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Abstract

The recent advances in microelectronics technology and the tremendous growth of the
wireless-communication market have drawn muchinterest into radio-frequency MEMS
devices (RF MEMS) such as filters, oscillators, and switches, which constitute the
ubiquitous components of radio front systems. This thesis presents material selection,
design, and characterization of a capacitive micro-machined resonator and filter. The
resonator structures such as disk and Lame are studied in detail. Effects of coupling
beams in filter response are analyzed with two different coupling structures such as

straight and V-shaped beams.

Material selection and design are the two important aspects which govern the performance
of resonators and filters like any other MEMS device. In view of the recent advances and
trends in device miniaturization, the fabrication and design compatibility among CMOS
and MEMS components is imperative. Material selection for the devices considered has
been optimized by using Ashby approach. For example the appropriate fabrication process
for the devices depends on the type of materials and availability of material deposition and
etching process etc. Following Ashby chart poly-Sig 35Geg s is found to one of the best
materials for MEMS resonator that can be used for CMOS compatible high Q
applications. The close-match between theoretical and simulation results validates the
proposed study. Thesis further presents design of third-order Chebyshev filter with novel
V-shaped coupled beams. The vibrational frequencies, modal shapes, and bandwidth for
the BPF have been calculated and verified with commercially available finite-element
tools. From the results it is concluded that Lame filter with V-shaped coupled beams
provide superior performance in terms of passband ripple, shape factor, and

bandwidth in comparison to Lame filter with straight coupling beams.

X1V



Chapter - 1

Introduction

This chapter introduces various wireless transceiver architectures, followed by
architecture based on RF MEMS resonator. Various types of existing resonators and their
features are explained briefly. A brief introduction to MEMS resonators such as beam,
comb, and bulk mode and their limitations are also provided. MEMS resonator key

design parameters and its effect on performance are also described.

1.1 Background of wireless transceiver architecture

A transceiver is a device that consists of both a transmitter and a receiver sharing the
same electronic circuitry. A transmitter modulates the baseband data and up-converts it
into a carrier frequency with sufficient power amplification. The main function of a
receiver is to demodulate the desired signal from the presence of undesired interference
and noise. Therefore, comparing to a transmitter, receiver is much more challenging

because of the requirement of high dynamic range and high out-of-band attenuation.

1.1.1 Direct conversion architecture

Y =
L —
.

RF BP filter

ADC DSP

LNA

VCO

Figure 1.1: Simplified architecture of direct conversion receiver

Figure 1.1 shows a simplified architecture of direct conversion receiver. As the local
oscillator frequency in a direct conversion receiver is set equal to the RF frequency, the
IF frequency becomes zero and the image frequency could be successfully eliminated. In
super heterodyne architecture image frequency eliminated with reject filter that adds

more complexity and enables a number of off-chip components. [1-2]
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1.1.2 Super heterodyne architecture

Since invented by Edwin Armstrong in 1917, super heterodyne architecture has still been
used within a majority of wireless systems. As illustrated in Figure 1.2, the desired signal
received by an antenna passes through a pre-select bandpass filter, a low noise amplifier
(LNA), and then an image-reject filter to remove the out-of-band interference as well as
the image frequency. The selected RF signal is then converted to an intermediate
frequency (IF) signal by mixing with a local oscillator (LO) signal generated by a
voltage controlled oscillator (VCO). A channel-select filter is used to assign the desired

channel and reject all the in-band interference.

RF band

selection Image reject IF channel

filter filter selection filter
Y_ = o T 90°
L [ % [

P [

Q || Quartz

xtal

LO

Figure 1.2: Super-heterodyne receiver

As shown in Figure 1.2 high Q vibrating mechanical components, such as ceramics, quartz
crystal, and surface acoustic wave (SAW) resonator are used to integrate with band pass
filters and oscillators. Filters utilizing such technologies successfully extinguish
themselves by outstanding quality factor, low insertion loss, high percent bandwidth, and
high out-of-band rejection Oscillators also benefit from high Q because the phase noise
decreases as Q increases. However, as the demand for high- selectivity devices keeps on
increasing, quartz and SAW devices have gradually failed to satisfy the stringent high O
requirement. More importantly, current high Q devices are bulky, where off-chip
components make the ultimate miniaturization of the wireless communication systems

difficult.
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1.1.3 Architecture based on RF MEMS resonator

Figure 1.3 presents the system block diagram for a newly-invented RF channel select
receiver that takes full advantages of achievable complexity utilizing MEMS elements.
CMOS-compatible micromechanical devices with high @ (>10,000) and high
frequencies (>1 GHz) have been reported recently[3] providing the potential of
integration of wireless communication system. In addition to miniaturization, if channel
selection is possible at RF carrier frequencies, succeeding electronic components such as
LNA and mixer are no longer needed to handle the power of alternate channel
interference. Therefore, dynamic range can be greatly relaxed, allowing significant

reduction in power consumption as well as the cost.

I B Micromechanical
s RF mixer filter
o O N —~ || apc || psp |
o — L) .
Micromechanical LNA
switch —
] -~
Micromechanical RF Switchable
micromechanical

channel selector -
ref. oscillator

Figure 1.3: Simplified architecture of RF MEMS resonator-based channel select

receiver

Silicon MEMS resonator has the potential to replace quartz crystal for timing and
frequency reference application[4-12]. Beyond frequency references, MEMS resonators
can also be used as a sensor[13-22], RF filters and mixers [23-24], and atomic force
microscopy. Sensors for mass (vapor, chemicals, protein, etc.) are well reported in the
literature. Almost all electronic instruments and communication system use some kind of
timer or frequency reference; and this multi-billion dollar oscillator market is currently
dominated by quartz crystal. Silicon micromechanical resonator has several advantages
over quartz resonator. Some of its advantages are related to its fabrication technology
which leverages the IC fabrication technology allowing it to be CMOS compatible [25],
resulting into lower cost, smaller form factors, increased reliability and
manufacturability, and single chip solutions. Previous research work has shown that the

silicon micromechanical resonator has excellent long term stability of better than 1 ppm
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[26-31]. One of the biggest advantages of MEMS resonator, not mentioned above, is its

low power consumption and a good dynamic thermal response.

1.2  Overview of off-chip components

This section briefly introduces the currently employed off-chip components in today’s
front-end of wireless communication systems for filtering and frequency generation
functions. Moreover, the feasibility for above-IC integration of these components on top

of CMOS for reduced size and improved performance is discussed.

1.2.1 Quartz crystal resonators

A quartz crystal resonator uses the piezoelectric properties of quartz. A thin slice of
quartz, cut at an appropriate orientation with respect to the crystallographic axis, is
placed between two electrodes. An alternating voltage applied to these electrodes causes
the quartz crystal to vibrate in a particular mode. These vibrational modes depend on the
specific cut with respect to the crystal orientation. Quartz crystal resonators have a very
stable resonance frequency over a large span of frequencies and the best long-term
stability in comparison with other resonators. The quartz crystal is widely used for
accurate frequency control [32], timing and filtering[33]. Also, quartz cut along specific
directions shows almost zero temperature drift. This results in highly accurate resonators
over a typical temperature range of 100°C[34]. As quartz is monocrystalline material, it
cannot be fabricated by thin-film depositions on top of a microelectronic chip. In other

words, quartz crystal resonators cannot be integrated on top of CMOS.

1.2.2 Ceramic resonators

Ceramic resonators are similar to quartz crystal resonators, except the material. These
resonators mostly use polycrystalline Lead-Zirconate-Titanate (PZT) as a base material
instead of quartz. The high dielectric constant, good piezoelectric response and good
temperature stability of this material have enabled practical filter applications over the past
decades[35-38]. The use of high permittivity material significantly reduces the filter
volume, almost half compared to quartz crystal, for low loss band pass filters.
Commercially available ceramic filters can work up to 7 GHz with Q ranging from 1000 to
2000. They find usage in Bluetooth systems and other short range wireless applications
targeting higher frequencies. They are not easily fabricated on top of CMOS circuitry

because of their large dimensions and high processing temperature (> 450°C) for PZT.
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1.2.3 Surface acoustic wave resonators

Surface acoustic wave (SAW) resonators are a class of MEMS which utilize standing
waves generated on the surface of a piezoelectric material. A basic SAW resonator
consists of two Inter Digital Transducers (IDTs) on a piezoelectric substrate. One of
them acts as the device input and converts signal voltage variations into mechanical
surface acoustic waves. The other IDT is employed as the output receiver to convert the
mechanical SAW vibrations back into output voltages. These IDTs are reciprocal in
nature therefore the signal voltage can be applied to either of the IDTs. The most
commonly used piezoelectric materials for SAW resonators are LiTaO3; and LiNbO:s.
Moreover, zinc oxide (ZnO) and aluminum nitride (AIN) can also be used. They exhibit
sharp cut-off characteristics and small size, highly suitable for RF and IF filtering for
wireless applications[39]. The above-IC integration of SAW devices is almost
impossible due to the stringent requirements on the acoustic properties and tight

tolerances of the piezoelectric material[40].

1.2.4 Bulk acoustic wave resonators

Bulk Acoustic Wave (BAW) resonators are the most recent category of piezoelectric
resonators employed for band pass RF filtering in the frequency range from 800 MHz
to 12 GHz[41-43]. They generally consist of a parallel plate capacitor with a
piezoelectric layer used as dielectric. By applying an ac electric signal to the
electrodes, a longitudinal acoustic wave is excited in the bulk of the piezoelectric
film. This wave is trapped by the reflecting electrode surfaces, thus forming an
acoustic resonator. In order to attain a high Q, the acoustic losses into the supporting
substrate must be made as small as possible. One way is to isolate the structure from
the substrate by removing the substrate underneath the electrode. The other common
approach is to create reflector layers between the resonator and the substrate. In
BAW resonators thin films of aluminum nitride or zinc oxide are commonly
employed as the piezoelectric layer. For these materials, resonances in the low GHz
regime require piezoelectric layer thicknesses in the order of 1 pum (half the
wavelength of the designed frequency) and are thus well within reach for thin-film
technologies. The resonators are made as small as a few tens to a few hundreds of
micrometers on a side, typical for a MEMS design. Solidly mounted and MEMS

brane-supported film bulk acoustic resonators (FBARs) using AIN film have been
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demonstrated to operate at resonant frequencies of 8 GHz and 1.36 GHz, with quality

factors of 2000 and 210 and insertion loss of 5.5dB and 3.5dB respectively[44-45].

The above-IC integration of these devices seems quite attractive as the most commonly
used piezoelectric materials ZnO and AIN can be deposited by sputtering. However, the
piezoelectric properties of these materials are not good enough to meet the high
performance and yield requirements for device fabrication. Moreover, piezoelectric
material with multiple thicknesses would be required for filtering different frequencies,

thereby increasing the process complexity.

The off-chip components, described above, play a pivotal role in the currently employed
wireless communication systems for filtering and frequency generation functions despite
of their large size and reduced power efficiency. The size, power consumption, and
limitation for above-IC integration of these components have intrigued the researchers to
find a viable solution in the form of micro scale high Q passive components. The use of
high Q passives will eventually lead to low cost, miniaturized, and energy efficient
wireless communication systems with an improved performance due to the elimination

of board-level interconnect parasitics.

In this context, high Q on-chip MEMS resonators have emerged as the key element due
to their high quality factor, low power consumption and possibility for above-IC

integration.

1.3 Microelectromechanical resonators

Microelectromechanical (MEMS) resonators, as the name implies, are mechanical
structure that has dimensions ranging from a few micrometers to hundreds of
micrometers and can vibrate with an increased amplitude of vibration once a periodic
force, applied electrically, whose frequency is equal or very close to the resonance
frequency of the mechanical system. A classical example of a mechanical resonator at
macro scale is a guitar string that can resonate in the audio frequency range (20 Hz-20
kHz), depending on the length of the string. The smaller sizes of the micromechanical
resonators therefore allow them to operate at frequencies suitable for a variety of
applications in electronic circuits and systems. In the following subsections a brief

overview of micromechanical resonators is presented.
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1.3.1 Beam resonators

Beam resonators are of very simple geometry and the easiest to fabricate using surface
micromachining techniques. Three types of beam resonators, categorized by their clamping
approach, are widely reported in the literature: clamped-free beam resonators (cantilevers)
[46], clamped-clamped beam resonators [47], and free-free beam resonators [48]. They are
generally available solution for application at lower frequencies. The clamped-free beam
and free-free beam resonators exhibit low Q due to the viscous damping when operated
under atmospheric conditions. In contrast, relatively high Q can be achieved for clamped-
clamped beam resonators[49] compared to other beam resonators due to their high
stiffness. The power handling capability limits the use of these resonators for
communication applications. These resonators can be easily processed on top of CMOS

due to their relatively easy design and wide choice of materials.

1.3.2 Comb drive resonators

The comb-drive resonators are amongst the earliest designed surface-micromachined
resonators. They consist of two inter-digitated combs, one being fixed while the other is
movable connected to a compliant suspension. A voltage difference applied between the
two combs results in deflection of the movable comb by electrostatic forces. Comb-drive
devices resonate at a few kHz due to their mass [50] and therefore are of little practical
value for RF communication systems [51]. The response of these devices to a narrow
range of frequencies makes them suitable for frequency-reference circuits [52]. The
above-IC integration of these resonators is quite straightforward. As the structural layer
for these resonators is relatively thick compared to beam resonators, the residual stress in

this layer should be well suppressed.

