Republic of Iraq
Ministry of Higher Education
and Scientific Research
University of Babylon
College of Engineering
Electrical Engineering Dept.

A BUILT-IN SELF-TEST FOR MICRO-
ELECTRO-MECHANICAL RESONATOR

A Thesis
Submitted to the Department of Electrical Engineering /
College of Engineering / University of Babylon in Partial
Fulfillment
of the Requirements for the Degree of Master of Science
in Engineering / Electrical Engineering / Electronics.

By

Ali Jasim Mohammed Obaid

Supervised by

Prof. Dr. Qais Karim Omran

2023 A.D. 1444 A .H.



»J‘
,n oo
e.uu

aslind) 440 (3
dM

11 : 4
- Adalaa) B
J-U.t



Supervisors Certification

I certify that this thesis titled “A BUILT-IN SELF-TEST
FOR MICRO-ELECTRO-MECHANICAL RESONATOR”
was prepared by Ali Jasim Mohammed Obaid under my
supervision at the Electrical Engineering Department, College of
Engineering at University of Babylon, in partial fulfillment of the
requirements for the degree of Master of Science in Electrical
Engineering/Electronics.

Supervisors

Signature:
Name: Prof. Dr. Qais Karim Omran

Date: / /2023

In view of the available recommendation, we forward this

thesis for debate by the examining committee.

Head of the Electrical Engineering Department

Signature:
Name:

Date: / /2023



Acknowledgements

Thanks be to God for the insight that inspired me, and
praise be to Him for the blessings He has bestowed upon me, and
to Him is the credit for achieving what I aspire to in this
research. Praise be to God, who by His praise opens every book
and by His remembrance every speech is issued, and by His
praise the people of blessings enjoy the abode of reward.

It gives me great pleasure to extend my thanks and
gratitude to (Prof. Dr. Qais Karim Omran), who provided me
with the information I needed in my research

And for the great efforts he made for me since he proposed
the subject of the research and his continuous supervision, and
for his advice that helped me a lot in overcoming the difficulties I
faced, calling from God success and brilliance in the scientific
career.

I would like to extend my thanks and gratitude to the
Deanship of the College of Engineering and the Presidency of the
Electrical Engineering Department for the facilities and
administrative procedures they provided me, which effectively
contributed to the completion of the requirements of this
research.

Researcher



Dedication

To my kind father.... who taught me how to stand firmly above the
earth, my role model, and my ideal in life; He is the one who taught
me how to l[ive with dignity and honor.

To my tender mother... the source of love, altruism and generosity,
I cannot find words that can give her her due, for she is the epic of
love and the joy of a lifetime, and an example of dedication and
giving.

To my brothers... my support and I share my joys and sorrows.

To all my friends and to all those from

whom I received advice and support;

I dedicate to you the summary of my scientific effort.



Abstract

Throughout the course of recent years, micro electromechanical
systems (MEMS) have illustrated the critical potential for detecting high-
recurrence signal handling applications. This is because of their astounding
highlights like little extent, enormous recurrence quality element item, low
power utilization, minimal expense clump creation. Radio repeat
correspondence circuits like reference oscillators, channels, with blenders
considering such MEMS resonators may be utilized for meeting the
growing count of RF parts inclined to be requested by the front-line multi-
band/multi-mode far-off devices. MEMS resonators might give an
attainable option in contrast to the present-day grounded quartz crystal that
is loaded with significant downsides like big size, and significant cost,

besides low similarity with IC chips.

In this thesis, recent technology was designed and simulated for the
self-test design, which represents the work of a resonant pass band filter
that generates the required frequencies by entering data related to the
physical properties of piezoelectric materials. For the proposed system and
the extracted design values of resistors, capacitors and equivalent inductors
the self checking and correction technique could be used to delete any
deviation in the resonator performance. The proposed system was
simulated and tested at high pass frequencies fp = 10 GHz, and high-
quality factor Q=85% in detecting changes in frequencies and parameter.
The motional capacitance was main parameter that effected the output
frequency where it has been considered as a function of MEMS material
failure mode. The stop frequency has shifted down from 8.5 GHz to 3.47
GHz while the pass frequency has shifted up from 10 GHZ to 10.88 GHz.
On the other hand, the other parameter Static Capacitance (Co), Motional



Inductance (Lm) and Motional Resistance (Rm) had a less effect on the

output frequency of the resonator.
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Chapter one
INTRODUCTION

1.1 Introduction
Using manufacturing processes, The Micro-Electro-Mechanical System

(MEMS) technology allows for the creation and construction of intricate
mechanical systems and devices as well as their integrated electronics. MEMS
emerged gradually from research labs into commonplace goods after a very
early vision in the early 1950s. Inkjet printer heads, pressure sensors for medical
use, and accelerometers used to control airbag deployment in vehicles are just a
few examples of the commercial products and uses that started to use MEMS
components in the middle of the 1990s. MEMS devices are now used in data
storage systems for precision positioning devices and screens. However, new
uses in the areas of communications (optical and wireless), biomedicine, and
process control hold the greatest promise for MEMS devices. These systems as

a manufacturing technology have numerous clear benefits|[1].

