ "0’ "alpha(T[1/K])I[1/K]+(Tempref-293[K
1)/ (T-Tempref) * (alpha (T[1/K]) [1/K]-alpha (Tempref [1/K]) [1/K])’ "0’ 0" "0
"alpha (T[1/K]) [1/K]+(Tempref-293[K])/(T-Tempref)* (alpha (T[1/K]) [1/K]-alpha
(Tempref [1/K]) [1/K])"});

model .material ("mat2’) .propertyGroup ('def’).set ("heatcapacity’, ’'C_solid_1(T
(1/K]) [J/(kg*K)1");

model .material ('mat2’) .propertyGroup ('def’).set ("HC’, ’"HC_solid_1(T[1/K])[J/(
mol*K)]");

model .material ('mat2’) .propertyGroup ('def’).set (‘mu’, 'mu(T[1/K])[Pal’);

model.material ('mat2’) .propertyGroup ('def’).set(’electricconductivity’, {’
sigma (T[1/K]) [S/m]’” '0" "0’ '0' ’"sigma(T[1/K])I[S/m]’ "0’ "0’ "0’ ’'sigma (T
[1/K])[S/m]"});

model .material ('mat2’) .propertyGroup ('def’).set ("density’, 'rho(T[1/K]) [kg/m
~317);

2lmodel .material (‘mat2’) .propertyGroup ('def’).set ('VP’, ’'VP_solid_1(T[1/K])[Pa]’

)i

model .material ('mat2’) .propertyGroup ('def’).set (’"kappa’, ’"kappa(T[1/K])[Pal’);

model .material ('mat2’) .propertyGroup ('def’).addInput (' temperature’);

model .material ("mat2’) .propertyGroup ('def’).addInput (’
strainreferencetemperature’);

model .material (‘mat2’) .propertyGroup ('Enu’).info (' category’) .body ('
Solid_mechanics/Linear_elastic_material_model’);

model .material (‘mat2’) .propertyGroup ('Enu’).func.label (' Functions’);

model .material (‘mat2’) .propertyGroup ('Enu’).func(’'E’).set ('pieces’, {793.0" '
293.0" "1.667479E11-4.099535E7*T"1+54115.62*T"2-51.62897*T~3"; '293.0" '
1480.0" "1.68E11-3.38E7*T"1"});

model .material ("mat2’) .propertyGroup ('Enu’).func(’'E").set ("arg’, 'T');

model .material ("mat2’) .propertyGroup ('Enu’).func('nu’).set('pieces’, {7293.0'
71480.0" "0.3516936-1.897311E-5*T"1-5.685048E-9*T"2"1});

model .material (‘mat2’) .propertyGroup ('Enu’).func('nu’).set("arg’, 'T7);

model .material (‘mat2’) .propertyGroup ('Enu’) .set (' youngsmodulus’, 'E(T[1/K]) [Pa
17) 3

model .material ('mat2’) .propertyGroup ('Enu’).set ('poissonsratio’, 'nu(T[1/K])")

r
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model .material ("mat2’) .propertyGroup ('Enu’).addInput (' temperature’);

model .material (‘mat3’).active (false);

model .material (‘mat3’).label ('Lithium Niobate X+60UP’);

model .material (‘mat3’) .propertyGroup (’'def’).func.label (' Functions’);

model .material ("mat3’).propertyGroup ('def’).set ('density’, "4640[kg/m"3]1");

model .material (‘mat3’) .propertyGroup(’'def’).set ('poissonsratio’, "0.2981");

model .material ("mat3’) .propertyGroup ('def’).set ('youngsmodulus’, "1.9671ell’);

model .material ("mat3’) .propertyGroup (' StressCharge’).func.label ('Functions’);

model .material ('mat3’) .propertyGroup (' StressCharge’).set ('cE’', "7);

model .material (‘mat3’) .propertyGroup (' StressCharge’).set ("eES’, ''");

model .material ("mat3’) .propertyGroup (' StressCharge’) .set ("epsilonrS’, "7);

model .material ("mat3’) .propertyGroup (' StressCharge’) .set ('eta_cE’, '');

model .material ('mat3’) .propertyGroup (' StressCharge’).set ("eta_eES’, '7);

model .material (‘mat3’) .propertyGroup (' StressCharge’).set ("eta_epsilonsS’, "');

model .material ('mat3’) .propertyGroup (' StressCharge’).set ('cE’, {’1.8671lell"” '
0.8218el11" 70.6478el11” "-0.0000" "-0.0000" "-0.0141el11” 70.8218el1" '
2.1794e11” '0.5788ell’ "-0.0000"

"0.0000" "-0.0997el1l” ’'0.6478ell’ "0.5788el1l1’ 71.9886ell’ "0.0000" "0.0000" '
-0.0968el11" "-0.0000" "-0.0000"

"0.0000" "0.5613el11” 70.0139el11” "0.0000" "-0.0000" "0.0000" "0.0000" 70.0139
ell’” 70.7581ell’ "0.0000"

-0.0141el1" "-0.0997e11” "-0.0968ell1” "0.0000" "0.0000" 70.7405e11"7});

model .material ("mat3’) .propertyGroup (' StressCharge’).set ("eES’, {"4.7231" '
2.0081" 0" "-1.6556" '-2.5811" "0’ ’'-1.9375" "-1.3842" "0’ "-0.0000"

"0.0000" "-4.5019" r0.0000" "0.0000" "-0.1375" "-1.1096" "0.1444" 70.0000"});

model .material ('mat3’) .propertyGroup (' StressCharge’).set ("epsilonrS’, {’
41.0000" "6.9282" "0.0000" "6.9282" 733.0000" "-0.0000" 70.0000" "-0.0000"

745.0000"});

model .material ("mat3’) .propertyGroup (' StressCharge’).set ("eta_cE’, {0’ 0" '0
A (A R (R ..