1.3.3 Bulk mode resonators

In bulk mode resonators the acoustic waves propagate through the bulk of a material
rather than over the surface. With high stiffness materials, these can resonate at high
frequencies (MHz-GHz). They exhibit very high Q values, exceeding 10,000 compared
to other resonators. A large number of bulk mode resonator designs have been
investigated, showing exceptionally high quality factors at frequencies reaching into the
GHz range [53]. The most commonly employed designs include longitudinal beam

resonators [54], square [55], disk [56] and ring shape resonators [57].
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The commonly investigated modes of vibration for the square and circular shape
geometries are Lame mode (for square resonators), name after the French mathematician
Gabriel Lame who first discussed it in 1817, wineglass mode (for disk resonators) and
extensional modes (for square and disk resonators). In many articles both Lame and
wineglass mode are used as synonyms and no difference between these two modes are
made. In theses modes the motion preserves the volume of the resonator. Whereas, in
extensional mode the volume of the resonator is not conserved due to the longitudinal

motion of the resonant structure about its center.

A major issues with these resonators are their high motional resistance leading to high
insertion loss, as described in the following section, and high bias voltage, in spite of
their exceptionally high Q values, that appear as bottlenecks for integration in RF front-
end architectures. Typically, an impedance of 50 Q is required to match with the antenna
and the battery voltage level for mobile applications is below 3.3 V [58]. Both of these
issues can be dealt through the scaling of the resonator’s transduction gap to a few tens
of nanometer. As to generate a voltage level greater than the battery voltage level inside
a microchip requires additional circuitry that consumes additional power and adds noise
to the system [59]. The above-IC integration of bulk mode resonator requires a high-
stiffness material that can be deposited at a temperature sufficiently low to avoid any

deleterious effect on the CMOS circuitry.

From the above mentioned overview it is clear that the beam resonators and comb-drive
resonators can be easily integrated on top of CMOS circuitry. The low resonance
frequencies and low Q attributed to these geometries hinder their use in wireless
communication front-ends. The bulk mode acoustic resonators appear to be the most
suitable candidate for the above-IC integration (with a careful choice of material) due to
their small size, extremely high Q values, and low power consumption. The following
section therefore outlines the key parameters required to use these bulk mode MEMS

resonators for wireless communication systems.

1.4 Key parameters of MEMS resonator

The mechanical resonator must meet some generalized performance measuring

parameters for receiver applications, as described in the following subsections.
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Figure 1.4 shows the sketch of the main parameters describing a resonator around its
resonance frequency. In this figure, frequency is plotted versus transmission in decibels

(dB).

Frequency in Hz

Insertion loss

Transmission(dB)

Figure 1.4: Description of resonator parameters

1.4.1 Central frequency

The central frequency (fy) corresponds to the peak transmission in the measured response
of a resonator, as represented in Figure 1.4. It is the nominal frequency of operation and
it varies with the communication standard. For example in cellular and cordless
applications RF filters, including image reject filters, have center frequencies from
0.8 GHz to 2.5 GHz, whereas intermediate frequency filters range from 455 kHz to
254 MHz [60].

1.4.2 Quality factor

The quality factor (Q) is an important descriptive parameter for the resonator’s frequency
selectivity, stability and motional resistance. It can be measured as the ratio between the
center frequency to the bandwidth where the oscillations die out to the half of their

maximum amplitude, as in eq.(1.1)




Introduction

Jo
Q=—"0_ (1.1)
B W3dB
For intermediate frequency filtering resonators having Q value exceeding 5000 are
generally required. The radio frequency (RF) pre-select or image reject filters can be

implemented using resonators with Q’s on the order of 500-1000.

1.4.3 Bandwidth

Bandwidth is generally the difference between the upper and lower frequency of a filter
at which its transmission is 3dB below the pass band transmission. It is expressed in
units of hertz or as a fraction of the central frequency. Like the central frequency, the
band width requirements also vary from application to application. For example, for IF
filtering a band width of 0.3% and 3% for RF filtering is typically required. A bandwidth
of 100 kHz to 200 kHz is typical for GSM applications [61].

1.4.4 Insertion loss

Insertion loss (IL) is a measure of the reduction in the signal amplitude as the signal
passes through the filter. Ideally, a passive filter is lossless; the higher the losses, the
more power must be spent on (re)amplification in a subsequent stage. For high Q passive
resonators in RF receivers, insertion losses up to 3.5dB-13.6dB are considered
acceptable. In the specific case of capacitively transduced MEMSS resonators, the
insertion loss is dominated by motional resistance (R,). In other words, R, gives the

measure of dissipation of input signal as it passes through the resonator.

The motional resistance can be calculated from the measured response of the MEMS

resonator by its transmission parameter (S;;), as in eq.(1.2) [62].
_S,,(dB)
R = 2.Rp0{10 20 —IJ (1.2)

In this equation R is the port resistance of the vector network analyzer, typically 50 Q.
1.4.5 Out of band rejection

The out of band rejection is measured from the resonance peak till the point where a

certain frequency or a range of frequencies are lost in the measured spectrum. Ideally, it

10
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should be very high in order to prevent the undesired frequency signal into the filtered
frequency spectrum. For example, an out of band rejection of about 20dB is sufficient for

IF and REF filter applications.

1.4.6 Thermal stability

The thermal stability of the resonance frequency of a resonator is an important parameter
for its use in filtering applications, as the ambient and internal temperature of wireless
systems may vary over time. A thermal stability of about 25 ppm/°C is sufficient for
front-end RF pre-select and image-reject filter applications. However the temperature

coefficient should be much smaller for reference frequency generation in oscillators [63].

1.5 Motivation

Recent development in the radio frequency micro-electro-mechanical systems (RF
MEMS) technology has attracted a great deal of attention from both academia and
industries, which holds great promises to potentially revolutionize the entire regime of
the wireless technology by bringing together microelectronics and micromechanical
elements. As such, the implementation of complete wireless transceivers on a single chip
could lead to a viable solution to many current issues and challenges in present-day
wireless communications. Particularly, due to their orders-of-magnitude smaller size as
compared to traditional off-chip passives (e.g., quartz crystal, ceramics, etc.), the next
generation of wireless transceivers equipped with RF MEMS components can be realized
with greatly enhanced performance. A CMOS-compatible MEMS technology has been
demonstrated lately that enables alternative communication architecture by facilitating
the integration of high-Q passive devices with active transistor electronics, allowing
greater size reduction, lower power consumption and enhanced performance. Batch
fabrication of these devices enables cost efficiency. The MEMS is a promising field to
replace discrete frequency selective components Oscillators, resonators and clocks are
frequency selective devices that generate a desired reference signal for the systems[64-
65]. Electronic systems require at least one reference signal to enable system
synchronization. The reference signals are defined by characteristics such as target signal
frequency, frequency stability and bandwidth. All of these characteristics are set to
standard values for the different fields of applications. Frequency stability of an RF

transceiver reference signal is required to be better than 2.5 ppm where it is

11
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approximately 1ppm for GPS applications [66]. Mechanically vibrating devices
(ceramics, quartz crystals, etc.) have been used in reference frequency applications.
Quartz crystals are unique devices by virtue of their high quality factor (Q) and high
frequency stability, especially for applications where high accuracy is required. Accurate
and stable electronics have been manufactured with these devices. However, their
relatively large package conflicts with latest technology requirements where multiple
resonators may be required. Prevalent portable applications and small size electronics

lead to micro-size on-chip adaptable components.

MEMS frequency selective devices offer alternative solutions for mechanically vibrating
devices. MEMS are suitable for vibration applications by their rugged structure. In the
recent decade, significant demand for MEMS frequency clock generators has been
growing in RF applications, especially in wireless and communication systems. Research
has been conducted by many groups and some commercial products have been
introduced by companies in the timing industry such as Discera (MRO-100, in 2003) and
Bosch (SiT8002). Meanwhile, noteworthy progress in MEMS frequency selective
devices has been achieved. Today, MEMS resonators, oscillators and filters are capable
of covering a wide frequency range from a few kHz up to several GHz, which is simply
known as radio frequency (RF) operation band. Additionally, established high
selectivity, good stability, on chip integration and promising linear characteristics
promotes further incentives for investments in this technology. Their low power
consumption makes them appropriate candidates for portable applications, where battery

life plays an important role.

1.6 Objectives and organization of thesis

The objectives of this thesis are as follows: (1) To select CMOS post—processing
compatible material to fabricate MEMS resonators for oscillator and filtering functions
in wireless front end architectures. (2) To design a novel MEMS High frequency band
pass filter. This thesis is organized in six chapters. A brief outline of the thesis is
presented below. Chapter 1 introduces various wireless transceiver architectures,
followed by architecture based on RF MEMS resonator. Various types of existing
resonators and its future's explained briefly also need of MEMS resonator is pointed out.
Chapter 2 presents an electromechanical modeling of two-port MEMS resonators,

nonlinear effects, quality factor and various loss mechanisms in MEMS resonator.

12
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Details about various shapes of capacitive transduced micromechanical resonators, its
fabrication materials and importance of material selection for high quality factor is
outlined. In chapter 3 electromechanical model for disk and lame resonator discussed in
detail this simplifies the resonator design used further chapter. Chapter 4 discuss about
basic requirements for material selection in MEMS resonator. How material is selected
based an important parameters such as high Q, high resonant frequency, and low process
temperature using Ashby approach explained in detail, it was found that polySig35Geq¢s
is the best possible material for MEMS resonator that can be used for CMOS compatible
high Q applications. The close match between theoretical and simulation findings
validate our proposed study. Chapter 5 presents novel design of low ripple V-shaped
coupling beam MEMS High frequency bandpass filters for a bandwidth of 1 MHz. The
theoretical design is validated by simulation. The V-shaped coupling beam Lame filter
provides 22dB pass band ripple, but for the same design Lame filter with straight
coupling beam provides 46dB pass band ripple. Another performance parameter 40dB
shape factor of these filters are 1.990, 2.498 respectively. The V-shaped coupling
beam provides 3dB bandwidth of 0.901MHz near to the design value IMHz. Chapter 6
briefly summarizes this research and its outcome also gives recommendations for future

work.
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Chapter - 2

MEMS Resonator Modeling

This chapter is devoted to theoretical modeling and recent advancement of (MEMS)
resonators. The first section presents the resonator model, the electrical equivalent circuit
based on linear conditions. The relation between the mechanical parameters such as
force, velocity, and displacement etc. to that of electrical parameters such as voltage,
current, charge etc established. A brief explanation about the resonator quality factor,
different loss mechanisms which can affect its performance, and list of some reported
resonator is also covered. From this concluded that to obtain high Q proper anchor

design, also systematic material selection approach needed.

2.1 Modeling of bulk-mode resonators

Any bulk mode resonator disk, lame can be represented by a mechanical lumped
element model of mass- spring-damper system. This mechanical equivalent model can be

used to describe the dynamic behavior of the resonator.

2.1.1 Mechanical model using linear conditions

N k I::l Y
Vp |
‘ : y B m
|

lro | =0

Figure 2.1: (a) Variable parallel plates capacitor and (b) mechanical lumped model

Figure 2.1 shows the static actuation of a parallel plate capacitor and the mechanical
lumped model for the MEMS resonator. The equation of motion for forced oscillations

of this system is:

mi+ yx+kx = f = Fsin ot 2.1
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where m is the mass, y is the damping, k is the linear spring constant of the resonator and

f 1is the force with the magnitude F. We also define the quality factor as Q= /k_m and
Y

k
the resonance frequency w,, =,|— .
m

The solution of this equation gives the sinusoidal displacement of the resonator, caused

by the forcing term[1- 2].

f/k
)=
X 0 1 (2.2)
l-——4j ——
res Q Cl)res
The amplitude of vibration, |x , is given by
f/m
[+ =
23
\/((DZ —0)2 )2 + a)reva)2 ( )
res Q
At resonance, @ = m .., and the amplitude becomes
x| = Q% (2.4)

The MEMS resonator is actuated by using an electrostatic force, f,. The coupling is
provided by capacitive transduction over a narrow gap, d, which separates the resonator

from the electrode. Knowing that:

oE
fe==- (2.5)
ox
L2
E=—Cv (2.6)
2
v=V,+v, =V +V, sinor 2.7

where E is the energy of the system, C is the transducer working capacitance, V, is the

bias voltage and v, is the alternating excitation voltage, the electrostatic force can be

calculated as
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(2.8)

oE 1 g,A . .
=—= ==V ==—=V =53—2(Vp2+2VpVAcsmmt+VA2C 51n2(0t)

fe—g— ox 2 ox 2 d?

where &y is the vacuum permittivity and A is the overlap area between the resonator and

the input electrode.

The first term in the bracket represents the constant component of the force, caused by
the DC bias. In normal operation, the high order terms are very small, and can be

neglected. The second term is the signal component of the force:
. gA .
f = Fsinot = ? V.V, csinot 2.9)

This force excites the resonator to vibrate, creating a DC-biased, time-varying capacitor
between the movable structure and the electrode, which sources an output current given

by:

oC dC ox ~
i=V —=V ——=nx 2.10
"o Paxar 210
where we identify
oC g,A
n=Vpgsz? (2.11)

as the electromechanical coupling coefficient which establishes the connection between

the mechanical and electrical domains (velocity and current).

2.1.2 Small signal electrical equivalent circuit

Force-Voltage equivalence has been used to constitute the electromechanical analogy.