As a first step, the microtechnologies and interdisciplinary character of
MEMS have allowed for a wide range of devices and synergies to be developed
in previously unrelated areas. (such as biology and microelectronics). In
addition to the apparent advantages of reduced size, weight, and cost, MEMS
also enables the production of components and devices with enhanced

performance and reliability [1], [2].

Micro-electro-Mechanical System consists of micromechanical structures,
microsensors, microactuators and micro-electronics, all this embedded in the

same chip as illustrated in figure 1.1 [1].
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Fig 1.1: Schematic diagram of the components of micro-electromechanical
systems [1].

1.2 Micromechanical Resonator

Because of the straightforward micro scale example of a guitar string made
of nickel and steel alloy, which has a specific length, and when plucked,
resonates at a specific resonance frequency, the idea of a micromechanical
resonator is simple to understand. Because of this, it is able to choose a
particular frequency automatically, and it also has a Quality factor (Q) that is in
the hundreds, which makes it a significant improvement over passive electronic
resonators. Now, if the dimensions of such a string are shrunk to the micron
level, fabricated with IC-compatible materials such as silicon, polysilicon, etc.,
and excited electrostatically or piezoelectrically rather than by simply plucking,
a microscopic-guitar is created. In MEMS terminology, this instrument is

referred to as a clamped-clamped (c-c) beam resonator as depicted in figure 1.2,

[2].
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The following three elements make up the majority of such a MEMS resonator

[2]:

1. An input-transducer that transforms an electrical signal into an electrostatic

force and a mechanical indication.

2. The mechanical resonant structure that, as a result of the electric force

generated, is capable of vibrating in one or more modes.

3. A device that converts the mechanical signal from the vibrating structure

back into an electronic signal by sensing its motion.

Every mechanical structure will vibrate at one or more natural
frequencies of resonance, such as a disk or a beam. Similar to how juice glasses
vibrate after being forcefully hit at a particular audible frequency. These usually
appear in such massive sizes at frequencies of just a few kiloHertz. Higher
resonant frequencies can be attained by shrinking to a microscale. (e.g., several
MHz or even up to GHz).By exerting pressures on mechanical structures at
particular frequencies, referred to as the resonant frequencies, resonance is

forced into mechanical structures [2].

(a) (b)

Fig 1.2: (a) Clamped-clamped beam (b) The deformed beam in three

dimensions at its native eigenfrequency [2].
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A beam with its movement restrained at both extremities is depicted in
figure 1.2(a). "clamped-clamped" is another name for this type of beam
configuration. (c-c¢). The "first" flexural-mode, depicted in figure 1.2(b) of the
deformed forms, has the lowest resonant frequency and is so-called because its

motion is parallel to the beam's breadth[3], [4].

As can see the potential use of MEMS in different applications require the

self test in microsystems, that become an essential part of the design steps.

Built In Self Test (BIST) for MEMS is more complex than integrated
circuits. Due to the different and diverse reasons and patterns of failure, which
makes the online and offline testing complex|[5], [6]. Compared to IC testing,
MEMS testing is generally more expensive, and in some cases accounts for up
to 50% of the final product price[7]-[9]. Built In Self Test methods can help to
increase the reliability and offset the cost of these solutions for testing across
multiple power domains and interfaces[10]. BIST can be described as a
detection methodology or error handling strategy, where the checking system

only refers to error detection[11], [12].

1.3 Literature Survey

The important articles and papers which have discussed the
electromechanical resonator behaviors have been collected and reviewed in the

following paragraphs.

B. John et al. 2015 [13]proved that the test behavior performed with the
achievement of BIST is to be sufficient to balance the discouragement of the

hardware overhead produced by the additional BIST circuitry. This method can
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offer smaller test time compared to an outwardly used test and leads to the use

of low-price test equipment through all steps of production.

Zhang et al. (2017) [14]Use acoustic wave-based filters that are among the
most widely used filters in wireless communication devices. This is due to a
number of factors, including their small size to avoid complicating the front end
of devices, particularly smartphones, and their high-quality factor and efficient
performance. developed the use of MEMS resonators in place of traditional
electrical analogs for Radio-Frequency (RF) uses. These parts are assembled
into the gadget by connecting them with high-quality mechanical resonators and
integrated circuits. This technology helps restrict Central Processing Unit (CPU)
overload while also reducing hardware (transmit and receive). Mechanical
vibration is employed due to its small footprint, high quality factor, low power
requirements, and compatibility with integrated circuitry. the filter is switched
on and off to achieve the center frequency at ~7.81 and ~8.35 GHz separately .
The filter performance shows a sharp at the frequency of (f0+£0.5 GHz).