"o’ Q" 0" Q0" 0" Q" 0" Q" 0" rQ’

L O O A O O A O LA O R O A O R A O

O R VA O KA VA VR T B

model .material (‘mat3’).propertyGroup (' StressCharge’) .set ("eta_eES’, {07 70" '
or 0" ror ro" ror ro" ror ro’

A R O A O R O R A VR B B

model .material (‘mat3’) .propertyGroup (' StressCharge’).set ("eta_epsilonS’, {'0’
LR R O O LA O A O R A VA B B

model .material (‘matd’).label ("A1l");

model .material ("mat4’).set ('noisescale’ "0.05");

model .material (‘matd’).set ('diffuse’ "custom’) ;

model .material (‘matd’).set ('noise’ "on');

model .material ("‘matd’).set (' family’ "custom’) ;

model .material (‘matd4’).set (' specular’, ’'custom’);

model .material (‘matd’).set (' customambient’, {’0.7843137254901961" '
0.7843137254901961" "0.7843137254901961"1});

model .material ('mat4’).set ('noisefreqg’ "107);

model .material ("mat4’).set (' customspecular’, {’0.7843137254901961" "1" "1"1});

model .material (‘matd4’).set (' lighting’, ’'cooktorrance’);

model .material (‘matd’).set ('ambient’, ’custom’);

model .material (‘matd’).set (' fresnel’, 70.97);
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model .material ('matd’).set (' customdiffuse’, {70.7843137254901961" '
0.7843137254901961" '0.7843137254901961"1});

model .material (‘matd’).set ('noisescale’, "0.05");

model .material (‘matd’) .propertyGroup (’'def’).set ("electricconductivity’, {’35.5
e6[S/m]" 07" 0" 0" "35.5e6([S/m]’ 0" 0" "0’ '35.5e6[S/m]"});

model .material ("mat4’) .propertyGroup (’'def’).set (’'thermalexpansioncoefficient’,

{"23.1e-6[1/K]" 0" 70" 0" '23.le-6[1/K]" 70" "0’ "0’ "23.1e-6[1/K]"});

model .material ('mat4’) .propertyGroup ('def’).set ('heatcapacity’, "904[J/(kg*K)]
")

model.material ("mat4’) .propertyGroup ('def’).set (’'density’, "2700[kg/m"3]1");

model.material ('mat4’) .propertyGroup ('def’).set (’'thermalconductivity’, {’237[W
/(m*K) ]’ 0" 0" 'O" '237[W/(m*K)]" 0" '0" '0" '237[W/(m*K)]"});

model .material (‘matd’) .propertyGroup ('def’).set ('relpermittivity’, {71079" "0’

"o" 0" 10797 0" 'O’ 'O" "107971});

model .material ("mat4’) .propertyGroup ('Enu’) .set (’youngsmodulus’, ’"70.0e9[Pa]’)

model .material

model .material

model .material

model .material

model .material

"mat4’
"mat5’
"mat5’
"mat5’
"mat5’

( ) .propertyGroup ("Enu’) .set ('poissonsratio’, "0.35");
( ) .active (false);
( ) .label ('Lithium Niobate X+60UP 1');
( ) .propertyGroup ('def’).func.label (' Functions’);
( ) .propertyGroup ("def’) .set ('density’, "4640[kg/m"3]");
model .material ("matb’) .propertyGroup ('def’).set ('youngsmodulus’, "1.9671ell’);
model .material (mat5’) .propertyGroup ('def’).set ('poissonsratio’, "0.2981");
model .material (matb’) .propertyGroup (' StressCharge’).func.label (' Functions’);
model .material (‘matb’) .propertyGroup (' StressCharge’).set ('cE’, "7);
model .material ('mat5’) .propertyGroup (' StressCharge’).set ("eES’, '');
model .material ("matb’) .propertyGroup (' StressCharge’) .set ("epsilonrS’, '7);
("mat5") . ("StressCharge’) .set ('eta_cE’, "7);
("mat5’) . ( ) . ('

( ) . ( ). ('

( ) . ( ) .

model .material

model .material

model .material (matb’) .propertyGroup

model .material (‘matb’) .propertyGroup
0.8218ell’” 70.6478ell’ "-0.0000"
2.1794e11" "0.5788ell’” 7-0.0000"

"0.0000" "-0.0997ell’ "0.6478ell” 70.5788ell’ "1.9886ell’ "0.0000" 70.0000" *
-0.0968el1l’” "-0.0000" "-0.0000"

"0.0000" 70.5613ell” "0.0139el11” 70.0000" "-0.0000" 70.0000" "0.0000" "0.0139
ell” 70.7581ell” 70.0000"

’-0.0141ell1” 7-0.0997ell" "-0.0968ell” 70.0000" "0.0000" 70.7405ell"});

model .material (mat5’) .propertyGroup (' StressCharge’) .set ("eES’, {’4.7231" '
2.0081" 0" ’"-1.6556" ’-2.5811" '0" ’'-1.9375" "-1.3842" "0’ '-0.0000"

"0.0000" "-4.5019" '0.0000" 70.0000" "-0.1375" "-1.1096" "0.1444" 70.0000"1});

model .material ('matb’) .propertyGroup (' StressCharge’).set ("epsilonrS’, {’
41.0000" "6.9282" "0.0000" "6.9282" 733.0000" "-0.0000" 70.0000" "-0.0000"
745.0000"});

model .material ("mat5’) .propertyGroup (' StressCharge’).set ("eta_cE’, {0’ 0" '0
L A R O A O A O R R ce

"o" Q" rQr ro” 0" 0" Q0" 0" 0" 'O

ror Q" Q" ro” 0" 'o" Q" Q" 'O’ 'O’

R R (A VA VA (RN B B

model .material (‘mat5’) .propertyGroup (' StressCharge’) .set ("eta_eES’, {0’ 0" '
o’ ro" ro" ro" 0" o’ 0" "0’

propertyGroup
propertyGroup (' StressCharge’ set ("eta_eES’, "");

StressCharge’ set ("eta_epsilonS’, '");
StressCharge’) .set ('cE’, {’1.8671lell’ '

-0.0000" "-0.0141ell” 70.8218ell’ '

’
r
r
r
’
’
r
r
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IOI IOI !OI IOI IOI IOI IOI IOI});
s;o| model .material (‘mat5’) .propertyGroup (' StressCharge’) .set ('eta_epsilonS’, {’0’
R R O A O R O R A VA B I

model .material ('mat6’).label (' Lithium Niobate’);

snlmodel .material ('mat6’).set ('diffuse’, ’custom’);

model .material ('mat6’).set ('noise’, ’"on'’);

sl model .material (‘mat6’).set (' family’, ’'custom’);

model .material (‘maté6’).set (’specular’, ’'custom’);

siel model .material (‘mat6’).set (' customambient’, {’0.7843137254901961" '

.7843137254901961" "0.7843137254901961"1});

model .material ("mat6’).set ('noisefreq’, "17);

sl model .material (‘mat6’).set (' customspecular’, {’0.7843137254901961" 717 "1"});

model .material (‘maté6’).set (' lighting’, ’'cooktorrance’);

ssol model .material (‘mat6’) .set ("ambient’, ’'custom’);
( ) .