Table 2.1 lists the equivalent terms in the electrical and the mechanical domain.

Table 2.1: Electro-mechanical analog components

Mechanical domain Electrical domain
Force Voltage
Velocity Current
Mass Inductor
Compliance Capacitor
Damping Resistor

23



MEMS Resonator Modeling

Figure 2.2 presents the equivalent series RLC circuit which can be used to model the
operation of a MEMS resonator. The equivalent circuit models only the first mode of the
resonator. The intrinsic resonator behavior is modeled using a motional inductance L,, a
motional capacitance C,, and a motional resistance R,, which are physical representations
of the resonator mechanical properties: effective mass (m,.), and effective stiffness (k;.)
and damping (y) respectively. C; is the feed through capacitance between port 1 and 2

and C, are the capacitances coupling the pads to the substrat.

0
Il
I
|
11

0

Figure 2.2: Small signal equivalent circuit

Using the electromechanical coupling coefficient eq.(2.11), the lumped elements can be

calculated as shown below, by eq.(2.12) - (2.14).

m
L =—"* (2.12)

n

2
C, :Z— (2.13)

k
R =Y =Nk 1 2.14)
n Q 7
1
At resonance o, L =
o, C

res X

thus the equivalent inductance and capacitance cancel each other, and the resonator
admittance becomes equal to:

=i+j(0 C, (2.15)

res res s
X

Two types of currents are possible: from the feed through capacitance and from the
resonator motion, the later dominates. Consequently, in order to maximize the desired
current, R, should be as small as possible, by building structures with small mass,

stiffness, and high electromechanical coupling.
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Knowing that ®,, =./k,, /m,, we can detail the motional resistance formula, as follows:

— kre d4
0,0 VA (2.16)
res p -0

It becomes clear that in order to minimize R,, while keeping reasonable DC bias levels,
the most important design parameter is the gap d. The overlap area between the

electrode and the resonator and the quality factor should also be maximized.

2.1.3 Nonlinear effects in MEMS resonators

The linear model previously presented is only usable when small-displacement
characteristics of the device are required. However, MEMS structures can present
strong nonlinearities due to large signal related phenomena, which limit the power
handling of the device and hence the maximum signal-to-noise ratio which can be

achieved.

Nonlinearities in electrostatically actuated MEMS resonators, also called amplitude-
frequency (A-F) effects, that create Duffing bifurcation instabilities, and excess phase
noise[3]. The nonlinear effects can have mechanical and capacitive origin. Even though
single crystal silicon is considered to be a quasi-linear material until the fracture point,
in micromechanical structures with very high Q even small material nonlinearities can
become significant. Another source of mechanical nonlinearity is the geometrical
deformation of the structure under large force. The capacitive nonlinearity is inherent
to the electrostatic coupling mechanism, due to inverse relationship between

displacement and parallel plate capacitance[4].

Figure 2.3(a) and Figure 2.3(b) presents nonlinearity effect of the resonator
response[S]. At the bifurcation point, x;, the A-F curve has an infinite slope. Above
bifurcation, the curve is no longer a single-valued function, but it shows a hysteretic
behavior. Thus, the response becomes dependent on the frequency sweep direction: if
increased, the resulting response will follow the first curve Figure 2.3(a); if decreased,
it will follow the second one Figure 2.3(b). As indicated in the nonlinearity graphs, the
greatest vibration amplitude before hysteresis, called the critical vibration amplitude,
X, 18 higher than the vibration amplitude at the bifurcation point. This parameter can be

used to estimate the limit for linear operation.
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Figure 2.3: Nonlinearity effect on the resonator

In order to take into account the nonlinear effects, the linear spring constant, k, has to be
replaced in the equation of motion for forced oscillations eq.(2.1) with the nonlinear
spring, k(x) = ko(1+ kix+ k2x2+...). Thus, if we take into consideration only the first

three nonlinear terms, the equation of motion becomes:

mx+yx+kx +kx>+k,x’ =f (2.17)

From eq.(2.17), the critical drive level can be calculated for any specific type of
resonator.

2.14 Quality factor and loss mechanisms in MEMS resonators

In mechanical resonators, operating in linear regime, The quality factor is the ratio

between the maximum stored energy and the dissipated energy per oscillation cycle:

Energy stored per cycle
=2n Sy TOTECPEr Sy (2.18)
Energy dissipated per cycle

From eq.(2.1) ,By normalizing it to the resonator mass, m, we obtain:

S L S (2.19)
m m m

or we can rewrite it as:

res res

X+200 X+ 0> x _t (2.20)
m

26



MEMS Resonator Modeling

where we define the damping factor C, as

_ Y
¢ 2mo,_ (2.21)

{ =1, the system is critically-damped, and the system converges to zero, than in any other
case, without oscillating. When (>1, the over-damped system will still not oscillate, but

it will take longer to converge to zero.

when ( <1, the system is under-damped, and it oscillates at a natural frequency . In
this case, the quality factor is defined in relationship to the damping factor and the

resonance peak will have higher amplitude with higher Q:

1
0= 222
C (2.22)

The quality factor of a resonator is experimentally approximated from the 3dB
bandwidth (BW3gp):

()

0= TBW. (2.23)

3dB

According to eq.(2.18), in order to increase the quality factor of a resonator which
oscillates at a given frequency s, it is possible to either maximize the stored energy by

increasing the mass, or to reduce the energy losses.

There are several different loss mechanisms which decrease the total quality factor of a

device and that should be minimized:

1. Air damping (Q.ir) [6-7]: When oscillating, the resonator has to overcome the

resistance of air trapped in the actuation gaps (squeeze-film damping) and those
generated by friction with air for the sides parallel to the vibration displacement
(slide-film damping). The energy loss caused by squeeze- film damping
dominates when it exists. This source of energy loss is dominant at low and
medium frequencies, and it can be avoided by packaging the resonator under

vacuum.

2. Thermoelastic damping (Qhermoelastic )[81: TED is a design-dependent type of loss,

caused by the cyclic temperature gradient generated in the resonator’s body by
opposing volume changes due to vibration. The resonator will dissipate heat to

return to the equilibrium state, thus loosing energy.
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3. Internal friction(Qmateriar) [91: This effect is generated by material imperfections

like meta stable defects (impurities, dangling or broken bonds), which cause
energy dissipation in the form of heat. The contribution of these losses to the

system depends on both the material and fabrication technology used.

4. Acoustic anchor losses (Qanchor) [10-11]: MEMS resonators are freestanding

structures, anchored to the substrate with suspension tethers or pillars. In all
cases, the suspensions create paths of energy dissipation, which can be minimized
by placement in the nodal points of the resonating structure, by choosing small
widths, and by carefully designing their shape/ dimensions for low motion of the

suspensions.

5. Energy transfer to other vibration modes: If the desired mode is in the close

vicinity of other spurious modes, they can couple, generating energy loss of the
main mode. The separation between these modes can be enlarged by carefully

designing the resonator.

All the above mentioned loss mechanisms add up directly for total energy loss, and the

overall quality factor can be expressed as:

L S SRS SRS SR 028
Qrotal Qair Qmarerial chermaelasric Qanchnr Qenerg_v transfer '

If the resonator is operated under vacuum, the losses due to air damping are very small.
Therefore, the most important phenomena affecting the quality factor are the acoustic
anchor losses, loss due to material imperfections, loss due thermoelastic damping and

energy transfer through coupling to other vibration modes. i.e.

2.25
1=1+1+1+1 (2.25)

thal Qmaterial chermoelaxtic Qanchor Qenerg 'y transfer

2.1.5 Capacitively transduced MEMS resonator structures

Various shapes of capacitive micromechanical resonators have been reported till date,
operating in different vibration modes, and fabricated with different materials. Table 2.2

provides an expansive list of such devices[12].
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Table 2.2: Some reported capacitively transduced MEMS resonators

. Quality
Type & references Material Frequency factor
Clamped-clamped Poly silicon
beam (flexural mode) (2 pum thick) 9.34 MHz 3,100
Clamped-clamped Single crystal silicon
beam (flexural mode) (20 pm thick) 80 kHz 74,000
Free-free beam Poly silicon
(flexural mode) (2.05 pm thick) 92 MHz 7,450
Comb drive Single crystal silicon
(flexural mode) (30 pum thick) 32 kHz 50,000
Square plate . -
extensional (bulk Single crystal silicon - 4o \rp, | 1160000
. (25 pm thick)
acoustic mode)
Square plate lame Poly silicon carbide
(bulk acoustic) (2 pm thick) 173 MHz 9,300
Wine-glass disk Poly silicon
(bulk acoustic mode) (3 um thick) 60 MHz 48,000
Radial-contour disk Poly silicon
(bulk acoustic) (2 pm thick) 156 MHz 2,290
Circular disk Nickel
(flexural mode) (3 pum thick) 11.6 MHz 1,651
Square plate Poly silicon
(flexural mode) (2.2 pm thick) 68 MHz 15,000
. Poly silicon
Ring (contour mode) (2 um thick) 1.2 GHz 15,000
Square (flexural . .
Single crystal silicon 5.1 MHz 80,000
mode)
Triangular beam Single crystal silicon | 20 MHz 220,000
(torsional mode) gle cy ’

All such a MEMS resonators essentially consists of the following three components:
(i) an input- transducer which converts the input electrical signal into a mechanical signal
i.e. an electrostatic force (alternatively piezoelectric, magneto static etc.). (ii) A
mechanical resonant structure which can vibrate in one or more modes due to the
produced electrostatic force, and(iii) an output-transducer that senses the motion of the
vibrating structure, hence converting the mechanical signal back to an output electrical

signal.
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Micromechanical resonators can have different shapes like beams, square plates,
circular disks, annular rings, comb etc., and can again be classified according to their

modes of operation, namely flexural, torsional, and bulk mode devices .

Flexural mode of vibration is representative of transverse standing waves. In such
devices, the displacement of the structures is orthogonal to the bending stress in the
structure. In resonators vibrating in the torsional mode, the dominant stress is shear-
stress and the displacement produced is rotational in nature. Bulk mode operation can

be described in terms of standing longitudinal waves.

The most common transduction type used in MEMS resonators is electrostatic
actuation and sensing, as it can produce small components that are robust, relatively
simple to fabricate with materials compatible with integrated transistor circuits, have
better thermal stability, and are tolerant to environmental changes. Capacitively
transduced devices, in general offer the best frequency-Q products, since the signal
transduction occurs without the need for direct physical contact between the electrodes
and the resonating body, and thus suffer less from material-interface losses and quality

factor degradation that can impede other transducer types.

2.2  Conclusion

In this chapter, MEMS resonator modeling is explained in detail. This also includes
nonlinear effects in MEME resonators. It was explained that the most important
phenomena affecting the quality factor are the acoustic anchor losses, loss due to
material imperfections, loss due thermoelastic damping and energy transfer through
coupling to other vibration modes. For obtaining high Q from eq.(2.25) concluded that
anchor loss should be minimum. It is possible obtain high Q with proper anchor design.
Also from Table 2.2, it is observed that different resonator structure material gives
different quality factor, so for improving the quality factor systematic material

selection method is needed. In Chapter 4 this issue is addressed in detail.
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Chapter - 3

Disk and Lame MEMS Resonator

The first section presents the disk resonator model, important design parameters of the
circular disk resonator, and the electrical equivalent circuit of the resonator. The second
section presents the Lame resonator model, important design parameters of the Lame

resonator, and the electrical equivalent circuit of the resonator.

3.1 Introduction

Figure 3.1 shows the perspective-view schematic of a self aligned disk resonator. The
resonator consists of a disk suspended above the substrate by an anchor of height '4'. The
disk radius is R. The disk is surround by actuation electrodes with precious gap 'd', gap
between the actuation electrode and disk constitutes electromechanical transducer.

Input

Elecirode

Figure 3.1: The disk resonator

3.1.1 Resonator operation

To excite the device of Figure 3.1 in its two-port configuration, a (DC)-bias voltage Vp is
applied to the disk and an alternating current (AC) signal v; to its input electrode. The
DC-bias voltage Vp serves only to charge the electrode-to-disk capacitance, and thereby,
does not incur power consumption. From eq.(2.8) electrostatic input force F; in a radial

direction (pointing outward from the disk) given by

1(aoC ) oC
F=—|— |V —v.) =-Vp| — v, 3.1
) AR o &1
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where only the dominant term at resonance has been retained (i.e., components at DC
and at frequencies different from v; have been neglected), where 0C,/0r is the change in
electrode-to-resonator overlap capacitance per unit radial displacement at the input port

(i.e., port 1).

Since the capacitance at input port 1 is varying with distance r, so the input port
capacitance is given by
-1
s
' d@—rj

d

Ci(r)=

where C, ;s the static drive electrode-to-disk capacitance.

An expression for 0C1/0r can be obtained from the differentiating the above expression

-2 -2
ﬁzﬂ(l_L) _G 1+(_L) (3.2)
or d d d d
If displacements are small, eq.(3.2) can be expanded to obtain the more useful form.

Using Binomial expansion theorem given below, we can expand the above equation

2 3
1+ x)" :1+nx+n(n—1)x—+n(n—1)(n—2)x—+ .........
3!