Roy et al. (2018) [15]suggested a methodology with oscillating-based test for
an attractive sensor of the field for a certain device, this device has various
direct test boundaries. It is very difficult to measure these limits all the time, and
in this way, a full instrument shoot is an expensive course. Using an oscillator-
based test approach, reconfigure it in an oscillating device (using a crit circle) to
be visualized by estimating posterior limits such as oscillatory frequency and

easily observable abundance.

Dmytro Fedasyuk et al. 2019 [16]presented a solution to the problem of
investigating the parameters of the integrated circuits of MEMS accelerometers
using self-test and motion detectors, including measurement and detection

modes for testing.
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Zhao et al. (2019) [17]proposed another technique where the accelerometer is
moved twice, one utilizing the right activation finger and one utilizing the left,

and the results of disappointment when they are not coordinated. Here overt

e : 1
repetition is used The accelerometer demonstrates a noise floor of 98 ng/Hz /2

and a bias stability of 56 ng under ambient conditions, corresponding to a
frequency noise floor of 0.77 ppb/HZl/ 2and a frequency bias stability of 0.43
ppb.

Y. Liu and Cai et al (2020) [18] In this review, the basic principle and key
parameters of the BAW resonator have been described. The literature survey
provides details on the different materials, designs, and characteristics of the
BAW resonator. High frequency, wide bandwidth, small size, and high-power
capacity are the new challenges in 5G communication networks. It is difficult to
complete a high-performance filter based on conventional BAW resonator
technology. Doped AIN, single AIN, and LN are preferred materials to improve
the inherent performance of the resonator. Research on resonator characteristics
including spurious mode, temperature compensation, and tuning ability provide
technical feasibility for high-performance, stable operation and application
expansion of the filter. bulk acoustic wave (BAW) resonators have more
potential in fabricating high- quality RF filters because of their lower insertion
loss and better selectivity in the middle and high frequency bands above 2.5
GHz.

Yandrapalli, et al. (2021) [19] presented that the most MEMS sense actual
signs (speed increase, power, pressure, radiation, and so forth) and change them
towards electrical waves handled by the related devices. For self-test, such signs
should be produced on-chip along the examination stage which should be small
much as small as could really be expected ,Since any BIST method needs a

microelectronics control, For the instance of sensor devices, here is conceivable
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by electrically instigating on-chip the examination improvements. Simulations
and measurements demonstrate that a protocol can be established to reliably

design and produce such resonators with desired high frequency for large

bandwidth (over 10%).
1.4 Problem Statement

The main problems that occur in the micro-electromechanical resonator

systems can be summarized by the following:

MEMS resonator suffers from the problems of difficult-to-control changes in
very low frequencies. This is because a high value of the resonator's center
frequency (in GHz) will not detect small changes in frequencies (in MHz) and
MEMS devices are difficult to be reprogrammed since they are fabricated with
special materials and sophisticated techniques. Therefore there is a need for self
test crucial to increase the reliability of the system and become more attractive

to the investors to be used in different applications.

1.5 Aims of the Thesis

The main aim of this letter is design and simulation a self-test technique
for MEMS resonators using suitable methodology with efficient monitoring and

controlling sub systems. The BIST give a some benefit such as:

1- Design and simulation a self-test technique for MEMS resonators using

suitable methodology with efficient monitoring and controlling sub systems.

2- Examining the performance of the resonator by controlling the design
frequencies (fp and fs) and the design values of the piezoelectric materials of

the resonator (i.e. the size of the resonator).
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3- Design as well as simulate a robust with efficient monitored with controlled

micro-electromechanical resonator systems.
1.6 Thesis Organization:

Chapter one: This chapter provided an introduction, problem statements, and

objectives of to the thesis.

Chapter two: This chapter introduces basic ideas and situation of
micro-electromechanical resonator system along theoretical concepts and

mathematical relations.

Chapter three: This chapter presents the details dealing with the proposal

micro-electromechanical resonator system with built in self-test.

Chapter four: This chapter provides the simulation results for two

designed models using MATLAB program.

Chapter five: This chapter contains the conclusions and the future research

direction.
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CHAPTER TWO
THEORETICAL BACKGROUND

2.1 Introduction

Mechanical structures with at least one micrometer in size are considered
MEMS devices. An electrical effect or output effect is typically used to vibrate
a movable part in these devices. These devices' portability, minimal power

consumption, and high efficiency are all huge pluses[20].