) .

o

model .material ("mat6’ set (" fresnel’, 70.97);
ss2l model .material ("mat6’ set (" customdiffuse’, {’0.7843137254901961" '
.7843137254901961" "0.7843137254901961"1});
model .material (‘maté6’) .propertyGroup ('def’).set ('relpermittivity’, {’743.6" "0’/
"0 0" "43.67 0" 0" 'O" "29.1671});

sssf model .material (‘mat6’) .propertyGroup ('def’).set ('density’, "4700[kg/m"3]1");
model .material ("mat6’) .propertyGroup (’'def’).set ('poissonsratio’, "17);
sss) model .material (‘mat6’) .propertyGroup (’'def’) .set (' youngsmodulus’, "197e9");
model .material ("maté6’) .propertyGroup (' StrainCharge’).set ("sE’, "7);
sssf model .material (‘mat6’) .propertyGroup (' StrainCharge’).set ("dET’, "');

model .material (‘maté6’) .propertyGroup (' StrainCharge’) .set ("epsilonrT’, '7);
sool model .material (‘mat6’) .propertyGroup ("' StrainCharge’).set ('eta_sE’', '7);

model .material ('mat6’).propertyGroup ('’ StrainCharge’) .set ("eta_dET', '7);

( ) . ) . ('
) . ) .

(a»)

(
(
(
(
(
(
(
(

’
’
r
r
r
’

sl model .material (‘mat6’) .propertyGroup (' StrainCharge’ set ("eta_epsilonT’, "");

model .material ("mat6’).propertyGroup (' StrainCharge’).set ('sE’, {’5.78e-012[1/
Pa]’ '-1.01e-012[1/Pa]’ '-1.47e-012[1/Pal’ '-1.02e-012[1/Pal’” '0[1/Pal’ '’
0[1/Pa]’” "-1.01e-012[1/Pa]’ "5.78e-012[1/Pa]’ "-1.47e-012[1/Pa]’ "1.02e
-012[1/Pal’

so4| "0[1/Pal’ "0[1/Pa]’ "-1.47e-012[1/Pa]’ "-1.47e-012[1/Pa]’ "5.02e-012[1/Pa]l’ '
0O[1/Pa]’ "0O[1/Pa]’ '0O[1/Pa]’ "-1.02e-012[1/Pa]’ "1.02e-012[1/Pa]’

"0[1/Pa]’ "1.7e-011[1/Pa]l’ '0O[1/Pa]’ '0[1/Pa]l’ ’'0O[1/Pa]’ "0O[1/Pal’ ’'0O[1/Pal’ '
0[1/Pa]’” "1.7e-011[1/Pa]’ "-2.04e-012[1/Pal’

soo| "0[1/Pal’ "0[1/Pal’ "0[1/Pa]’ "0[1/Pa]’ "-2.04e-012[1/Pa]’ "1.36e-011[1/Pal’})

model .material ("mat6’).propertyGroup (' StrainCharge’).set ('dET’, {’0[C/N]" '
-2.1le-011[C/N]" '"-1e-012[C/N]" 'O[C/N]'" '2.1e-011[C/N]" "-1e-012[C/N]’ '0]
c/N]" "O[C/N]’ "6e-012[C/N]’" "'O[C/N]'

s98| 7 6.8e-011[C/N]" "0O[C/N]’" "6.8e-011[C/N]" "O[C/N]" "O[C/N]" "-4.2e-011[C/N]"
O[C/N]" "O[C/N]"});

model .material ("mat6’) .propertyGroup ('’ StrainCharge’) .set ("epsilonrT’, {’84" '0
foror o rQr r84r rQ0r r0" 0" 307}

600l model .material (‘mat6’) .propertyGroup (' StrainCharge’).set ("eta_sE’, {0’ 0" 'O
L A A A VA R R A .

ror Q" Q" ro” 0" 'o" Q" Q" 'O’ 'O’

e2 0" 0" 0’ 0" 0" "O" Q" 'O’ 'O’ 'O
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604| model .material ('mat6’) .propertyGroup (' StrainCharge’) .set ('eta_dET’, {’0" "0’ 7
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OI IOI IOI IOI IOI !OI IOI IO/
IOI IOI IOI IOI IOI IOI IOI IOV});
606 model .material ('mat6’).propertyGroup (' StrainCharge’).set ('eta_epsilonT’, {’0’
IOI IOI VOI IOI IO! IOI IOI VO!});
model .material ("mat6’).propertyGroup
sos model .material ('mat6’) .propertyGroup
model .material ("maté6’).propertyGroup (' StressCharge set ("epsilonrS’, "');

( ) . ) .set

( ) . ) .

( ) . ) .

si0l model .material ('mat6’) .propertyGroup (" StressCharge’) .set ("eta_cE’, '7);
( ) . ) .

( ) . ).

). ) .

set

"StressCharge’
"StressCharge’

ICEV, II);
leES!’ II);

4

(

(

(

(I

model .material ('mat6’) .propertyGroup (' StressCharge’) .set ("eta_eES’, '7);

612l model .material ('mat6’) .propertyGroup (' StressCharge’) .set ("eta_epsilonS’, '');

model.material ('mat6’) .propertyGroup (' StressCharge’).set ('cE’, {’2.02897e+011][
Pa]’ ’5.29177e+010([Pa]’ "7.49098e+010[Pa]’ "8.99874e+009[Pa]’ '0O[Pa]’ 'O
Pa]’ ’5.29177e+010[Pa]’ '2.02897e+011[Pa]’ "7.49098e+010[Pa]’ ’'-8.99874e
+009[Pal’ .

614/ 7 0[Pa]l’” "0[Pa]l’” "7.49098e+010[Pa]’ "7.49098e+010([Pa]’ ’'2.43075e+011[Pa]’ '0O[Pa
17 "0[Pa]’ "0[Pa]’ "8.99874e+009[Pa]’ "-8.99874e+009[Pa]’

"0[Pa]’ 75.99034e+010([Pa]’” '0[Pa]’” 'O[Pal]l’” 'O[Pa]’ ’0[Pa]’” 'O[Pa]’ ’'0[Pa]l’ '
5.99018e+010[Pa]’” "8.98526e+009[Pal’

6is| "0O[Pa]l’ ’'0[Pal’ 'O[Pa]l’ "0O[Pal’ 78.98526e+009[Pal’ "7.48772e+010[Pal’});

model .material ('maté6’) .propertyGroup (' StressCharge’).set ("eES’, {’0[C/m"2]" 7
-2.53764[C/m”2]" "0.193644[C/m"*2]" '0[C/m"2]" "2.53764[C/m"2]" "0.193644][C
/m”~217" "0[C/m”2]" 'O0[C/m”2]" 71.30863[C/m"2]" '0[C/m"2]"

618 73.69548[C/m”2]" '0[C/m"2]" "3.69594[C/m"2]" '0[C/m"2]" '0O[C/m"2]" ' -2.53384][C
/m*2]7 "0[C/m 2] "0[C/m*2]"});

model .material (‘maté6’) .propertyGroup (' StressCharge’).set ("epsilonrS’, {’43.6'
"or Q" 0" r43.67 0" 0" 'O 729.16"1%});

620/ model .material ('mat6’).propertyGroup (' StressCharge’).set ("eta_ckE’, {0’ 0" 'O
L A A O A O O R R | ..