(é)

+(=2)(=3)(—) Ly

aC, _C ( j+( 2 3)(41)

0114+ (=2
o d +(2)

%:Cd { Z(r)+d—(r )+; r)+...... }
aaC ( j1+Ar+A2r + A+, (3.3)
’
where Alzé,AZ:%,A;—di

For the present purpose of obtaining a linear model for the disk resonator, 6C,/0r can be

approximated by the first term in eq.(3.3) means
9 _[ G
or d

which then can be expanded into:
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e
aC, _[Cy ) _ ( d j _ g,A g (arcXthickness) _€,(Q,RXt) 3.4)
or d d d’ d’ d? '
9C, _ &Rt (3.5)
or d’

where R and ¢ are the radius and thickness, respectively, of the disk; ¢, is the permittivity
in vacuum; d is the electrode-to-resonator gap spacing; and ¢, is the angle defined by the
edges of the input electrode (i.e., electrode 1). When the signal frequency v; matches to
the radial-contour mode resonance frequency of the disk, the resulting force drives the
disk into a vibration mode shape in which it expands and contracts radial around its
perimeter, in a fashion reminiscent of breathing, with a zero-to-peak radial displacement

amplitude at any point of the disk (, ) given by

R(r,0)=AhJ, (hr) (3.6)
_9F
R(R.0)= i 3.7

where k. is the effective stiffness at a location on the perimeter. J,(y) is the Bessel
function of the first kind of order n, A is a drive force-dependent ratio [1], and h is a

constant defined as

2
P
2E EG (3.8)
+ 2
(2+26j -0

h=

where p, o, and E are the density, Poisson ratio, and Young’s modulus, respectively of

the structural material.

The radial vibration of the disk creates a DC-biased (by Vp ) time-varying capacitance
between the disk and output electrode that then sources an output motional current i,
proportional to the amplitude of vibration (radial displacement) given by

. _do _d(GV,) _V,(dC,)

Y= dt dt
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or

_ aCQ B %

_VP a]" ( ]0\)0) (]kn,]

_v [9C ) 2 | _y,[(9

=50 ]w")(ﬂcm]( V”(arjv’]
S5

where 0C»/0Ox is the change in electrode-to-resonator overlap capacitance per unit radial
displacement at the output port (i.e., port 2), which takes on a form similar to that of
eq.(3.5), but with ¢, replaced by ¢,. This device operates by first converting the input
electrical signal v; to a mechanical force F;, which is filtered by the high Q mechanical
response of the resonator, allowing only components at the disk resonance frequency to
be converted to a disk displacement (7, ) [or velocity v(r, #)]. This mechanical domain
displacement then is converted back to the electrical domain into the output current i, by
action of the output electrode capacitive transducer. It should be noted that output current
is only generated if the DC-bias voltage Vp is finite. If the DC voltage between the output
electrode and disk is set to zero, then no current flows, and the device is effectively “off”

Thus, Vp provides an on/off switchability for this device.

3.1.2 Resonance frequency design

The dimensions needed to attain a specified nominal resonance frequency f,u,m for a

radial-contour mode disk can be obtained by solving the mode frequency equation given

by [1]

—l-c (3.10)

where @,,om 1S the nominal radian resonance frequency for a purely mechanical system

(i-e., with no applied electrical signals, hence no electrical stiffness.
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L (3.11)
onom E

Above relations can be simplified to obtain the following expression for the resonant

frequency [2]

)
0)0110"1 = 2
lI-o
o |P(1=0")
E
)
fﬂll()n‘l = p
2 R( 1-¢° )\/7
err(|i-o7)) 2
) E
fﬂll()n‘l = \/:
(27t)( (1—62))R P
ok |E
fonom - R 0
) . :
where ok = and value of ak is calculated by using eq.(3.10).

(2n)( (1—(52))
So, final equation for Resonant frequency is given by

. _Ok |E (3.12)
R\p

where k is a parameter dependent upon Poisson’s ratio (k = 0.342 MHz/um for
polysilicon), and o is a mode dependent scaling factor that accounts for higher order
modes. As seen in eq.(3.10), eq.(3.11), or eq.(3.12), the frequency of resonance is a
strong function of structural material properties and of geometry, in particular, of the
disk radius a lateral dimension. For the given parameters thickness of the disk is
t=2um, gap distance d=1lum, for Poly-Si, E=160GPa, ¢ =0.22,
p= 2.33¢7" Kg/um3 and bias voltage V,=50V, keeping R as variable parameter
resonant frequency calculated for fist three mode using MATLAB code, and the
graph is plotted in Figure 3.2.From the graph it is observed that for a fixed frequency
the first mode requires a small diameter, while compare to the second and third

modes.
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Figure 3.2: Design curve of radial-contour mode resonance frequency with radius

of the resonator disk

3.1.3 Frequency pulling via electrical stiffness

Because the electrode-to-resonator capacitance is a non-linear function of the disk radial
displacement, there are many force components generated than represented in eq.(3.1). In

particular, expanding eq.(3.1) further and inserting the first two terms of eq.(3.3) yields:

F=1%
" 2d
1
25(....—2vai+A1V[,2r+A1v,.2r+ ..... )

(sz -2V v, + v+ AIszr —2AvV,r+ Alvl.zr)

(3.13)
where the last form includes only terms that can generate components at resonance.
Expanding the last form of eq.(3.13), inserting the eq.(3.4) in eq.(3.1), and inserting

v, =V, cos ot r=Rsin ¢

2
F, ={vp%vi cos@t—(Vj+%J(%J9ﬁsin&ot} (3.14)
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where the second term is at the resonance frequency, but in quadrature with the input
force (i.e., the first term)and proportional to the displacement amplitude R both qualities
also exhibited by the mechanical spring restoring force of the resonator. However,
although the mechanical spring restoring force generally acts to oppose an input force,
this force acts to increase the input force. In effect, the second term in eq.(3.14) can be

interpreted as an electrical spring constant of the form:

V> \e,0 Rt
2 i n —
k,, =[Vp +—2 J—O o n=12.. (3.15)

The electrical stiffness of all electrodes regardless of their position subtract from the

mechanical spring constant of the beam k,,, changing its resonant frequency to

1 1
P L el Tl R
’ mre mre

0=

(ky+k,)
= [ et ezt
fo frmrm|: kln |
1(k, +k.)]
£y = From {1—5% (3.16)

where m,, is the effective stiffness of the disk at any point on its perimeter; k. is the
effective stiffness at that same location with all voltages applied; k,, is the mechanical

stiffness of the disk at the same location.

Using eq.(3.16) the fractional frequency change due to electrical stiffness related

parameter, for common case where Vp>> V;:

_ _ 1(k, +k,,)
fo - fnorm fnorm 2 km
_ 1 (kel + keZ )
fo fnarm - flmrm 2 k

m

Jom oo _ 1k +ky)

fo 2k,
ﬁ _ _l (kel +k€2)
fO 2 km
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Substituting the value of k.| and k., from eq.(3.15) , we get

k, +k v,
£=_1M=_li%_m(<pl+<p2) (3.17)

For high frequency (HF) and very high frequency (VHF) resonators, the value of k,
ranges from 500 N/m to 100,000 N/m, respectively, which are generally much larger
than that of their k,’s but still of a size that allows fractional frequency shifts ranging
from 0.1% — 10%. For the case where the high stiffness of disk resonators precludes
tunability by the DC-bias Vp often used by HF and VHF resonators, it also suppresses
mechanisms for instability (e.g., temperature dependence of the electrode to resonator
gap spacing d [3], microphonics, etc.), perhaps making for an overall zero sum gain from

a design perspective.

3.1.4 Temperature dependence of the resonance frequency

The HF and VHF micromechanical resonators are govern by a combination of
temperature dependent parameters like., electrical stiffness, Young’s Modulus 'E’ and

resonator dimensions.

In the case under consideration as the mechanical stiffness is high, it reduce the influence
of electrical stiffness To verify this, the fractional frequency change with temperature

due to a change in electrode to resonator gap spacing d is obtained.

For general case (not Vp>>V;)

gz_l(V[f+O.5Viz) g Rt

L e e ) 619
Differentiating above equation with respect to 'd'
a| ¥ 05y
fO 1 (Vp +05Vl ) SOR t
ad 2k i (0re)
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To find temperature dependence of resonance frequency differentiate eq.(3.18) with

respectto T

(%) A7)
f) \f)ad

oT od OT
ol &
fy) 3(V;+05V2) e R+ od
- — 4 ( 1+ 2) S
of 2 k, d oT
o A
f 3 (V2+0.5Viz) e Rt
aTO —E L X 24 ((p1+(P2)|:asid+(asi_ae)Le:| (3.19)

m

where « ;= thermal expansion coefficient of silicon; ¢, = thermal expansion coefficient

of surrounding electrode; L.= suspended electrode length

For a gap spacing (> 20 nm), the temperature coefficient of the resonance frequency for a
disk resonator is mainly govern by temperature dependencies of the Young’s Modulus of
its structural material and its own dimensions [4].

rc, =LY (3:20)

From eq.(3.12)

—_

ok ( E\?
fonom_?[gj

Differentiating above equation w.r.to T

P Kl 1 or(EY 11 ) OF
fonom % ( j +__(Ep)( )

1| RTlp) R2

oT 1| R*OT
1

o, Ok EJZ{_ 1 0R +1(E)(—1) BE}

ar  Rlp R T 2 T
Sonm _ p | _LOR 110F
ar ™| R 9T 2EJT
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Substituting the above value in eq.(3.20), we get

f()n()m T
1 1R 11E
TC,=—— o=
T Fonom f”{ RT 2ET}
re,<[ LR, LLE
RT 2ET
1
chz'apaly'i'ETCE (3.21)

where o

Loy = thermal expansion coefficient.

3.1.5 Mechanical equivalent model

To conveniently model and simulate the impedance behavior of this mechanical resonator
when used in an electromechanical circuit, an electrical equivalent circuit is needed.
Despite its mechanical nature, the disk resonator of Figure 3.1 still looks like an electrical
device when looking into its ports, and so can be modeled by either of the electrical
inductor-capacitor-resistor (LCR) equivalent circuits shown in Figure 3.4. The values of
elements in the equivalent circuits are governed by the total integrated kinetic energy in the
resonator, its mode shape, and the parameters associated with its transducer ports[5]. The
total kinetic energy in a vibrating disk can be obtained by integrating the kinetic energies

of all infinitesimal mass elements dm in the disk, and can be expressed as

For a small element (with mass dm) on circular disk, the kinetic energy is given by
KE, = %desz (r,t9)

And the total KE of circular disk is given by

KE =%L2)n I(If dmxv* (r,G)

tot

(3.22)

where v(r, 0) is the velocity magnitude at location (r, #) is given by

v(r,e):(ogi(r,ﬁ):mAth(hr) (3.23)
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and mass is given by

Mass = Density x Volume

dm = pxVolume

dm = pX Areaxdr
dm=pXxtxXrd0xdr (3.24)

Substituting the value of eq.(3.23) and (3.24) in eq.(3.22) to get
KE, 6 = Azmzhznptfg r]lz (hr)dr (3.25)

To find equivalent mass at a location (r, &), divide the total KE by one half the square of

the velocity at that location i.e.

KE,, ZTtptLIf rJf(hr)dr
Mye = = 2 3.26
EVZ(R’G) JE(hR ) (3.26)

The expression for equivalent stiffness and damping at a location on the disk perimeter

can be obtain using standard equations shown below

k., =wm (3.27)

re re

w,m k. m

— _0"""re _ re’ "re

0 0 (3.28)

The corresponding equivalent mechanical model shown in Figure 3.3.

c

re

L
T

m, +—»

External force

VY

re

Figure 3.3: Mechanical equivalent model
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The electromechanical coupling factor at port n is given by

aC
Vv = v,
Fvi p( ax jvlﬂ
77(:‘7! ==

V. V.

m m

oC
:V —n
nen p( ax j (329)

where n = 1 and 2 corresponds to input and output port respectively.

3.1.6 Small signal electrical equivalent circuit

The electrical equivalent circuit for the radial-contour mode disk resonator configured as
a two-port is shown in Figure 3.4. The elements of the electrical circuit are obtained from
mechanical lumped element values[6]. The C, represents capacitance from an /O
electrode to AC ground, and as such, is primarily composed of a combination of
electrode-to-resonator overlap capacitance and electrode-to-substrate capacitance. The

exact capacitance is combination of parallel plate and parasitic capacitance

The value of capacitor C,is given by

sz ’781’762
k

re

and for R,and L, we use following derivation.

For R,
Since
1
Q - a)OC)cRx
or
Rx = 1 = 1 = cre
woch w 77617762 wOmre 776’17762 (330)
’ kre Cre
For L,
Since
_w,L,
Q= R
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or

(w()mre J( cre ]
Rx Cre 77617762 mre

L =0—*= =

wO a)O 77617762

Substituting the value of 77, and 77,, from eq.(3.29) into R, of eq.(3.30)

R — Cre Cre

’7817762 ‘/]7 (aa(;ljvp (aaC’:Z j

Substituting the value of % and 88& from eq.(3.5)
r r

&= (0= o)
! 0 J\V; oo, Rty

we get

(3.31)

(3.32)

Equation (3.32) implies that R, can be reduced by increasing the DC-bias voltage Vp,

increasing the disk thickness ¢, or decreasing the electrode-to-disk gap. The bias voltage

Vp can sometimes be constrained by the system power supply voltage, or by the pull-in

voltage of the resonator [6].