Microelectromechanical systems (MEMS) allow for the fabrication of
miniature integrated devices or systems that syndicate mechanical besides
electronic components. Made with batch production techniques, such as
Integrated Circuit (IC) fabrication, they range in size as of a few micrometers
towards a few millimeters. In addition to their ability to generate macro scale
effects, these objects (or systems) can also sense, control, and operate on a

microscale level [1].

The interdisciplinary nature of MEMS makes use of design, engineering,
and manufacturing expertise from a wide and diverse range of technical fields,
including optics engineering, instrumentation, and packaging, mechanical
engineering, electrical engineering, and engineering of materials. Systems in
the automotive, medical, electronic, telecommunication, and military sectors all
make use of MEMS. Examples of modern MEMS devices that are mass-

produced and disseminated in the commercial market

1- inkjet printer heads.
2- heads disk drive read/write.
3- blood pressure sensors.

4- optical switches.
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5- micro valves.

MEMS, which integrates microelectronics based on silicon with
micromachining, has been consider as a cutting-edge technology that could
revolutionize both commercial and consumer goods in the 21st century. All of
our lives and the way experience them could be drastically altered by its
techniques and microsystem-based devices. These systems represent the second

revolution in micro manufacturing, if semiconductor micro fabrication was the

first[21]
2.2 Physical Principle of MEMS Resonators

The MEMS resonators can produce an endless range of frequencies due
to their physical design. Under specific statuses, practically any of these
frequencies can be excited to actuate the moving part of the structure into

resonance.
2.2.1 The Basics of a MEMS Resonator

For a machine to be in resonance, it must be sensitive to only certain
frequencies. Resonance occurs in many different physical realms when a system
is able to store energy and transmit energy between modes. If we imagine this
system to exist in a mechanical universe, there may be certain frequencies at
which it vibrates more powerfully than at others. The R-L-C circuit is a
reverberating component in electrical circuits and operates in series and parallel.
There are two types of energy storing devices: capacitors, which use an electric
field when charged, and inductors, which use a magnetic field when current is
passed through them. When the energy is continuously transmitted between the
two, the system oscillates. Capacitor and inductor impedances are equivalent

when resonance occurs[22].

10
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2.3 MEMS Resonator

To convert energy between the electrical and mechanical fields, a MEMS
resonator like the one shown in figure 2.1 uses a transducer. The observed
resonant mechanical structures can be treated as spring-mass-damper systems,

whether they are beams, disks, rings, or plates [23].

Force Displacement
Input
Input J - . l Output Output
i transducer Vibrating o P
voltage (Vi) — © resonator transducer ¥ _irrent (10)
(@) -~

/'/ \\

Rlll C’)l LI’I
YYYL

L A VAVAV S B sAAS -

— i - - -~
— ~

Vibrating mechanical structures

Disk Ring Plate Beam

DO W~

Fig 2.1: (a) Illustration of a MEMS resonator's building blocks in addition (b) a

high-level electromagnetic model aimed at MEMS resonators [23].

The MEMS resonator's block schematics are shown in figure 2.1(a), and
its general electrical model is shown in figure 2.1(b). The actuation voltage (the
incoming electrical energy) is converted into mechanical energy by the
electromechanical transducer named the input port. (i.e., strain before stress). At
transducer's output terminal, mechanical energy (displacement/deformation) is
converted back towards electrical energy.(i.e., output currents).
Electromechanical coupling coefficient quantifies the effectiveness of such

energy transfer [23].

Because of their stability, reliability, and enormous quality factor (Q),
quartz crystal resonators are in great demand. Their manufacturing method is
expensive, they are sensitive to shock and vibration, and they aren't compatible

with CMOS technology, among other drawbacks. Even if the Q of an on-chip

11
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tank circuit with homogenous inductors and capacitors is above 10, it is still

very low.[24].

The MEMS resonator can operate at Very High Frequency (VHF), Ultra
High Frequency (UHF), and Radio-Frequency (RF) frequencies while
maintaining a very high Q value that is closer to quartz both in vacuum and in
air. Less power is used by MEMS resonators, which also have great CMOS
compatibility and higher temperature stability. These resonators are also
resistant to vibration and shock. Mechanical resonators have replaced quartz
crystals in current communication applications because they have a
substantially higher Q than their electrical counterparts[24]-[27]. Table 2.1

provides a comparison between MEMS resonator and a quartz resonator.

Table 2.1: Quartz resonators and microelectromechanical system (MEMS)

resonators have a lot in common.[28].