"o Q" rQr ro” ro"” ro" 0" ro0r o’ ro’

e2("0" 0" 0" 0" 0" 0" rOQ" Q" 'O" 'O

"or Q" QT TOr r0" 0",

64| model .material ("mat6’) .propertyGroup (' StressCharge’) .set ('eta_eES’, {’0" 0" 7
o’ ro" ro" 0" 0" 0" 0" 'O’

R R A O A O R R A VA B

66| model .material ('mat6’).propertyGroup (' StressCharge’) .set ('eta_epsilonS’, {’0’

U R A A A A R LA VR B -

68| model.coordSystem (' sysl’).set (' frametype’, ’'material’);
model.coordSystem (’sysl’).set ('mastercoordsystcomp’, ’'manual’);
630
model .physics ("pzd’).feature ('pzml’).set ('cE’, {'1.34868ell[Pa]’; '6.78883el0]
Pal]’; '6.80876el0[Pal’; '0[Pal’; '0[Pal’; '0O[Pal’; '6.78883el0[Pal’; '
1.34868ell[Pal’; "6.80876el0[Pa]’; "0[Pal’; .
632" 0[Pal’; "0[Pal’; "6.80876el0[Pal’; ’'6.80876el0[Pal’; "1.13297ell[Pal’; '0[Pal
"; '0[Pal’; '0[Pal’; "0[Pal’; "0[Pal’; ..
"0[Pal’; '"2.22222el0[Pa]l’; '"0[Pal’; '"0[Pal’; "0[Pal’; ’"0[Pal’; "0[Pa]l’; "0[Pa]
"y 12.22222el0([Pal’; '0[Pal’; .-
64| "0O[Pal]’; "O[Pal]l’; '"0[Pal’; '"0O[Pal’'; "0O[Pa]l’; '3.34448el0([Pal’});
model.physics ('pzd’).feature('pzml’).set ("eES’, {'0[C/m"2]"; "0[C/m"2]"; '
-1.81603[C/m"2]"; '0[C/m"*2]'; '0[C/m"2]"; "-1.81603[C/m"2]"; '0[C/m"2]"; '
0[C/m~2]17; 79.05058[C/m"2]"; '0[C/m"2]";
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636[79.77778[C/m”2]"; "0[C/m"2]"; "9.77778[C/m"2]"; '0[C/m"*2]"; '0O[C/m"2]"; "O[C/m
~217 r0C/mr2]7; T00C/mr2] "))

model .physics (‘pzd’).feature ('pzml’).set ('epsilonrS’, {’504.17; '0"; '0’; '0";

"504.1"; "07; "O0'; Q7; 2707},

038 model .physics ("pzd’) .feature ('pzml’).set ('sE’, {’1.16e-11[1/Pa]’; "0[1/Pal’; '
0Of[1/Pal]’; "0[1/Pal’; 'O[1/Pa]’; "0[1/Pal’; '-3.33e-12[1/Pal’; '1.l6e-11[1/
Pal’; '0[1/Pal’; '0[1/Pal’;

"0[1/Pal’; '0[1/Pal’; "-4.97e-12[1/Pal’; '"-4.97e-12[1/Pal’; '1.48e-11[1/Pal’;
"0[1/Pa]’; '0[1/Pal’; '"O[1/Pal’; "0[1/Pal’; '0[1l/Pal’; .

60| "0[1/Pal’; "4.5e-11[1/Pal’; '0[1/Pal’; "0[1/Pal’; '"O[1/Pa]’; 'O[1l/Pal’; "0[1/
Pal]’; '0[1/Pal’; '"4.5e-11[1/Pal’; '0[1/Pal’; .

"0[l1/Pa]’; '0[1/Pal’; 'O[1/Pal’; "0[1/Pal’; '0O[1/Pal’; "2.99E-11[1/Pal’});

o2l model .physics (' pzd’).feature ('pzml’).set ("dET’, {’0[C/N]’; 'O[C/N]’'; ’"-6E-11][C
/N]7; 'O[C/N]’; 'O[C/N]"; '"-6E-11[C/N]’; '"O[C/N]'; 'O[C/N]’"; "1.52E-10[C/N
17 70[C/N1";

"4 ,4E-10[C/N]"; 'O[C/N]'; '"4.4E-10[C/N]'; 'O[C/N]'; "O[C/N]'; 'O[C/N]'; "O[C/N
177 "O0[C/N]"});

644l model .physics (" pzd’).feature ('pzml’).set ('epsilonrT’, {"990"; '0'; '0’'; "0'; 7
990"; "0'; "0"; rQ"; "45071});

model.physics ("pzd’).feature ('pzml’).set ('minput_electricfield_src’, ’root.
modl.pzd.EX");

66| model .physics ("pzd’).feature ('pzml’).set ('minput_strainreferencetemperature’,
0" ;

model .physics ("pzd’).feature ('pzml’).label ('Piezoelectric Material Model 1');

sss| model .physics (' pzd’) .feature(’fixl’) .active (false);

model .physics (‘pzd’).feature(’'terml’) .set (' TerminalTlype’, ’'Voltage’);

650l model .physics ("pzd’).feature('pmll’) .set ('PMLfactor’, ’'scale’);

model .physics ('pzd’).feature ('pmll’).set ('PMLorder’, ’order’);

652l model .physics ("pzd’).feature ("pmll’) .set (' lambdaPML’, ’lambda’);

model .physics ("pzd’).feature ('pmll’).feature(’lemml’).set (' AdvMatRes’, "17);

654 model .physics ("pzd’).feature ('pmll’).feature (' lemml’) .set ('
minput_electricfield_src’, 'root.modl.pzd.EX');

model .physics ("pzd’).feature('pmll’).feature(’'lemml’) .set ('
minput_strainreferencetemperature’, '07);