Figure 3.4 presents the equivalent series RLC circuit which can be used to model the

operation of a MEMS resonator. The intrinsic resonator behavior is modeled using a

motional inductance L,, a motional capacitance C,, and a motional resistance R,, The C,

represents capacitance from an I/O electrode to AC ground, and as such, is primarily

composed of a combination of electrode-to-resonator overlap capacitance and electrode-

to- substrate capacitance. The exact capacitance is combination of parallel plate and

parasitic capacitance.

c, — - C,

Figure 3.4: Small signal equivalent circuit
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¢,=C,+C,,

For precise model

- 27L'RtA
Cc —_ 360 (3.33)
pp d

R is the radius of the disk, ¢ is the thickness of the disk and A, is the angle covered with
one electrode, d is the gap-distance, &y is 8.85418x10'? F/m and &ris 1 for air. For simple
model

_ &8, TRt

CPP d
7R is the effective width at the coupling area, ¢ is the thickness.

For the given parameters thickness of the disk is t = 2um, gap distance d = lum, For
Poly-Si, E = 160GPa, 6 = 0.22, p = 2.33¢™"> Kg/um® and bias voltage V,=50V, keeping

R =10 um. Small signal equivalent circuit parameters calculated using MATLAB code.

Table 3.1: Small signal equivalent circuit parameters

Parameters L.(Henry) | C.(Farad) R,(Ohm) C,(Farad)
Precise model 1.9242 2.7549e-019 | 2.8115e+005 | 2.7803e-015
Simple model 2.3406 1.3300e-019 | 4.4628e+005 | 2.7803e-015

From Table 3.1 it is observed that there is considerable amount of difference in R,, but

C, value is same for both simple as well as precise model .

3.2 Lame-mode resonator

Figure 3.5 presents lame-mode vibration structure with side support . If material of the
proof mass is isotropic and the length is much larger than its thickness the resonance

frequency can be approximated using [7- 8].

G 1

=< 3.34
o PRNEY) (3.34)
G=—" (3.35)

2(1+v)
where p = Material density, L = Length of the square plate, £ = Young’s modulus,

v = Poisson’s coefficient.
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W, | N
':
< L o |l
d

Figure 3.5: Lame-mode vibration structure

3.2.1 Equivalent mechanical model

The resonator can be represented by a mechanical lumped-element model of a mass-
spring-damper system as shown in Figure 3.6. For a square plate of side length L and
thickness #, its effective mass may be approximated to the mass of the square, given

by[9]. Total kinetic energy m;,. of the vibrating plate is given by.

m,, = phl’ (3.36)

—>

re

External force

re

Figure 3.6: Equivalent mechanical model of MEMS resonator
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And the effective stiffness is given by

k,=m"Eh (3.37)
Cre: wOmre — kremre (3.38)
0 Q

3.2.2 Equivalent electrical model

Figure 3.7 presents the equivalent series RLC circuit which can be used to model the
operation of a MEMS lame resonator[9-11]. The elements of the electrical circuit can be

related to those of the mechanical model by using the ‘force-voltage analogy’ as follows:

h
RX: Cre )LX: mre ;Cx: ]78]]782 ,C(): 80 We (339)
NeiMez Neiea k., d,
— M|
R, I
x Cx 1

Figure 3.7: Equivalent electrical models of a MEMS resonator

where W, is the width of the input/output electrode. the transduction ratio #,; and 7., can

be calculated with [9], where Vp is the DC bias voltage applied to the resonance square.

Cf)
}/Iel :}192 = Vp 7

all these parameters are used while designing filter based on Lame structure in

Chapter 6,corresponding MATLAB code is given in Appendix-I

3.3 Conclusion

This chapter explained the electro-mechanical modeling of Disk and Lame MEMS
resonator. An analytical model for resonator and resonant frequency is presented in this

chapter. The factors that affect resonance frequency are also explained.
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Chapter - 4

Material Selection Methodology

4.1 Introduction

Resonator is a key component in the transceiver system, which are often utilized for
frequency selection in the radio-frequency (RF) and intermediate-frequency (IF)
stages. Microelectromechanical (MEMS) resonators are the prime candidates for being
used as frequency selection and generation components due to their ability to resonate
at GHz frequencies and their exceptionally high Q. Moreover these resonators provide
frequency stability, thermal stability, and CMOS compatibility[1-2] Many approaches
to obtain high frequency are being investigated to render MEMS resonators compatible
with the CMOS circuitry. However, according to the best knowledge of the authors, the
material selection approach is hardly used to enhance the performance of the MEMS

resonators[3].

With the development of fabrication techniques, the numbers of materials that can be
used for MEMS resonator have been increased. Three basic requirements for material
selection in MEMS resonator are high O, high resonant frequency, and low process
temperature which in turn depends on suitable material to be used for the disk and
supporting beam. Through several material selection strategies have been developed in
the past, the methodology for selecting the material for disk and supporting beam in high
O-MEMS resonator had never been proposed. Ashby provides a comprehensive material
selection strategy with less computation[4]. For MEMS based design, the Ashby
approach is widely accepted . So the Ashby approach is used to choose suitable material
for a center-supported disk resonator. This chapter present a detailed analysis of material
selection for the high Q-disk MEMS resonator based on the electro-static actuation

model compatible with Ashby approach.

4.1.1 MEMS disk resonator structure and its operation

Figure 4.1 shows a center-supported disk resonator of radius 'R' and thickness '7,

supporting beam of diameter ' @' and height' 4'. The electrodes are positioned around the
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circumference of the disk with a specific gap spacing, 'd'. This narrow air (or vacuum)
gap defines the capacitive, electromechanical transducer of the device. To excite
vibrations, a dc bias voltage 'Vp' is applied to the disk structure, and an ac input signal v/
to oppositely located input electrodes. These voltages result in a force proportional to the
product 'Vp 'and 'v; ' that drives the resonator into its vibration. For radial-contour mode

disk expands equally in all the lateral directions.

R
Side view
Disk
d
Stem
a

Figure 4.1: Schematic view of MEMS disk resonator

4.1.2 Materials for MEMS resonator

There is a wide variety of materials available for MEMS, however only few materials
can be qualified as structural materials for MEMS devices due to difficulties in micro
fabrication technologies. These materials are traditionally grouped under four classes:
metals and alloys, glasses and ceramics, polymers and elastomers, and composites. The
properties of materials commonly studied while designing are Young’s modulus (E),
Poisson’s ratio (o), fracture strength (or), yield strength, fracture toughness, coefficient
of thermal expansion and residual stress (gg)[5]. Using Ashby approach, the designer
considers all the materials and studies their properties to optimize the design
performance and reliability. Certain other properties like electrical resistivity and
conductivity are also considered while dealing with the electrical aspects. The properties
of materials with different deposition techniques and length scale changes drastically
from its bulk values however the properties whose physical origins lie at the atomic scale
(size and weight of atoms, nature of bonding and bond density, etc.) are expected to be
the same in micromechanical and bulk structures [6]. Sharpe has tabulated initial design
values based on an extensive survey of such measurements whose values are listed in

Table 4.1 along with the nominal bulk values tabulated by Ashby and Jones.
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Table 4.1: Recommended initial design values of material properties

Property Recommendation

Density, p (kg/ m°) Pu= P bulk

Young's Modulus, E(GPa) 0.8 Epuik < Ey < Epui

Poisson's ratio o 0.25

Fracture strength, o (Mpa) G F, n~ O F, bulk

Linear expansion coefficient, a (K'l) Oy = O pulk

Specific heat, Cp (J kg'1 1K™ Cp u=Cyp, buik

Intrinsic loss coefficient, #; 102< ni (Polymers)
10° <1 < 10 (Metals)
107 <ni< 10™ (Ceramics)

Residual stress oy -1 GPa < ok <1 GPa

u indicates micro scales.

The following three properties identified by MacDonald et al [7] are of extreme
importance for MEMS devices; Compatibility with semiconductor technology, good
electrical and mechanical properties, intrinsic properties that retard development of
high stress during processing. It is already know that 0.35 pm technology can
withstand at 525°C for 90 min [8]. Therefore we are interested to find such materials
that can be deposited at temperatures lower than 450°C and exhibit mechanical
properties suitable for vibrating micromechanical disk resonator. Through literature
review [4-10] it has been observed that the possible materials used for MEMS disk
resonator for CMOS technology are Nickel(Ni), polySip35Geges bulk metallic glass
materials [11-14],which include Pts;5Cu147Nis3Pas  ZraaTi;CujoNijoBeys, and

AuyoAgs sPds 3Cu26 95116 3.
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Table 4.2: Material performance indices for high Q resonators[4-10]

. Process

Material Mo((glll,gj’ E D(ekngs/llg;,)p temperature
Tp[°C]

Nickel 195 8900 380
polySio‘35Geo‘65 146 4280 450
Pts75Cuy47Nis53P25[8] 94.8 15300 250-280
ZI'44Ti11Cu10Ni10B625 96.7 6100 380-450
AU49Ag5_5Pd2_3CU26.QSi16_3 6638 11000 150-190

4.1.3 Material selection — the Ashby method

Ashby material selection strategy is used to characterize the appropriate material for
desired performance depending upon its attributes (mechanical, electrical and thermal
properties of the material). Once the need of the application is decided, the performance
indices are discovered, all the materials are considered and their material properties are
studied. After that material selection charts are plotted and analyzed. The materials that
meet the need are then taken into consideration and thus subset of the originally

considered materials is obtained[14].

Three things specify the design of structural elements: the functional requirements, the
geometry, and the properties of the material. The performance of an element is described

by an equation of the form as[14]

p=f(FGM) 4.1)

where p describes some performance aspects of the component: its mass or volume, or
cost, or life for example. Optimal design is the selection of the material and geometry,
maximizing or minimizing p according to its desirability. The optimization is subject to

constraints, some of which are imposed by the material properties M.

The three groups of parameters in eq.(4.1) are said to be ‘separable’ when the equation

can be written as

p=fi(F).f(G)fs(M) (4.2)
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the performance can be optimized by optimizing the appropriate material indices. This
optimization can conveniently be performed using graphs with axes corresponding to

different material properties [14].

4.1.4 Performance indices
4.1.4.1 Quality factor
The mechanical quality factor (Q) of a disk resonator is defined as

w
AW

0=2rx
where AW denotes the energy dissipated per cycle of vibration and W denotes the
maximum vibration energy stored per cycle ,which is expressed as[15]

E
W = —dziz't[}/pBJz(}/p)]z (4.3)

(l_o-d)

N | —

where p is the density, E, is the Young’s modulus of the disk material ¢ is the Poisson’s

ratio of the disk material, J, is Bessel function, B is the vibration amplitude, ¢ is the

thickness, y,, is frequency parameter for the p™ mode. which is given by
yp:ak “4.4)

where k is a parameter dependent upon Poisson’s ratio, and a is a mode-dependent

scaling factor that accounts for higher order.

The amount of energy loss per cycle through the enter support beam is further expressed
as[15]

AW =ro.ma’u, (4.5)

where o, is the normal stress on the substrate, u, is the displacement in the substrate

due to the normal stress which is given by [15]

" 8a(1-v2,)
) Esuh (1 - 2vsuh ) = (4'6)
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where,

“ 1-o, (mj "R 4.7)
A

where £ is the height of the stem, R is the radius of the disk and a is the diameter of
supporting beam. For increasing the Q-factor , the value of W should be high, and AW
should be low. Therefore, for high Q, the value of E; should be high and E; should be as
low as possible. Hence by using eq.(4.3) and eq.(4.7) we can say that material index

related to the Quality factor is Ej;. Therefore first material index is: IM|=E, .

Therefore, the performance index related to quality factor in the disk is PI; = f (E,).

4.1.4.2 Resonant frequency

The mechanical resonant frequency for the radial contour mode of a disk is governed
mainly by its material properties and its radius. Neglecting second order effects due to
thickness and finite anchor dimensions, the resonant frequency may be determined by

finding a numerical solution for the system of equations[16-17].

J,(8)
x—2 ' =-1-¢ 4.8
7,(5) 48
where
1_ 2
S=m, R p(1-o’) (4.9)
E

where R is the radius of the disk, and E, p and ¢ are the Young’s modulus of elasticity,
mass density and Poisson’s ratio of the material of the disk respectively. Simplification
of eq.(4.8) and eq.(4.9) can yield the following expression for the resonant frequency for

the i breathing mode:

ok |E
=— [— 4.10
fﬂll()n‘l R p ( )

where k is a parameter dependent upon Poisson’s ratio (k = 0.342 MHz/um for
polysilicon), and o is a mode dependent scaling factor that accounts for higher order
modes. Therefore an infinite number of resonant frequencies are possible for a disk of a
certain shape and material; however, the fundamental mode is typically the frequency of

primary interest for this resonator. Both the resonator material and its dimensions have
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an effect on the natural frequency. Poisson’s ratio for the most of the MEMS material is

0.25 so it is neglected. Therefore, the second material index related to the resonant is

defined as: IM ,= \/E
p

Therefore, the performance indices related to the resonant frequency is PI, = f (E, p) .

4.1.5 Results

Figure 4.2 shows the plot of density versus Young's modulus (E) for all possible disk
resonator materials. From eq.(4.3) and eq.(4.9) it is clear that material with a high value
of Young's modulus (E) and low value of density provides high Q and high resonant
frequency. It is observed from the plot that poly Sip35Gegss followed by
Zr44T1;11CuoNijoBess and Ni are the possible material that provide high Q and high
resonant frequency. However for the next generation CMOS technology, the
requirements for the thermal budget is less than 450°C [5]. Figure 4.3 shows the plot of
Young's modulus (E) versus process temperature for all possible disk materials that are

compatible with CMOS technology.