Features Quartz resonator MEMS resonator
Size 2—-5 mm 400 um smaller
Frequency 1-80 MHz 1-50 MHz
Quality factor (* 103) | 100200 75-150

CMOS compatibility | No Yes
Shock/vibration Poor Good

immunity

Cost High Better

2.3.1 Methods of Vibration

One simple type of micro machined resonant circuit is the Resonant Gate
Transistor (RGT), which consists of a cantilever beam with a fixed end, a
mechanical resonant assembly capable of vibrating in one or else more modes,
in addition an output transducer for detecting[29]. Beams, rings, disks, square

plates, combs, etc. are just some of the micromechanical resonator forms

12
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available. Devices can also be sorted according to the method of operation they

use, which can be either flexural, torsional, or bulky[30]. conforming to figure

2.2.

y

Flexural Torsional Bulk
mode mode mode

Fig 2.2: Mechanical resonator vibration patterns [30].

A) Flexural Mode

This mode represents the formation of transverse standing waves. The
dominant stress is bending stress. Flexural mode resonators are suitable for low-

frequency operations, hence are more prone to losses from surface effects.[31].

B) Torsional Mode

This mode is the representation of sheer stress. The displacement produced is
rotational in nature. These resonators exhibit lower anchor losses and lower

squeeze film damping and hence have very high Q [31].

13
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C) Bulk Mode
This mode represents the formation of longitudinal standing waves. Because

of their larger structural stiffness, the bulk mode is preferred for high frequency
and high Q operations [31].

2.3.2 Acoustic Micro Resonator Technologies

Acoustic micro resonators have been the subject of research in the
telecommunications and sensor sectors for the past few years as a means to
shrink the footprint of and lower the power needs of portable radio hardware
and detection systems. Acoustic resonators of this type are
microelectromechanical devices. When operated under the right conditions, they
generate acoustic waves that eventually cause them to vibrate at a reverberation
frequency tied to their mechanical setup and characteristics. Resonators can be
broken down into two distinct types: those that produce a Surface Acoustic

Wave (SAW) and those that produce a Bulk Acoustic Wave (BAW).[32].

2.3.3 FBAR Design Structure

The Film Bulk Acoustic Resonator (FBAR) is analogous to the Solidly
Mounted Resonator (SMR). Conventional IC developments allow for the
fabrication of devices like SAW, SMR, and FBAR ferroelectric back-to-back
acoustic coupler (FBAR) is expedient that uses a piezoelectric material
positioned amid II electrodes to create an acoustic seal. It's not uncommon for
FBARs to be constructed with piezoelectric elements like Aluminum Nitride
(AIN) or Zinc oxide (ZnO). So as to obtain high-quality factors, the FBAR must
be released through micromachining, which also serves to provide acoustical
isolation among the device also the substrate. In the end, the resonator will have
a membrane or air gap beneath its construction. Device release technologies
include front- or back-surface micromachining, as well as mass

micromachining. [32].

14
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The FBAR design structure with the planar electrode and Hilbert 3 electrode

geometry, is shown in figure 2.3.

Top electrode = |

Bottom electrode |
Support Layer =

B Substrate (Stlicon) 1) Topand botom
I Piezoelectnc layer (Z00) electrode (Almunum)

o) 0

Air Cavity \\_

Stlicon Substrate —

Fig 2.3: Typical FBAR structure, (a) the planar electrode, (b) Hilbert 3
electrode geometry[33].

The schematic diagram of FBAR structure is demonstrated in figure 2.4.

Top electrode

Piezoelectnic matenal

Bottom electrode

Fig 2.4: Schematic diagram of FBAR structure[34].
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The equivalent circuit of single resonator with its typical Band Pass Filter

(BPF) are presented in figure 2.5.
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Fig 2.5: FBAR equivalent circuit diagram, (a) Single resonator FBAR,
(b) Typical band pass filter (BPF)[35].

The important part of the FBAR design is to apply the design
equations that required to obtain the FBAR main bandpass filter, Static
Capacitance (C,), Motional Capacitance (C,,), Motional Inductance (L,,),
and Motional Resistance (R,) are internal impedances parameters which
have been provided in the equations that are required to obtain the main

principle of it. The main equations are equal to as follows:[36], [37].

c, =2 2.1)

where: €= the piezoelectric material permittivity
A = the thin film area (m )

d = the piezoelectric material thickness (m)

16
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Co = Cy [(i—p)z - 1] 2.2)

where: fg = the stop band pass filter frequency (Hz).
f,= the pass band pass filter frequency (Hz).