656 model .physics (' pzd’) .feature('pmll’).feature(’lemml’).label (’'Linear Elastic
Material Model 17);

model.physics ('pzd’).feature ('pmll’).featureInfo(’'warning’).set (’ Smessage’, {’
This_feature_is_obsolete_and_will_be_removed_in_future_versions'’});

68| model .physics ("pzd’).feature ('pml6’).set ('PMLfactor’, ’'scale’);

model .physics (‘pzd’).feature ('pml6’).set (' PMLorder’, ’order’);

60| model .physics (' pzd’) .feature ('pml6’).set (' lambdaPML’, ’lambda’);

model .physics ("pzd’).feature ('pml6’).feature (' lemml’) .set ('
minput_electricfield_src’, 'root.modl.pzd.EX');

62| model .physics ("pzd’).feature ('pml6’).feature(’lemml’) .set ('
minput_strainreferencetemperature’, '0');

model.physics ('pzd’).feature ('pml6’).feature(’lemml’).label ('Linear Elastic
Material Model 17);

o4 model .physics ("pzd’) .feature ('pml6’).featureInfo (’warning’) .set ('’ Smessage’, {’
This_feature_is_obsolete_and_will_be_removed_in_future_versions’});

model .physics ('pzd’).feature ("pml7’).set ('PMLfactor’, ’'scale’);

66| model .physics (" pzd’).feature ('pml7’) .set (' PMLorder’, ’'order’);
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model .physics ("pzd’) .feature('pml7’).set (' lambdaPML’, ’lambda’);

model.physics ('pzd’).feature ("pml7’).feature (' lemml’) .set ('
minput_electricfield_src’, 'root.modl.pzd.EX');

model.physics (‘pzd’).feature ("pml7’).feature (' lemml’) .set ('
minput_strainreferencetemperature’, '07);

model .physics ("pzd’).feature('pml7’).feature(’lemml’).label ('Linear Elastic
Material Model 17);

model.physics ('pzd’).feature ('pml7’).featureInfo(’'warning’).set ('’ Smessage’, {’

This_feature_is_obsolete_and_will be_removed_in_future_versions’});
model .physics ("pzd’).feature ('pml8’).set ('PMLfactor’, ’'scale’);
model .physics (‘pzd’).feature ('pml8’).set (' PMLorder’, ’order’);
model .physics ("pzd’).feature ('pml8’).set (' lambdaPML’, ’lambda’);
model .physics ("pzd’).feature ("pml8’).feature (' lemml’) .set (’
minput_electricfield_src’, 'root.modl.pzd.EX');

model .physics ("pzd’).feature ('pml8’).feature (' lemml’) .set ('
minput_strainreferencetemperature’, '07);

model .physics ("pzd’).feature ('pml8’).feature(’lemml’).label ('Linear Elastic
Material Model 17);

model.physics ('pzd’).feature ('pml8’).featureInfo (’'warning’).set ('’ Smessage’, {’

This_feature_is_obsolete_and_will be_removed_in_future_versions’});
model.physics ('pzd’).feature ('pml2’).set (' ScalingType’, ’'Cylindrical’);
model .physics ("pzd’).feature('pml2’).set ("r0’, {'0"; ’"-ypml’; ’zpml’});
model .physics ('pzd’).feature ('pml2’).set (' raxis’, {'17; "0"; "0"});
model .physics ('pzd’).feature ('pml2’).set ('PMLfactor’, ’'scale’);
model .physics (‘pzd’).feature ('pml2’).set (' PMLorder’, ’order’);
model.physics ("pzd’).feature('pml2’).set (' lambdaPML’, ’lambda’);
model .physics (‘pzd’).feature('pml2’).feature (' lemml’) .set ('
minput_electricfield_src’, ’'root.modl.pzd.EX');

model .physics ("pzd’).feature ("pml2’).feature (' lemml’) .set (’
minput_strainreferencetemperature’, '0');

model.physics ('pzd’).feature ('pml2’).feature(’lemml’).label ('Linear Elastic
Material Model 17);

model .physics ('pzd’).feature ('pml2’).featureInfo(’'warning’).set (’ Smessage’, {’

This_feature_is_obsolete_and_will_be_removed_in_future_versions'’});
model .physics ('pzd’).feature ('pml3’).set (' ScalingType’, ’'Cylindrical’);
model.physics ("pzd’).feature ('pml3’).set (0", {'0"; ’"-ypml’; ’"-zpml’});
model.physics ("pzd’).feature ('pml3’).set ('raxis’, {'17; '0"; "0"});
model .physics (‘pzd’).feature ('pml3’).set (' PMLfactor’, ’'scale’);
model .physics ('pzd’).feature ('pml3’).set (' PMLorder’, ’order’);
model .physics ("pzd’).feature ('pml3’).set (' lambdaPML’, ’lambda’);
model .physics (‘pzd’).feature ("pml3’).feature (' lemml’) .set ('
minput_electricfield_src’, 'root.modl.pzd.EX');

model .physics (‘pzd’).feature ('pml3’).feature (' lemml’) .set ('
minput_strainreferencetemperature’, '0');
model .physics ('pzd’).feature ('pml3’).feature ('’ lemml’).label ('Linear Elastic

Material Model 17);

model.physics ('pzd’).feature ('pml3’).featureInfo ('warning’).set ('’ Smessage’, {’
This_feature_is_obsolete_and_will_be_removed_in_future_versions’});

model .physics ("pzd’).feature('pml4d’).set ('ScalingType’, ’'Cylindrical’);

model .physics (‘pzd’).feature ('pmld’).set ('r0’, {'0"; ’"ypml’; ’"-zpml’});

model .physics (‘pzd’).feature ('pmld’) .set (' raxis’, {’'17; '0"'; "0"});
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model .physics ("pzd’).feature ('pmld’)
model .physics ('pzd’).feature ('pmld’)
model.physics ("pzd’).feature ("pmld’)
model .physics ("pzd’).feature ('pmld’)

"root
"pmld’")

minput_electricfield_src’
model .physics ("pzd’) .feature (

minput_strainreferencetemperature’

model .physics (‘pzd’).feature (
Material Model 17);
model.physics (‘pzd’).feature ('pmld’)

"pmld’)

.set ("PMLfactor’ "scale');
.set (' PMLorder’, ’order’);
.set (" lambdaPML’, ’lambda’);
.feature ('’ lemml’) .set ('
.modl.pzd.EX");
.feature (' lemml’) .set (/
0"
.feature (' lemml’).label ('Linear Elastic
.featureInfo ('warning’).set (’ Smessage’ {’