16000 - _
Pt5?.5CUT4.7NI5.3P22.5
14000 -
™ 120004 _
-_._E___ AudQAgSSPdZ.SCUZB.QSI15.3
81
2 10000- .
- |
Q O
8000 -
G
.: )
= ; .
e 6000 N7 LlaallCU NI Bey
2
— 4 PolySi ..Ge, ..
2000 -
0 T | T T T | T T T | T 1
0 200 400 600 800 1000 1200

Young's modulus E,(GPa)

Figure 4.2: Variation of density versus Young's modulus for all possible materials
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Figure 4.3: Variation of process temperature versus Young's modulus for all

possible materials

From eq.(4.3), it is clear that the material should have high Young's modulus,
therefore from Figure 4.3, it is clear that Ni followed by poly Sip35Gegss and
Zr44T11:CuoNijgBess are the most suitable materials to be used as disk materials for
MEMS resonators. Out of these three materials poly Sip35Geo 65 possess lowest value
of density Hence it is concluded that poly Sij35Geg ¢sis the best possible material to
be used for MEMS resonators. The outcome of this study is compared with the
experimental founding's of Quevyeb[18]. According to them
poly-SiGe disk resonator has been developed with Q’s of 15,300 at frequency up to
425 MHz. This validates our proposed study.

4.2 Disk resonator design and simulation

Based on the disk resonator model given in Chapter 4. Its resonant frequency calculated

for the design parameter given in Table 4.3.
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Table 4.3: Disk resonator design parameter

Design parameters Value
Disk Radius R 10

Air gap d lum
Supporting Stem diameter a 2um
Thickness of the disk 2um
Thickness of the stem 2um
Resonant frequency simple model 2.8525e+008

For polysilcon Young’s modulus E =160GPa, mass density p=2300 kg/m’,and

Poisson's ratio of the material 6 =0.22. The Poly MUMPs process parameters[19] have

been used for design.

Figure 4.4 shows a snapshot of the mechanical response of a disk resonator vibrating in
the first radial-contour mode simulated in CoventorWare to verify the analytical results

for the structure.

0.0E+00 1.2E-06 2 5E-06 3 7E-06 50E-06

COVENTOR

Figure 4.4: Fundamental radial-contour modal shape of the disk
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Normally for finding mechanical harmonic resonant frequency designer and analyzer is
used. To get the above result first force in x-direction find out through simulation. Force
acting area is calculated through MATLAB coding. then the pressure is found out to be
0.000181MPa. The structural response of the disk resonator determined by applying a
harmonic excitation, with a 0.000181MPa load applied to the side-surface of the disk and
the frequency is swept from. 260-300MHz. The peak in the frequency response
corresponds to the desirable frequency of the contour mode. The fundamental radial-
contour mode resonance frequency obtained from modal analysis for this disk is

274.5382MHz.

4.2.1 S-parameter simulation

Figure 4.5 illustrates architect circuit simulation setup and the frequency response. The
resonator is biased with Vp = 5V. Input electrode is driven with AC voltage of 1V peak-

to-peak, and output voltage measured across the load resister.

Electrode

Y
AC Input C

DC Bias

Figure 4.5: S-parameter simulation circuit setup
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The frequency response plot of the disk resonator shown below Figure 4.6. The peak

value insertion loss 185.38 dB. at f, = 277.07MHz

Frequency response
-160.04

-180.04
o (277.07meg, -185.38)

-200.04

Insertion Loss (dB)

-220.04

-24D.Cl—|

100.0meg 1000.0meg
Freguency (MHZ)

Figure 4.6: Frequency response of the disk
4.2.2 Q factor simulation

When determining the quality factor of a micromechanical resonator or filter, several
energy dissipation mechanisms must be taken into account including air damping,
material related losses, thermo elastic damping, and anchor losses. The overall resonator
QO can be found as the sum of the inverses of the individual Q’s associated with all the

contributing loss mechanisms

Lo_ 1, Lo, 1 @i
thal Qair Qmaterial+therma] Qanchor ’

In eq.(4.11) 1/Q is attributed to intrinsic losses in the material and the

material+thermal

thermoelastic dissipation, 1/Q

o TEpresents energy loss through the anchor, 1/Q , is

the air damping depicts the loss of energy contained in a resonating structure to the

surrounding atmospheric environment. 1/Q

air

is not on issue at vacuum, nor for high
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frequency resonators in air. 1/Q ... . . is also not dominant. so both 1/Q and

anchor

1/ Q. oriaismerma Values are find out from simulation.

Disk design parameter is already given in Table 4.3. For this simulation we use the centre
supported disk, the electrode around it, and the substrate to which they are anchored.
energy “leaks” from the resonating disk into the substrate through the anchors at the
centre of the disk. The quiet-boundary BC applies special elements that are essentially
distributed dampers with properties defined to eliminate the reflection of the elastic wave
impinging on the boundary. Energy that is lost to the substrate is lost forever. This loss

mechanism is known as anchor loss or anchor damping.

The direct harmonic solver is used to find the harmonic response of the device to a
sinusoidal load applied to the disk [20]. This is done to mimic the effect of an AC signal
disturbing the disk at a certain frequency. For harmonic analysis settings for various

boundary condition is given in Figure 4.7 and Figure 4.8 respectively.

For linkage BCs master slave concept is used (see Figure 4.7). The quiet boundary BCs
are again applied in the surface BCs dialog, and the load patch BC with the value of the
previously calculated electrostatic pressure is applied in the harmonic surface BC dialog

(see Figure 4.8).

cov siaven  E[ ag Ficad [
Incne [T Fizad =

none =l ] Forzd

Miriroumn Frag. (Hz) 15EE
Meadmum Fregq. (He) 0EE
. o Frequencies 1

hcl.lﬁa”’ -I'm’ m’ damping? SNn Oves ]
T
[ cancel || Hed-> |

Figure 4.7: Linkage BCs setup
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Figure 4.8: Surface BCs setup

For this simulation, note that to find the resonant mode frequency, load the simulation
results in the visualizer, and cycle through the mode shapes until you see the step in

which the distortion is only in the disk as shown in Figure 4.9.

1.2E-02 1.6E-02

COVENTOR

Figure 4.9: Resonant frequency mode

From the simulation anchor loss is found out. The value of 1/Q is = 5.21459E-

anchor

02. Total loss not only depend on anchor loss but also material and thermo elastic
losses. This thermo elastic damping occurs in vibrating solids. The oscillatory strain
field has recoverable elastic energy associated with it, but there is also an irreversible

conversion of elastic energy to thermal energy. The strain field induces local
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temperatures proportional to the strain. The temperature gradients induce heat
conduction, so that over the vibratory cycle the local thermal energy is no longer

available and is lost. This process damps the motion.

For performing TED simulation the disk with an electrode model without the substrate is
used in this simulation. From the simulation, material and thermo elastic losses is found

out. The value of 1/Q =1.995819E-05 by using eq.(4.11) total value of Q

material+thermal

found out to be 50124.

From Ashby approach it is clear that Ni followed by poly Sip35Gepss and
Z144T111Cu9NigBeys are the most suitable materials to be used as disk materials for
MEMS resonators. So the quality factor for Ni followed by poly Sig35Geg¢s is simulated

through CoventorWare. The results are given in the below Table 4.4.

Table 4.4: Energy losses in disk resonator

. Resonant
Material frequency 1/ Q anchor 1/ Q(material+thermal) Qtotal
Nickel (N1) 1.70303E08 3.003712E-02 8.869593E-06 112778.037

polySig 35Geq 65 1.636364E0 | 3.078724E-02 4.02992E-07 2481470

4.3 Conclusion

Material selection for high Q disk MEMS resonator, using Ashby approach has been
discussed in this chapter. In this work we have developed the performance and material
indices for high Q disk MEMS resonator. Using the material selection chart, it was
observed that for high @, high resonant frequency and CMOS compatible process

temperature, polySig35Geg g5 are the most suitable disk material.

From Table 4.4., it is confirmed that polySij 35Geg s is the best material for MEMS disk
resonator because of high Q compared to the Nickel (Ni). Ashby approach results are
validated with simulation both are showing polySiy35Geggs is the best material for the

MEMS disk resonator.
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Chapter - 5

Novel V-shaped Coupled Beam MEMS Lame Filter

In this chapter, V-shaped coupled beam low pass band ripple Lame filter is designed.
Important filter parameters such as insertion loss, shape factor and Q factor are find out
based on simulation. This filter gives better pass band ripple compare to normal straight
beam coupling lame filter. V-shaped coupled beam Lame filter provides 22dB reduction
in bandpass ripple, also shape factor is improved from 2.498 to 1.990. V-shaped coupled
beam provides 3 dB bandwidth of 0.901 MHz near to the design value 1 MHz.

5.1 Introduction

Filter is a key component in the transceiver system, which are often utilized for
frequency selection in the radio-frequency (RF) and intermediate-frequency (IF) stages
[1] .With the recent advancements in micro electromechanical system (MEMS) based IC
processes targeted at RF designs, MEMS filters and oscillators have emerged as viable
candidates having the capability of signal processing applications, where a very high Q is

essential [2].

Micro electromechanical (MEMS) narrow pass band filters are the prime candidates for
being used as frequency selection components due to their ability to select narrow band
at MHz frequencies. This chapter presents three micromechanical lame resonators
vibrating in the lame mode [3] and mechanically coupled using two extensional mode
beams have been used to implement a third-order series resonator-based filter; with
capacitive transducers used to interface this filter with electrical circuitry. This coupled
system produces three mechanical resonance modes at closely spaced frequencies.
Hence, the frequency response peaks due to these modes overlap producing the pass
band characteristic of a BPF. The center frequency is set by the resonant frequency of the
constituent resonators, while the bandwidth is determined by the stiffness and location of
attachment of the beams[4]. Reports on this particular filter topology are not much
common in present literature in comparison to filters based on other resonator geometries

like beams or contour mode disks [5-7].
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In filter design important issue is pass band ripple. Moreover V-shaped coupling beam
Lame filters provide less pass band ripple. This chapter is organized as follows;
introduction about filter and its performance parameters explained briefly in Section 1.
Section 2 explains the design of various coupling beam for coupled Lame filter.
Section 3 explains the design of Lame filter. Section 4 explains about mechanical mode
simulation. Section 5 explains about S-parameter simulation. Section 6 gives the

discussion about the result of the reported work.

5.1.1 Filter theory

An electric filter is a network that transforms an input signal in some specific way to
yield a desired output signal. The signal may be considered in the time or frequency
domain. A filter is often a frequency-selective device which passes signals of certain

frequencies and blocks or attenuates signals of other frequencies.

Inout — FILTER > Output

Figure 5.1: Symbolic representation of a filter

Frequency in Hz

0 >

Insertion Loss minimum

Insertion Loss maximum

3 dB Band width 40dB

Transmission (dB)

40 dB Band width

Figure 5.2: Parameters typically used for filter specification[6]
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Figure 5.2 shows the frequency response of an ideal Bandpass filter. The deference
between the two frequencies corresponding to 3 dB attenuation is the 3 dB
bandwidth. The region outside the 40 dB points is the stop band. The deference
between the two frequencies corresponding to 40 dB attenuation is the 40 dB
bandwidth. A bandpass is a frequency band in which the attenuation of the filter
transmission characteristic is small, where as in stop band the opposite is true. where

40 dB shape factor is the ratio between 40 dB bandwidth to3 dB band width.

5.2  Design of coupling beam

Since, a single resonator ideally has an infinite Q hence zero bandwidth, thus, two or
more resonators should be coupled together to achieve the desired filter bandwidth as

shown in Figure 5.3.

Resonator Resonator Resonator
Coupler Coupler
tank tank tank

Figure 5.3: MEMS filter block diagram based on resonator
A. Extensional-mode coupling beams

The design of various type of coupling beam plays a vital role. In this thesis a lame mode
plate act as resonator tank. It vibrates in the lateral direction, so the required coupler
modes should be extensional in type. Figure 5.4 shows transmission line model of a

coupling beam.

Ls Ls

: e
- s

Xl, Xla Fl Xzs X25F2 ql’ Il’\]1 q2, 12,V2
(a) (b)

Figure 5.4: Transmission line models: (a) mechanical and (b) electrical
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1 ®w
_,vp_

E
Zy=—7F7=p= —
ANPE v p

(5.1)

p

where L; is length of the coupling beam, Z is acoustic impedance, £ Young's Modulus.

To find the electrical equivalent of coupled beam ,following steps are used.

1) Write the transmission matrix(or) ABCD matrix expression for the coupled beam.

F B cosPx jZ, sin Bx F,
X | jzZ,sinBx/Z, cosPx Xs

where, F and x denote force and displacement respectively.
2) Now, Z-parameters can be calculated from the ABCD- parameters, which can again

yield the components of the T-network (Figure 5.5) as given in eq.(5.2)

Z,=7,= __1='jZo —CO.Sﬁ L1 (5.2)
C sinfL
gt i, 1 (5.3)

oI sinfL,

) X3

—> —>

T_ Zq Zy —T

F; Z F, i .

l l

Figure 5.5: (a) General coupling beam model and (b) coupling wire equivalent

3) Condition BL = g, is applied to ABCD matrix, choose the condition such that the

coupling becomes insensitive to changes in the wire-length. Thus, for a one-quarter

wavelength long coupling beam, the matrix becomes:

K

. 0
A B _ 0 JjZ, _ W (5.4)
cC D vz, O Jjo

0
K
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4) Now in this modified ABCD matrix Z, replaced with K/w ,where, K is a constant

defined as (K = wA.E/2L;), A, is coupling beam cross section.