1
M " (27mfg)2Ch,

(2.3)

1
m ™ O xfxCmXQ)

(2.4)

where: Q =the quality factor

From the equations(2.1, 2.2, 2.3 &3.4), it can be observed that the values
of the FBAR band pass filter impedances such as C,, Cy,, L, and R, will be
functions of the FBAR internal physical properties, like the thin film

dimensions.
2.3.4 Surface Acoustic Wave (SAW)

An IDT (Inter-Digital Transducer) electrode is attached to a piezoelectric
substance in this design. On the surface of a piezoelectric substance, mechanical
(sound)wave 1s converted back interested in electric waves. This filter has
excellent selectivity at frequencies below 2 GHz, it is very small in size, and is
very cheap. After this frequency, it becomes more sensitive and less
discriminating. (influenced by temperature)[38]. The structure of SAW filter is

shown in figure 2.6.
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Surface
acoustic wave

IDTs

Voltage

supply Piezoelectric

material

Fig 2.6: Structure of SAW filter[38].

2.3.5 Bulk Acoustic Wave (BAW)

The second variety, and the most popular, is the bipolar array microphone
(BAW), which uses a piezoelectric material in its terminals to convert electrical
to sonic as soon as an external voltage is functional to cathodes, in addition vice
versa. This type is distinguished by its small dimensions, high selectivity, and
ability to function at frequencies higher than 2 to 6 GHz. It's a crucial
component of many forms of wireless communication apparatus, from
smartphones and tablets to radars and satellites, and even missile guidance

systems[39] .

The primary difference between them is in how the energy is stored, and
all of them have favorable qualities: low size and expense, low loss rates, and
low inconvenience. Moreover, they maintain a consistent temperature[40].
BAW can be set up in one of two standard ways. There has been a lot of interest
in the first-generation Thin-Film Bulk Acoustic Resonator (TFBAR) due to its
unique characteristics. Like its predecessors, this resonator has a cavity in the
middle of a silicon substrate and is surrounded by piezoelectric material, top

and bottom electrodes. This aids in keeping the waves within the piezoelectric

18
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substance, where they can be better amplified with fewer losses. Besides having
reduced input losses, it also has the benefits of being compact, well-suited to
handling power, tolerant of a wider range of temperatures, and compatible with
integrated circuits. Because of these characteristics, this class of resonator can

operate at both middle and high frequencies.

The second type of BAW, known as the Solidly Mounted Resonator
(SMR), utilizes a piezoelectric material, an upper and a lower electrode, and the
bottom of this electrode is reflective layers and consists of layers with high
resistance and low resistance to prevent the leakage of sound waves that are
formed in the piezoelectric material, which in turn reduces the losses that are
incurred as a result and increases the quality factor. figures 2.7, and 2.8 present

the structure of BAW filter[41].

Top electrode

O <— Piezoelectric material

Bottom electrode

Fig 2.7: Structure of BAW filter[41].

Top electrode
\ Bottom electrode

——
‘74 Piezoelectric material Bragg reflector

<+—— Support layer
Substrate
/ <—— Substrate

Air cavity

a) FBAR Structure b) SMR Structure

Fig 2.8: The Two Configurations of BAW filters[41].
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2.4 Design and Modeling of MEMS Resonator

A critical step in the manufacture of MEMS resonators is modeling. The
static and dynamic responses of the resonator can be predicted via modeling.
When it comes to choosing materials, geometries, and dimensions, modeling is
carried out as part of the design process. Modeling enables the examination of a
working device's performance in addition to assist the designer in specifying the
fabrication process. This allows us to determine the characteristics of these
models by fitting the measured frequency response to them. Recent system-on-
a-chip blocks consist of resonators and integrated circuits, and modeling activity
is a crucial part of their construction. Different modeling techniques are used to
address the design of resonators, each with its unique context and utility.
Mechanical and Microelectromechanical resonator designs are the foundation of
analytical models for high frequency equivalent-circuit representations of
resonator physics are illustrated in figure 2.9 together with pure electrical and

electromechanical representations[32].
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System

System simulations

Behavioral modeling

- S - /S W

Physical 2D-layout design

L 3D and FEM analysis

Manufacturlng/Development

Fig 2.9: MEMS Resonator Modeling Hierarchy [32].
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2.5 Applications of MEMS

Theoretical Background

The microelectromechanical resonator has many applications, most of

which are shown in the table 2.2

Table 2.2: Show the applications of MEMS[42].

Electronics Communications Medical Defence
Disk drive heads | Fibre-optic Blood pressure Munitions
network sensor guidance
components
Inkjet printer RF Relays ¢ Muscle Surveillance
heads switches and stimulators &drug
filters delivery systems
Earthquake Voltage controlled | Prosthetics Embedded sensors
sensors oscillators
(VCOs)
Avionics pressure | Splitters and Miniature Data storage
sensors Couplers analytical
instruments
Mass data Tuneable lasers Pacemakers Aircraft control
storage systems

2.6 Electromechanical Sensors and Actuator

Sensors and actuators are classified into meaning that any transducer acts

as either a sensor or an actuator at any given moment. Therefore, transducers
can be divided into two categories: actuators, whose impose a condition on a

system, and sensors, whose monitor a system[43].