This_feature_is_obsolete_and_will_be_removed_in_future_versions’});

model .physics ('pzd’).feature ("pml5’")
model.physics ("pzd’).feature ('pml5’")
model .physics ("pzd’).feature ('pml5’)
2lmodel.physics ("pzd’).feature ('pml5’)
model .physics ("pzd’).feature ('pml5’")
model .physics ("pzd’).feature ('pml5’)
model .physics ('pzd’).feature ('pml5’")
minput_electricfield_src’ "root

model.physics ("pzd’).feature ('pml5’")

minput_strainreferencetemperature’

model .physics ("pzd’).feature ('pml5’)
Material Model 17);
model .physics ('pzd’).feature ('pml5’")

.set ("ScalingType’ "Cylindrical’);
.set ("r0", {'07; ’ypml’; ’zpml’});
.set ("raxis’, {'17; "0"; "0"});
.set ("PMLfactor’ "scale');
.set ("PMLorder’ "order’);
.set (' lambdaPML’, ’'lambda’);
.feature (' lemml’) .set (/
.modl.pzd.EX");
.feature ('’ lemml’) .set ('
0
.feature ('’ lemml’) .label (' Linear Elastic
.featureInfo ('warning’).set (’ Smessage’ {’

This_feature_is_obsolete_and_will be_removed_in_future_versions’});

model .physics ("pzd’).feature ('eqml’)
model .mesh ('meshl’).feature(’'size’).

model .mesh ('meshl’).feature(’'size’).

model .mesh ('meshl’).feature (’'size’).

model .mesh ('meshl’).feature (' ftri2’).
model .mesh ('meshl’).feature (' ftri2’).
model .mesh ("meshl’).feature (' ftri2’).
model .mesh (‘meshl’).feature (' ftri2’).
model .mesh ('meshl’).feature (' ftri2’).
model .mesh ('meshl’).feature (' ftri2’).

7

model .mesh ('meshl’).feature(’sizel’)
model .mesh ('meshl’).feature(’'sizel’)
model .mesh ("meshl’).feature(’sizel’)
model .mesh ('meshl’).feature(’sizel’)
model .mesh ("meshl’).feature(’sizel’)
model .mesh ('meshl’).feature(’sizel’)
model .mesh ('meshl’).feature(’'size2’)
model .mesh ('meshl’).feature(’'size2’)
model .mesh ('meshl’).feature(’size2’)
model .mesh ("meshl’).feature(’size2’)
model .mesh ('meshl’).feature(’size2’)
model.mesh(’meshl’).feature(’fq ").a
model .mesh ('meshl’).feature (' fg2’).f
model.mesh(’meshl’).feature(’swe4 )

.set ('

materialType’

"solid’);

set (' custom’ "on’);

set (" hmax’ "le-6");

set ("hmin’ "0.05e-6");

feature ('sizel’) .active (false);

feature (’sizel’) .set (' custom’ "on'’);
feature ('sizel’).set (' hmaxactive’, true);
feature (' sizel’) .set (' hmin’ "6.41E-6");
feature (' sizel’) .set (/ hmax’ "6e-6");
feature (’sizel’).set ("hminactive’, false)
.set ("hauto’ 3);

.set ("custom’ "on’);

.set ("hminactive’ true);

.set ("hmin’ "0.49E-6");

.set ("hmax’, "2.23E-5");

.set ("hmaxactive’ false);

.set ("custom’ "on’);

.set ("hminactive’ true);

.set (" hmaxactive’ true);

.set ("hmin’ "0.95E-6");

.set ("hmax’ "3E-6");

ctive (false);

eature ('sizel’) .set ("hauto’ 1);

.active (false);
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model
model
model
model
model
model
model
model
model
model

model
model

model.
model.
model.
model.
model.
model.
model.

model
model.

model.
model.
model.
model.
model.
model.
model.
model.
model.
model.

model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.
model.

.study.create (’stdl’);

study ("stdl’) .create (

sol.create(’'soll’);
sol soll’
soll’
soll’
soll’
soll’
soll’
soll’
soll’
soll’

attach
create
create
create
feature
feature

sol
sol
sol
sol
sol
sol

("
(I
(I
("s

(V
(I
feature ('
feature (

sol
sol

r

(' ).
(' ).
(’ ).
(' ).
(' ) .
(' ) .
(' ).
(' ).
(' ).

dataset.
dataset.
dataset.
dataset.
dataset.
dataset
dataset
dataset
dataset

create
create

result.
result.
create
create
create
dset8
dset?9

result.
result.
result.
result.
result.
result.
result.
result.

(I
(I
(I
(I

dsetl10’) .set ("solution’,
dsetll’).set ("solution’,

.mesh ("meshl’).feature ('’ fgl’).active(false);

.mesh ("meshl’).feature (' fgl’).feature(’disl’).set ('numelem’, "26");

.mesh ('meshl’).feature(’ fql’).feature(’sizel’).set ('’ hauto’, 3);

.mesh ('meshl’).feature (' fql’).feature(’sizel’).set (' custom’, ’"on’);

.mesh ('meshl’).feature(’ fql’).feature(’sizel’).set (' hmaxactive’, true);
.mesh ("meshl’).feature (' fgl’).feature(’sizel’).set (' hmin’, "1.42E-6");
.mesh ("meshl’).feature (' fgl’).feature(’sizel’).set (' hmax’, ’'6e-6");

.mesh ('meshl’).feature(’ fql’).feature(’'sizel’).set (' hminactive’, false);
.mesh ('meshl’).feature(’swe2’).active (false);

.mesh ("meshl’).feature (’swe2’).feature(’disl’).set(’elemcount’, ’'PML/8e-6
.mesh ("meshl’).feature(’swe2’).feature(’disl’).set ('type’, ’'predefined’);
.mesh (’meshl’).run;

result.table (’tbl5’).comments (' Global Evaluation 1 (arg(pzd.Y1l))');
result.table ('tbl6’).comments ('Global Evaluation 1 (arg(pzd.Y11l))’);
result.table(’tbl7’).comments (' Global Evaluation 1 ()');

result.table ('tbl8’).comments ('Global Evaluation 1 (arg(pzd.Y11l))’);
result.table ("tbl9’).comments (' Global Evaluation 1 (pzd.Q_freq)’);
result.table(’evl3’).label ('Evaluation 3D');
result.table(’evl3’).comments (/' Interactive 3D values'’);