L= \/7 \/7 (5.5)
Zﬁ 227rfo p 4k

The bandwidth of the resulting filter is defined by the stiffness of the coupling beam and

The coupler length

the resonator’s stiffness.

Again, coupler-width depends on the desired coupling beam stiffness which controls
the bandwidth B of the filter. The required coupling beam stiffness can be derived
using [8].

fo Ksij B
B=| ¢ . K=k | — |Jkk, 5.6
{k /k”krj i fo j (5.6)

where fy is the center frequency of the filter, k,; and k, are the resonator equivalent
stiffness at the coupling location, and Kj; is the required spring constant of the coupling
beam between i and jth resonators. Also, k; is the normalized coupling coefficient
between two consecutive resonators (given in Table 5.1 where g denotes the normalized
resonator quality factor). Using the impedance and the material properties, the width of
the coupling beam can be calculated using:

_mAE_awie . Ky2L (5.7)

oL 2L ntE
From the required beam stiffness, the shunt-arm impedance found from eq.(5.3) is:

1 JK,. K

7 == 7 = LS s (5.8)
e o jo
K .
7=t Bu o L (5.9)
JjoC,.  jo K

71



Novel V-shaped Coupled Beam MEMS Lame Filter

B. V- shaped extensional-mode coupling beams

A
v

Figure 5.6: V-shaped coupling beam with less than A/8 length

Assuming known distances d; =L/4, From figure 5.6 the coupling beam length L. and
height R, is given by

L=—Y% R-Lsin6 (5.10)
2cos 6,

T network equivalent of a coupling beam with less than A/8 length shown in Figure 5.7.

X, X,
T_ Z, Z, T
F, Z F,

(a)
Lm st

| |
|
o

(b)

Figure 5.7: T-network equivalent of a V-shaped coupling beam with

less than /8 length
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Sub A/8 designs are of interest because they lend easily to lumped models[9]. In this

case, €q.(5.2) and eq.(5.3) reduce to

- M .
Z=7,= —Acl =jwLs,=jwLs,=jo (—;””“ j (5.1D)
z=Lt._ 1 _K. (5.12)
C jwCs, jo
EI

M,,..=2pA L K =12 (5.13)

cs?

3
s

where M. is the static mass and K. is the lumped stiffness of the coupling element.

The bandwidth of the resulting filter is defined by the stiffness of the coupling beam and
the resonator’s stiffness. The coupled vibrating plates exhibit two resonance frequencies
as in-phase and out-of-phase vibrating modes. These in-phase and out-of-phase vibrating
modes spacing define the filter bandwidth (BW). Where f, is the center frequency of the

filter, also the resonance frequency of each resonator,

B= [QJ(K—j K =k, (Ej k.(c) (5.14)
kij kr(c) ! fo

where K,(c) is the resonator stiffness at location c¢. ¢ varies from O to L. k;; is the
normalized coupling coefficient between two consecutive resonators (given in Table 5.1
where ¢ denotes the normalized resonator quality factor). Using the impedance and the

material properties, the width of the coupling beam can be calculated using:

3 3
k=t WMy RL (5.15)
T 12 Er

where I; is moment of inertia. From the required beam stiffness, the shunt-arm
impedance found considering that for an inductor Z; = jwL and for a capacitor

Z. = l/joC, the mass and stiffness in the form of inductor and capacitor are

3
Ls =Ls=| Mo |_pap gL (5.15)
2 ‘ 12El,

5.3  Filter design

Three identical resonators physically connected by two mechanical couplers constitute a
third order BPF, From the theory of vibrations, the number of resonance modes of a

mechanical system is equal to the number of coupled resonators [10-12]. Third-order
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Chebyshev filter topology has been chosen to approximate the desired frequency
characteristics, due to its sharper roll-off than the Butterworth or Bessel’s filters; and
better phase response and lower component count than inverse Chebyshev or elliptic
filters. Parameters of the BPF structure for achieving a center frequency of 12.9 MHz

and bandwidth of 1 MHz are given in Table 5.1 and Table 5.2.

Table 5.1: Normalized coupler coefficients (K-¢q) for Chebyshev response with
0.1 dB Ripple (for 3 dB bandwidth) [12]

Order | Normalized quality Coupler Coupler Coupler
N factor q;, gy coefficient k15 | coefficient k3 coefficient k34
2 1.6382 0.711 - -
3 1.4328 0.665 0.665 -
4 1.3451 0.690 0.542 0.690

The resonator is designed to operate in lame mode, in which the edges of square beam
bend in anti-phase while the volume of the beam is unchanged. The vibration
frequencies, modal shapes, bandwidth for the BPF has been verified using simulations in
CoventorWare finite-element software [13]. These resonators were using SOIMUMPs

process from MEMSCAP for design.

Table 5.2: Parameters of the MEMS bandpass filter

Parameters of the filter Straight beam (a) | V-shaped beam (b)
Length of lame resonator Plate L (um) 320 320

Beam W (um) 24 24

Length of coupling beam L, (um) 160 31
Thickness of the coupling beam 7 (um) 25 25

Gap between electrode and plate d (um) 2 2
Resonator spring constant (k) 1.8552e+07 1.8552e+07

Case a: Figure 5.8 shows the layout of Lame filter with straight coupling beam of length

M4 here wave length calculated from acoustic velocity.
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A
A 4
S

A
A 4

Qeke
|

L R

Figure 5.8: Lame filter straight coupling beam with 3/4 length

Case b: Figure 5.9 shows the layout of Lame filter with V-shaped coupled beam of
length less than A/8 is used.

|
& >

Figure 5.9: Lame filter V-shaped coupling beam with less than A/8 length

5.4 Filter simulation

Lamer resonator design parameter is already given in Table 5.2. For this simulation we
use Lame resonator that is anchored in four corner as shown in Figure5.8, the electrode
are placed side by side, and the substrate to which they are anchored. Normally for
finding mechanical harmonic and model resonant frequency designer and analyzer is
used. The vibration frequencies, modal shapes, bandwidth etc. for the BPF has been
verified using simulations in CoventorWare Finite Element software. The modal
simulation results given in Figure 5.10 reveal that the predicted mode shapes can indeed
be obtained for the filter geometry. The corresponding resonance frequency values are

also provided.
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11.86869MHz

12.25252MHz

12.55556MHz

Figure 5.10: Lame mode shapes of the triple plate system with straight beam

obtained using modal simulations: (a) 1st mode, (b) 2nd mode and (c) 3rd mode

Normally for finding mechanical harmonic resonant frequency Designer and analyzer is
used. To get the above result first force in x-direction find out through simulation. Force
acting area is calculated through MATLAB coding. then the pressure is found out to be
0.000001128MPa. The structural response of the plate resonator determined by applying a
harmonic excitation, with a 0.000001128MPa load applied to the side-surface of the disk
and the frequency is swept from. 10 MHz -13 MHz. The peak in the frequency response

corresponds to the centre frequency of the lame mode filter.
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Harmonic response has been found (Figure 5.11) by subjecting the lateral surface of a
single plate of the system to a harmonic force. The unterminated frequency response
shows distinct resonance peaks at the closely situated lame mode vibration frequencies.

This also verifies the bandwidth (1 MHz here) of the designed filter.

1.2E-06

1E-06

8E-07

o)
m
o
N

N
m
L]
-.d

Displacement { micro meter)

2E-07

Frequency (Hz)

Figure 5.11: Un-terminated harmonic responses of triple plate bandpass filter

owing distinct peaks at the closely spaced lame vibration modes

The Lame mode resonance frequency obtained from modal analysis for this plate is
11.74748 MHz, 12.23232 MHz and 12.71717 MHz. from this result over all bandwidth
found out to be 1 MHz .

The modal simulation results for V-shaped coupled beam filter is given in Figure 5.12.

The corresponding resonance frequency values are also provided.
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11.74748MHz

12.23232MHz

12.71717MHz

Figure 5.12: Lame mode shapes of the triple plate with V-shaped coupled beam system

obtained using modal simulations: (a) 1st mode, (b) 2nd mode and (c) 3rd mode

Harmonic response has been found (Figure 5.13) by subjecting the lateral surface of a

single plate of the system to a harmonic force.
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1

6E-09

SE-09

4E-09

3E-09

2E-09

Displacement (micro meter)

1E-09

1.15E+07 1.2E+07 1.25E+07
Frequency (Hz)

Figure 5.13: Un-terminated harmonic response of triple plate V-shaped coupled beam

bandpass filter owing distinct peaks at the closely spaced lame vibration modes

The un-terminated frequency response shows distinct resonance peaks at the closely
situated lame mode vibration frequencies. This also verifies the band width (1 MHz here)
of the designed filter, but with less displacement compare to normal beam coupling case.

This shows band pass ripple is reduced significantly.

5.5 S-parameter simulation

Figure 5.13 shows the circuit set up for S-parameter simulation. In this circuit design
parameters such as length of the coupling beam, width of the coupling beam, and lame
resonator length is given from Table 5.2. Pull in voltage is calculated from DC transfer
sweep analysis. it comes around 900 V. To smooth the pass band and reduce the insertion
loss, a termination resistance R, is needed. The value of the termination resistance is

given by [14].
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R, =R, [Q— 4} (5.17)

qufilrer

where R, is resonator motional impedance. Q. is the resonator unloaded quality factor. Q
fier 15 the filter unloaded quality factor these values are found out from simulation, and g;is
a normalized “g” value obtained from a filter design hand book. When determining the
quality factor of a micromechanical resonator or filter, several energy dissipation
mechanisms must be taken into account including air damping, material related losses,
thermo elastic damping, and anchor losses. The overall resonator Q can be found as the
sum of the inverses of the individual Q’s associated with all the contributing loss

mechanisms.

r_+t, vt 1 (5.18)

Qtotal Qair Qmaterial+therma] Qanchor

In €q.(5.18) 1/ 0, ueriatsmerma 18 attributed to intrinsic losses in the material [15] and the

thermoelastic dissipation [16], 1/Q

anchor

represents energy loss through the anchor[17],
1/Q,, is the air damping depicts the loss of energy contained in a resonating structure to

the surrounding atmospheric environment. 1/Q

air

is not on issue at vacuum, nor for high

frequency resonators in air. 1/Q and

material+therma

, 1s also not dominant. so both 1/Q,

nchor

1/ Q,eriatsinerma Values are find out from simulation.

From eq.(5.17) calculated value of R, is1.2375 MQ and 2.2079 MQ for normal coupling
beam filter and V-shaped coupling beam filter respectively. The circuit set up for Lame filter

straight coupling beam is given in Figure 5.14. Input ac voltage is taken a 130 milli volt.

AC Input

" beam

Figure 5.14: Circuit set up for Lame filter straight coupling beam with 3/4 length

80



Novel V-shaped Coupled Beam MEMS Lame Filter

The circuit set up for Lame filter V-shaped coupling beam with less than A/8 length is
given in Figure 5.15.for input ac voltage is taken as 130 milli volt also coupling beam

shape, width and length are changed according to design given in Table 5.2.

V-shape

coupling

paizi
FTTFTT

i
=

Figure 5.15: Circuit set up for Lame Filter V-shaped coupling beam with less than
A8 length

From the Figure 5.16 all the filter parameter are observed and tabulated in Table 5.3 it is
observed that lame filter with V-shaped coupling beam provides better pass band ripple

compare to normal straight coupling beam filter.

Figure 5.16 shows the frequency response of both filter for unmatched condition.

Fs Response
e lame filter with V' shape covpling beam

(]
lame filter with straight coupling beam

IR e NSV

Unmaiched Transmission (dB’

2000 y =
-3000
10meg 10.5meg limeg 11.5meg Iimeg 125meg DPmeg 135meg l4meg 14.5meg imeg
Frequency (MHz)

Figure 5.16: Frequency response of both normal Vs V-shaped coupling beam filters
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Table 5.3: Performance parameters of the MEMS bandpass filter

Parameter Lame filter.with I.Jame filtel.' with
V-shaped coupling beam | straight coupling beam

Insertion loss minimum (dB) 116 85

Insertion loss maximum (dB) 138 131

Bandwidth (MHz) 12.652-11.751=0.901 12.46-11.8=0.66

Egiﬁ;?ggf /f;lgg)rb:nétl(if}i]?ith 1.793/0.901=1.990 1.649/0.66=2.498

5.6 Conclusion

This chapter detailed discussion about micromechanical Lame resonators and filters
working principle and theory behind is given. The MEMS bandpass filter for a band
width of 1 MHz has been designed and simulated, with two different coupling beam.
Mechanical simulation results found from CoventorWare tool have been found to
match quite well with the theoretical values, hence confirming the frequency filtering
action. Additionally, the analogous S parameter simulation of the MEMS bandpass
filter is done with circuit simulators, The frequency response of the designed filter is
verified. From Table 5.3 it is observed that V-shaped coupling beam Lame filter
provides 22dB pass band ripple, Lame filter with straight coupling beam provides
46dB pass band ripple. Another performance parameter 40dB shape factor for this
filters are 1.990,2.498 respectively, From this concluded that V-shaped coupling
beam provides better selectivity. V-shaped coupling beam provides 3dB bandwidth of
0.901MHz near to the design Value IMHz. Lame filter with straight coupling beam
provides 3dB bandwidth of 0.66MHz.From the observation concluded that when low
ripple is needed in Pass band then Lame filter with straight coupling beam can be

replaced with V-shaped coupling beam.
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Chapter - 6

Conclusions and Future Scope of work

6.1 Conclusions

The objectives of this thesis are as follows: (1) To select CMOS post—processing
compatible material to fabricate MEMS resonators for oscillator and filtering functions in
wireless front end architectures and (2) To design a novel MEMS High frequency band

pass filters.