Some transducers can operate as an actuator or as a sensor, but not both at
the same time. This type of transducer is stated to be reversed. For example, the
speaker, in addition to being an actuator can also be used as a sensor to sense
the movements of the diaphragm speaker. Another example of a reversible
power transformer is an accelerometer that is designed for vibration sensing, but

can be used as vibration [43].
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An actuator is a mechanical device that controls or create mechanical
motion, which impose a situation on a system. Thus, an electromechanical
actuator is a type of transducer that convert an electrical input to mechanical
output to create mechanical motion as shown in figure 2.10 [43]. Motors are
traditional examples of actuators that force a torque, pumps that force either a

fluid velocity or a pressure, and force heads that impose a force.

[
+0—— .
electromechanical
V —
actuator
0 X
Electrical side Mechanical side

Fig 2.10: A Working Principle of Electromechanical Transducer[43].

The load effect can be minimized by high-power of the actuator, so that it
causes a small disturbance with loads only. This desire to reduce the impact of
the load imposed by the system on the performance of the operator usually leads
to large triggers. From the definitions mean hinted at earlier it is clear that the
practical, essential differences between actuators and sensors are the size
required and the power level concerned. It is generally considered creating a
low power device is easier than creating a high-power device. This puts the
sensor relative to actuators in an advantageous position. However, in some
systems, it is preferable to use one actuator that needs high energy rather than
using many actuators that need low power. An example is to use a drive to run
the wristwatch. If the watch has second, minute and hour hands, it can be used
either gears with one motor for three engines at a time, or used three-separate

motors connected to the appropriate electronics to synchronize the timing. look
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at the relative cost of a larger set of gear motors, compared to three smaller
engines and dominion electronics, but will always win the single gear. Although
the energy level is generally the main issue that distinguishes actuators from

sensor devices, the actual size of it can also play an important role.

There 1s a small difference in the difficulty presented in the fabrication in
at conventional levels of electromechanical sensors and actuators. However, the
fabrication process can become a big problem for large or very small
transducers. Therefore choosing to use microelectronic technologies instead of
traditional fabrication methods means moving to a system where manufacturing

severe considerations restrict acceptable designs.

The difference in power and size between the typical actuators and
sensors provides an entertaining background through which to discuss the trend
towards the use of microelectronic fabrication to create actuators and sensors. In
general, these actuators and sensors use the same conversion mechanisms as
those used in micro scale. The notable exemption to this is the increasing trend
of electrical thermal operation. Thermal operation is not generally used on
microscale scales. Because energy needs are prohibitive and the system will
operate very slowly. At the microscale, this problem are largely rejected by the

use of extremely small system [43].

From the previous discussion, it is clear that there are a good reason
requiring sensors have small-sized. This indicates that it is perfectly logical to
miniaturize sensors, and microelectronics fabrication methods provide a reliable

road to accomplish this.
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2.6.1 Mechanical Sensors

Direct mechanical sensors come in a wide variety of forms, each of which
has its own sensing device (typically piezoresistive, piezoelectric, or capacitive)
and method of identifying characteristics. Some of these sensors have already
been micro machined, while others have the potential to be. (typically strain,

force and displacement)[42].

A) Piezoresistive Sensors
Because of the piezoresistive effect—change in resistivity of a substance

through applied strain—gauge dimension changes cause corresponding changes
in the resistance of the sensor. Silicon is a great strain sensor because the
semiconductor's piezoresistive impact is much bigger than that of ordinary
metals. Bulk silicon loaded by p-type or n-type impurities can be easily

processed into MEMS piezoresistors[42].

B) Piezoelectric Sensors
A potential difference is created across a piezoelectric crystal when a strain

(or tension) is applied to the crystal. In a similar manner, applying a potential
differential to the crystal causes a displacement otherwise strain. Despite the
fact that displacements are exceedingly small even at high voltages, the effect
can serve as both a sensor of mechanical stress (displacement) and an actuator.
In MEMS, piezoelectric materials such as quartz, lead zirconate titanate (PZT),
polyvinylidene fluoride (PVDF), and zinc oxide (ZnO) are commonly used. A
thin layer of a suitable substance must remain applied to devices because silicon

1s not piezoelectric[42].