"freq’, 'Frequency’);

study ("stdl’);
stdl’);
stl’,
vl'’,

"StudyStep’);
"Variables');
"Stationary’);
.create ('pl’,

1,
17) "Parametric’);
1").create (' fcl’, '"FullyCoupled’);
17).create('dl’, 'Direct’);

1)

.feature.remove (' fcDef’);

S
S
S ’
S ’
"dset8',
"dset9'’,
"dsetl10',
"dsetll’, ’"Solution’);

("dsetl2’, ’"Solution’);

") .set ("solution’, ’'none’);
") .set (’"solution’, ’'none’);
"none

"Solution’);
"Solution’);
"Solution’);

")
"none’);

result.
result.
result.
result.
result.

dataset.remove ("dsetl’);
numerical.create(’gevl’, ’"EvalGlobal’);
numerical ("gevl’) .set (’data’, ’'dset9’);
numerical ('gevl’).set ('probetag’, ’"none’);
create ('pgl2’, "PlotGroup3D');

create ('pgl6’, "PlotGrouplD’);
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model.result.create('pgl7’, "PlotGroup3D');

model.result.create('pgl9’, ’"PlotGroup3D');

model.result.create('pg20’, "PlotGroup3D');

model .result.create (’'pgl8’, ’'"PlotGroup3D’);

model.result ("pgl2’).create(’surfl’, ’'Surface’);

model.result ("pgl2’).feature(’'surfl’).create(’'def’, ’"Deform’);

model.result ("pgl6’).create(’globl’, "Global’);

model.result ("pgl7’).create(’surfl’, ’"Surface’);

model.result ("pgl7’).feature(’surfl’).create('def’, ’"Deform’);

model.result ("pgl9’) .create(’surfl’, ’'Surface’);

model .result ("pgl9’).feature(’surfl’).create('def’, ’"Deform’);

model.result ('pg20’).create(’surfl’, ’Surface’);

model.result ("pg20’).feature(’surfl’).create(’'def’, ’"Deform’);

model.result ("pgl8’).create(’surfl’, ’"Surface’);

model.result.export.create(’animl’, ’Animation’);

model.result.export.create(’datal’, ’'Data’);

model.study (’stdl’).feature(’ freq’).set ('preusesol’ "yes'’);

model.study (’stdl’).feature (' freq’).set ('plist’, "range (400,0.25,500)");

model.study (’stdl’).feature(’'freq’).set ('punit’, "MHz');

model.sol ("soll’”).attach(’stdl’);

model.sol ("soll’).feature(’'sl’).set ('"probesel’, ’"none’);

model.sol (’soll’).feature(’sl’).feature('pl’).set('punit’, {’'MHz'});

model.sol ("soll’).feature(’sl’).feature('pl’).set('plistarr’, {’range
(400,0.25,500)"1});

model.sol ("soll’).feature(’'sl’).feature(’'pl’).set('pname’, {’'freq’});

model.sol ("soll’).feature(’'sl’).feature(’'pl’).set(’'preusesol’, ’'yes’);

model.sol ("soll’).feature(’'sl’).feature('pl’).set (' pcontinuationmode’ "no’);

model.sol ("soll’).feature(’'sl’).feature(’dl’).set(’linsolver’ "pardiso’);

model.result.dataset ('dset8’).label (' Solution 8');

model.result.dataset ('dset9’).label (’Solution 9');

model.result.numerical ("gevl’).set ('expr’ "arg(pzd.Y11l)");

model.result.numerical ('gevl’) .set ('descr’, "arg(pzd.Y1l)’);

slmodel.result.numerical ("gevl’).set (’table’, "tbl9");

model.result.numerical ("gevl’).set ('unit’, ’rad’);

model.result.numerical ("gevl’).setResult;

model.result ("pgl2’).label ('Displacement (pzd)’);

model.result ("pgl2’).set (' showlegendsmaxmin’, true);

model .result ("pgl2’).feature(’surfl’).set ('const’, {’pzd.refpntx’ 0" '
Reference point for moment computation, x component’; ’'pzd.refpnty’ 0" '/
Reference point for moment computation, y component’; ’'pzd.refpntz’ "0’ '
Reference point for moment computation, 2z component’});

model.result ("pgl2’).feature (’'surfl’).feature(’'def’).set(’'scaleactive’ true);

model.result ("pgl2’).feature(’'surfl’).feature(’def’).set(’'scale’ "150"7);

model.result ("pgl6’).label ("admittance mag’);

model.result ("pgl6’).set ('xlabel’, 'Frequency (Hz)');

model.result ("pgl6’).set ('xlabelactive’ false);

model.result ("pgl6’).feature(’'globl’).set ("unit’, {"71});

model.result ("pgl6’).feature(’'globl’).set (’descr’ ("1
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model.result ('pgl6’).feature(’'globl’).set ('’ xdatadescr’ "Frequency'’);
model.result ("pgl6’).feature(’globl’).set (' xdataexpr’ "pzd.freq’);
model.result ("pgl6’).feature(’'globl’).set (’xdataunit’, ’"Hz');
model.result ("pgl6’).feature(’'globl’).set(’solrepresentation’ "solnum’
model.result ("pgl6’).feature(’globl’).set (’xdata’ "expr'’);

model.result ("pgl6’).feature(’'globl’).set ('expr’, {’20*1logl0 (abs(pzd.Y1l))"’
model.result ("pgl7’).label ('Displacement x’);

model.result ("pgl7’).set (' showlegendsmaxmin’, true);

model.result ("pgl7’).feature(’surfl’) .set ('const’, {’pzd.refpntx’ "0’

Reference point for moment computation,
Reference point for moment computation,
Reference point for moment computation,

185

x component’;
y component’;
z component’}

"pzd.refpnty’
"pzd.refpntz’
)i

)i

1)

r

IOV r
IOV ’

model.result ("pgl7’).feature(’'surfl’).set (’descr’ "v*cos (30[deg])+w*cos (60
degl) ")

model.result ("pgl7’).feature(’'surfl’).set(’colortable’ "WaveLight');