Materials selection is essential for the efficient design of various systems, like micro-
electromechanical systems (MEMS). With the development of fabrication techniques,
the numbers of materials that can be used for MEMS resonator have been increased.
Three basic requirements for material selection in MEMS resonator are high Q, high
resonant frequency, and low process temperature, which in turn depends on suitable

material to be used for the disk and supporting beam.

In this thesis, Ashby method is used for material selection Process. For high Q, high
resonant frequency and CMOS compatible process temperature, it is confirmed that
polySip35Geges is the best material for MEMS disk resonator because of high Q
compared to the Nickel (Ni). Ashby approach results are validated with simulation both

are showing polySiy35Geg s is the best material for the MEMS disk resonator.

Bandpass Lame filter structure for achieving a center frequency of 12.9 MHz and a
bandwidth of 1 MHz is designed with two types of coupling beam such as V-shaped
coupling beam, straight coupling beam. Important filter parameters such as insertion

loss, shape factor and Q factor were investigated with FEM analysis.

It is observed that V-shaped coupling beam Lame filter provides 22dB pass band
ripple, Lame filter with straight coupling beam provides 46dB pass band ripple.
Another performance parameter 40dB shape factors of these filters are 1.990,2.498
respectively, From this concluded that V-shaped coupling beam provides better
selectivity. The V-shaped coupling beam provides 3dB bandwidth of 0.901MHz near
to the design Value IMHz. Lame filter with straight coupling beam provides 3dB
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bandwidth of 0.66MHz.From the observation concluded that when low ripple is
needed in Pass band then Lame filter with straight coupling beam can be replaced with

V-shaped coupling beam.

6.2 Future Scope of work

Additional exploration of this work is further required in the following aspects. Firstly,
the fabrication of the filter structure has to be done followed by their electrical
characterization using a vector network analyzer. Secondly, the proposed triple- plate
filter can be further improved by optimizing the placement and dimensions of the two

coupling beams used in the design.

The proposed filter we are using a SOIMUMPs process from MEMSCAP for design,
which is for general MEMS designs. Because of the relatively large air gap between
the resonators and electrodes (2 um) and other fixed dimensions such as structural layer
thicknesses dictated by the SOIMUMPs process, the dc-bias voltage becomes very high
in comparison with IC circuits. Using other fabrication techniques allowing sub micron
gaps to lower the dc-bias in an IC compatible range is another challenge in RF MEMS

design.

Testing of RF MEMS filter is another difficulty that needs to be addressed. In general,
the tests should be done in a vacuum chamber to eliminate the effect of air damping on

the filter performance. Also, a proper experimental setup is needed to perform the tests.

Last but not least, the MEMS resonator packaging technology is currently a major
limitation in using the devices for commercial applications. MEMS resonators are
fragile structures, which need to be protected by very clean, enclosed environments
from any contaminant which would degrade their short- or long-term performance.
Most resonators would greatly benefit from a vacuum packaging, which ensures low
damping, thus high quality factors. The package should not degrade the MEMS
performance through the addition of parasitic capacitances or stress-induced stiffness
changes. Finally, the packaging should meet all above requirements while maintaining

a low cost.
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Al. MATLAB Code for Disk Resonator based Bandpass Filter

$simple model find theoretical frequency for various radius and various
mode

clear all;

0=1000;

t =2/1000000;
d=1/1000000;

p = 2300;

E 160000000000;

sig = 0.22;

R = 40/1000000;

alphal= 1;

alphaz2= 2.62;

alpha3= 4.17;

vV=35;

x=sqrt (E/p) ;
f=((0.342*alphal)/ (R)) *
disp('frequency is ')
disp (f);

a=((2*E)/ (2+(2*sig)));

b=((E*sig)/(1-sig));
h=sqrt ((((2*pi*£)~2)*p)/ (a+b));

X=h*R;

Y=besselj(l,X);

x=sym('r');%x = sym('x') creates the symbolic variable with name 'r'
and stores the result in x.

c=h*x;

arg= (x*power (besselj(l,c),2));

Etot=int (arg,x,0,R); %int (expr, v, a, b) returns the definite integral
of expr with respect to v from a to b

Etotal=double (Etot);

Mre= (2*pi*p*t*Etotal) / (Y"2);

disp('effective mass is');
disp (Mre);

Kre=((2*pi*f)"2) *Mre;
disp('Kre is ")

disp (Kre);
% force calculation
A=pi*R*t;
disp('Area is ')
dlSp A);
=(((8.85E-12) *A*V*V) / (2*d*d) ) ;

(
(
dlSp( Force 1is ')
disp(F);
eda = (V*(8.854E-12) *A) / (d*d);
disp('eda is ")
disp(eda);
Cre = sqrt (Kre*Mre) /Q;
disp('Cre is ")
disp(Cre);

Rx= Cre/( eda* eda);
disp('Rx is ')
dlsp( x);

=( eda* eda) /Kre;
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disp('Cx is ')
disp(Cx);
Lx=Mre/ ( eda* eda);
disp('Lx is ')
disp (Lx) ;
%$ ONE PORT MEASUREMENT SET UP
$STATIC CAPACITANCE
Col=((8.85E-12)*A)/(d);
disp('Col is ")
disp(Col);
Co=2*Col;
disp('Co is ")
disp(Co);
% Yin at resonance
Yin=(1/Rx)+(j*2*pi*f*Co);
disp(' Yin is ')
disp( Yin);
$PARALLEL RESONANCE FREQUENCY
fp=f*sqrt (1+(Cx/Co));
disp (' PARALLEL RESONANCE FREQUENCY is ')
disp( £fp);
$DAMPING CALCULATION
Bdk=1/(Q*2*pi*f);
disp (' DAMPING is ')
disp( Bdk);
kij=0.665; %depends on filter order
B=1E6; $bandwidth
ksij=kij* (B/f) *Kre;
disp(' required coupling beam stifness 1is ')
disp(ksij);
%$coupler length calculation
$Ls=38.5/1000000;
Ls=(1l*sqrt (E/p))/ (4*f)
disp(' coupling beam length is ')
disp(Ls) ;
Ws=(ksij*2*Ls)/ (p1*E*t);
disp(' coupling beam width is ')
disp (Ws) ;
kri=Kre
krj=Kre
Kij=0.655
BW=(f/Kij)* (ksij/sqgrt (kri*krj))
disp(' band width is ")
disp (BW) ;
%$calculate z0 using machanical parameters
w=2.98/1000000;

Ac=w*t;

z0=1/ (Ac*sqrt (p*E) ) ; $correct one from Mecahanical filter design book
disp(' 2Z0 is ")
disp(z0);

o)

% calculate capacitor Ca,Cb

Ca=-1/(2*pi*f*z0);

disp(' Ca with transformr ")
disp(Ca);

disp(' Cb with transformer ')
disp(Ca);

% calculate capacitor Cc
Cc=1/(2*pi*£f*z0);

disp(' Cc with transformer ')
disp(Cc);

$calculate capacitor from Ksij
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% Ca=( eda* eda)/ksij;
% disp(' Ca is ")

% disp(Ca);

% find stifeness of the coupling beam for entension mode and torison

mode
kc=(2*pi*f) * (Ac*sqrt (p*E));
disp(' stifeness of the coupling beamis ')
disp (kc);
etac=sqgrt (kc/Kre) ;
Csl2=(eda”2) /ksij;
disp(' Ca without tranformer T model ')
disp(Csl2);
disp(' sigle coupling filter model Ca ')
Csl2=1/ksij;
disp(' Ca is ")
disp(Csl2);
disp('coupling Termination resistance ')
Qres=233480; %from simulation result
Qfltrv=21797;
q =1.4328;
Rgv=Rx* ( (Qres/ (g*Qfltrv))-1);
disp('Termination resistance is ')
disp (Rqv) ;
IL=20*1og ( (Rx+Rqgv) /RqvV) ;
disp('Insertion loss is ')
disp (IL);
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A2. MATLAB code for Lame Resonator Based Bandpass Filter

E 160000000000;

v 0.0064;

rho=2330;

$ x =2*(1+v);

G=79.4e9;

G = E/x;

isp('G is")

% disp(G);
= sqgrt (G/rho) ;
disp('z 1is'")

% disp(z);
h

o

oe
[oF

320e—-6;

= 25e-06;

y= 1/(sqrt (2)*L);
disp('y 1is'")

5 disp(y);

disp('theretical lame £ is')
disp(f);

% for SE MODE

z1=1-(8/ (pi*pi));

disp('theretical Zls'")

disp(zl);
2=v/ (v-1);

disp('theretical Z2s')

disp(z2);
z3=z1%*22;
disp('theretical Z3s')

% disp(z3);

z4=1+23;

z5=z4* (E/ (rho* (1-v)));

z6=1/(2*L);

z7=z6*sqrt (z5) ;

disp('theretical square extension f is')
disp(z7);

h=25e-6;
me= (rho*h*L*L) / (2);

disp('theretical meg is')

disp (me);

F =27;% we are feeding from simulation
x0 =5.12e-11;% displacement we are feeding from simulation
VP=100; % bias voltage we are feeding from simulation
ep=8.9%9e-12;

Le= 320e-06; % length of electrode from simulation
d=2e-6;% gap from simulation

t =25/1000000;

co= (ep*4*Le*h)/(d);

disp('theretical CO is")

disp(co);

% eda =(co*VP)/(d);

eda =(2*ep*Le*t*VP)/ (pi*d*d);
disp('theretical eda is'")

disp (eda);

keg= (pi*pi*E*t) / (2* (1+V));
disp('theretical Keg is')

disp (keq) ;

Lx=me/ (eda*eda) ;

disp('theretical Lx is'")

o0 N o o°

o

oe
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disp (Lx);
Cx= (eda*eda) /keq;
disp('theretical Cx is'")
disp (Cx);
Q =759360;% Q from simulation
Rx= (sqgrt (keg*me) ) / (Q* (eda*eda)) ;
disp('theretical Rx is'")
disp (Rx);
% Yin at resonance
Yin=(1/Rx)+ (j*2*pi*f*co);
disp(' Yin is ")
disp( Yin);
$PARALLEL RESONANCE FREQUENCY
fp=f*sqrt (1+(Cx/co));
disp (' PARALLEL RESONANCE FREQUENCY is ')
disp( fp);
$DAMPING CALCULATION
Bdk=1/ (Q*2*pi*f);
disp (' DAMPING 1is ')
disp( Bdk);
kij=0.665; S%depends on filter order
B=1le6; $bandwidth
ksij=kij* (B/f) *keq;
%ksij coupling beam stifness
disp(' coupling beam stifness is ')
disp( ksij);
%$coupler length calculation
$Ls=38.5/1000000;
Ls=(l*sqgrt (E/rho) )/ (4*f);
disp(' coupling beam length is ')
disp(Ls) ;
Ws=(ksij*2*Ls)/ (p1*E*t);
disp(' coupling beam width is ')
disp (Ws) ;
kri=keqg;
krj=keq;
Kij=0.655;
BW=(£/Kij) * (ksij/sqrt (kri*kr3j));
disp(' band width is ")
disp (BW) ;
disp(' V shape coupling beam design ')

A0 o° o o O o A o° o o o

o

ws=24e-6;
Is=(ws*t*t*t)/12;
% Ls=23e-6;
disp('Vshape coupling beam moment of inertia 1is
disp(Is);
% v2=Ls*Ls*Ls*kij*keq;
B=(6*E*Is*f) /v2;
disp('Vshape coupling beam BW is ')
s disp (B);
ksij=kij*keg*0.077;
Ls3=(6*E*Is)/ (ksij);
disp('Vshape coupling beam Ls3 is ')
disp(Ls3);
Ls=31le-6;
disp('Vshape coupling beam Ls is ')
disp(Ls);
ds=40e-6;
% theta=49.88;
% Rs=Ls* sin(theta);

o

o oo
o° o\

oe
oe

\o
\o
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oe

disp ('Vshape coupling beam Rs is ')
disp(Rs);

ws= 2.6138e-05

Lsa=rho*t*ws*Ls ;

disp ('Vshape coupling beam Lsa 1is ')
disp(Lsa);

Csc=kij* (B/f) *keq;

disp ('Vshape coupling beam Csc is ')
disp (Csc);

FIndinding the termination resistance
Qres=8527338; %from simulation result
Qf1tr=970889;

q =1.4328;

Rq=Rx* ( (Qres/ (q*Qfltr))-1);
disp('Termination resistance is ')
disp(Rq) ;

IL=20*1og ( (Rx+Rq) /Rq) ;

disp('Insertion loss is ')

disp (IL);

o o° o° A A o o o

oe

disp('Vshape coupling Termination resistance ')
Qres=8527338; %from simulation result
Qfltrv=586194;

q =1.4328;

Rqv=Rx* ((Qres/ (g*Qfltrv))-1);

disp('Termination resistance is ')

disp (Rqv) ;

IL=20*1og ( (Rx+Rqv) /Rqv) ;

disp('Insertion loss is ')

disp (IL);
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