2lmodel.result ("pgl7’).feature(’'surfl’).set(’'colortablesym’ true);

model.result ("pgl7’).feature(’'surfl’).set ('expr’ "v*cos (30[deg])+w*cos (60 [deg
1))

model.result ("pgl7’).feature ('surfl’).feature(’'def’).set (’'scaleactive’, true);

model.result ("pgl7’).feature(’'surfl’).feature(’def’).set(’'scale’ "1507);

model.result ("pgl9’).label ('Displacement y');

model.result ("pgl9’).set (' showlegendsmaxmin’ true);

model.result ("pgl9’).feature(’surfl’).set(’const’, {’pzd.refpntx’” 70" '
Reference point for moment computation, x component’; ’'pzd.refpnty’ 0" '/
Reference point for moment computation, y component’; ’'pzd.refpntz’ 0" '/
Reference point for moment computation, z component’});

model.result ("pgl9’).feature(’surfl’).set (’'descr’ "v*cos (-60[deg])-w*cos (30
degl)’);

model.result ("pgl9’).feature(’surfl’).set(’colortable’ "WaveLight');

model.result ("pgl9’).feature(’'surfl’).set(’colortablesym’, true);

model.result ("pgl9’).feature(’'surfl’).set('expr’, 'v*cos (-60[deg])-w*cos (30]
degl) ")

model.result ("pgl9’).feature(’'surfl’).feature(’def’).set (’'scaleactive’, true);

model.result ("pgl9’).feature(’'surfl’).feature(’def’).set(’'scale’ "150");

model .result ("pg20’).label ('Displacement z');

model.result ("pg20’).set (' showlegendsmaxmin’, true);

model.result ('pg20’).feature(’'surfl’).set(’const’, {’pzd.refpntx’ 0" '
Reference point for moment computation, x component’; ’'pzd.refpnty’ 70" '
Reference point for moment computation, y component’; ’'pzd.refpntz’ 0" '
Reference point for moment computation, z component’});

model.result ("pg20’).feature(’'surfl’).set (’descr’ "Displacement field, X
component’);

model.result ("pg20’).feature(’'surfl’).set('colortable’ "WaveLight');

model.result ('pg20’).feature(’'surfl’).set(’'colortablesym’ true);

model.result ("pg20’).feature(’'surfl’).set ('expr’ "u’);

model.result ("pg20’).feature (’'surfl’).feature(’'def’).set(’'scaleactive’ true);

model.result ("pgl8’).label ('potential’);

model.result ("pgl8’).feature(’surfl’).set (’'descr’ "Electric potential’);

model.result ("pgl8’).feature(’surfl’).set ('unit’, 'V’');

model.result ("pgl8’).feature(’surfl’).set ('expr’ VY ;

model .result.export ("animl’).set ('plotgroup’ "pg20”);
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model .result.export ("animl’).set ('height’, 7640");

model .result.export ("animl’).set (' fps’, '2");

model .result.export ("animl’).set (/' framesel’, ’"all’);

model.result.export ("animl’).set (' synchronize’, false);

model.result.export (‘animl’).set ('giffilename’, ’C:\Users\syen\Desktop\Exempt
from backup\RshCb_3Dmisbloat_TLNOp875TA10p05_uz.gif’);

model.result.export ("animl’).set ("axisorientation’, false);

model.result.export ("animl’).set ('title’, 'on’);

model.result.export ("animl’).set (' legend’, "on’);

model.result.export ("animl’).set (’logo’, 'off’);

model.result.export ('animl’).set (’options’, 'on’);

model.result.export ("animl’).set (' fontsize’, 79");

model.result.export ("animl’).set (/' customcolor’, [1 1 11);

model.result.export ("animl’).set (' background’, ’'color’);

model.result.export ("animl’).set (’axisorientation’, ’off’);

model.result.export ("animl’).set ('grid’, 'on’);

model .result.export ("animl’).set ('axes’, 'on’);

model.result.export ('datal’).set ('descr’, {’Admittance’});

model .result.export ('datal’) .set ('expr’, {’'pzd.Y11l'});

model.result.export (‘datal’).set (/' filename’, ’'/afs/ece.cmu.edu/usr/syen/

Private/FP2 system simulations/gratings/Y1l-

lportLNALl -xR60-PML-EVEN-

LLN111p367Lb6p551-Wab58p959Lal3pl02G2-TLNOp875TA10p05-manualmeshfine -
Ey197GPaNul ~rotatePMLcyls-Wbloatlp78WmisOp43-fullsweep.csv’);

model.result.export ('datal’).set (’sdim’,
model .result.export ('datal’).set ("unit’,

out = model;

"global’);
{ISI}).
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Appendix D

Additional measurements

D.1 Ladder filter measurements

This section presents the measurements of the ladder filters from the same fabrication run as the
one that produced the measured results in Chapter 2. There were four chips on that run. Figure D.1

and Figure D.2 show the measured S-parameters (wide sweep and zoomed in views).

° | " 'm ’
'10 B _5 L
S -20f S -10f
A2 R2)
130t o -15]
-40 =20
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Frequency (MHz) Frequency (MHz)
(a) (b)

Figure D.1: Measurements of ladder filter S-parameters from the four samples in the 2015 LN
fabrication run. The one used in Chapter 2 is “B”".
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Figure D.2: Measurements of ladder filter S-parameters (zoomed in to passband region) from
the four samples in the 2015 LN fabrication run. The one used in Chapter 2 is “B”.

D.2 Resonator measurements

Three chips had measureable resonators corresponding to those used in the shunt branch of the

ladder filters above, with very close frequency responses as shown in Figure D.3.

100
-40 .rr,j rn m (M
501 _ sof I
(o))
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n -601 )
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= =0
2-70 r z
=
-80 S sob
_90 | w
A . . . . ) 100 . . . . . N
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Frequency (MHz) Frequency (MHz)
(a) (b)

Figure D.3: Measurements of shunt resonator admittance, no deembedding, from three of the

samples in the 2015 LN fabrication run, showing very close frequency responses despite being
from different chips.
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Appendix E

Layout directory

There were two fabrication runs in lithium niobate for this thesis. This appendix lists the

materials and layout location for each fabrication run, in chronological order.

E.1 LN/SiO; run, 2014

The material stack for this run was 0.5 um x-cut LN on 0.8 um SiO; on a Si handle wafer. The
Si is etched to release the mechanical structure, which consists of both the LN and oxide layers.
The electrodes are nominally 100 nm Al, with 100 nm Au for the pads. This is the run on which
the absorptive notch filter in Chapter 3 was built.

The layout is located in library LN_darpa_Feb_2014 (note that this is using the cmuA1N_cds

launch script). The top layout is V5finaltweaks_2014_LN_Febtapeout_Sept_ FLATTENED.

E.2 LN run, 2015

The material stack for this run was 1 um x-cut LN on a Si handle wafer. The Si is etched to

release the mechanical structure, which consists of the LN layer. This is the run on which the
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bandpass filter in Chapter 2 and misaligned resonator at the beginning of Chapter 5 were built.
The layout is located in library RF_FPGA_2015 (using the cmuLN_cds launch script). The top

layout is top_both_update?.
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