C) Capacitive Sensors
Capacitive (or electrostatic) sensing, which combines one or more stationary

conducting plates with one or more moving conducting plates, is one of the

most important (and frequently used) precision sensing systems. Capacitive
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detection can be traced back to the parallel-plate capacitor equation, as shown in
equation(2.1). Since capacitance varies inversely with separation between

plates, it can be used to detect very slight movements[42].

D) Resonant Sensors
Micro fabricated beams or spans that resonate at their resonant frequency

form the basis of (MEMS) resonant sensors. They could be designed to adhere
to a specific substance or fused to membranes. (as in the case of a biosensor).
Implanted piezoresistors can measure changes in the resonant frequency caused

by membrane movement or an accumulation of the binding material[42].

2.7 Self Test

During the life-cycle of any electronic devices, it should be passes in

three stages of inspection which is of critical importance.

* Before manufacturing begins, it is imperative that any potential flaws in the
design are found and fixed during the testing process.

* Second, testing is done during fabrication to confirm that no errors were made
in the fabrication of a given component or device (integrated circuit, printed
circuit board, etc.) that will affect the quality of operation and performance of
the final system [43].

* Finally, in stage three of system operation, testing seeks to identify and fix
any problems that cropped up due to normal use. In some cases, examination is
performed to find the broken part so it can be replaced and the system can
function normally again.

The built-in self-test methods for micro electro mechanical systems can be

classified into several sections, as shown in figure 2.11.
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Fig 2.11: Classification of BIST techniques for MEMS devices (MEMS) [42].
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The term "Built In Self Test" (BIST) refers to the practice of
incorporating extra hardware features into integrated circuit designs in order to
facilitate the testing of those circuits. Both voltage and charge control are
commonly used methods for testing MEMS devices. The use of voltage control
methods has been explored by a number of researchers. In [44],a symmetrical
testing strategy is suggested in which the MEMS structure's central mass
(movable capacitance plate) is split in half. It is possible to compare the two
symmetrical halves by recording their reactions to the same simulation. When
the gap between the two answers gets too wide, it's considered a physical flaw
that needs to be documented. Unlike other methods, this one doesn't need to be
calibrated against test stimulus to pick up on internal flaws. However, its
usefulness is constrained by the necessity of flawless structural symmetry.
Some global defects that affect both halves of a symmetrical structure at once
can't be found using this technique, either. Testing MEMS structures can also be
done using a sensitivity test technique[45] .To use this technique, an external
test input stimulus is used to drive the Device Under Test (DUT) to the edge of
its operational capability, and the resulting reaction is recorded and compared to
the signature of a perfectly functioning DUT. Any MEMS device can be put
through these tests to look for parametric and catastrophic failures. In order for
this technique to effectively identify DUT faults, it is clear that a precise input
stimuli generator and response evaluator are needed, limiting its applicability
for field tests. A symmetrical partition of the fixed capacitance plate is used to
combine the symmetry BIST technique with the sensitivity BIST method [45],
[46].

The FBAR bandpass filter design formulae can be used to determine

practical values for the bandpass filter frequencies, fs and fp, given a quality
factor, Q, and the permittivity, &€, of a piezoelectric material. The material

permittivity can be defined as:[14].
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_ Z Acoustic
€= 0 (2.5)

where: Z Achoustic is the FBAR acoustic impedance (ohm).
V is the FBAR acoustic velocity (m/s).

D is the piezoelectric material density (Kg/m?).

v
fo =1 (2.6)

where: V is the FBAR acoustic velocity (m/s).
h is the FBAR thickness (m).

f, = 0.85f, 2.7)

where: fp is the pass frequency (Hz).

Q _ fgxd
0.05xf,xA

(2.8)

where: f; is the stop frequency (Hz).
d is the thin film FBAR thickness deviation(m).

fp

A is the FBAR area (m?).

is the pass frequency (Hz).

The previous equations make it abundantly obvious that the FBAR's
physical parameters (the materials) will determine the band-pass filter's design
values. When a fixed DC bias of 2.5 V and a roughly linear analysis are used,
the above formulae can be used to determine the necessary FBAR design

parameters. [33].
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The life-cycle of any electronic devices, passes in three stages of

inspection are critical importance [22].

First, during the design process, testing will diagnose and identify the

design mistakes to guarantee that the manufactured devices will work properly.

Second, testing will verify seeks to diagnose any fabrication mistakes that
would prohibit a given part or device (integrated circuit, printed circuit board,
etc.) from delivering quality operation and performance in the final system for

which it is destined [21, 22].

Third, as the system is put through its paces in the operational phase, any
problems that crop up there will be identified and fixed before they can cause

the system to collapse.

2.7.1 Ladder Filter

Both single-ended and balanced impulses can be processed by this filter.
The most common setup, however, is a solitary end. In the ladder topology
depicted in figure (2.12), two resonators are associated in series and shunt at
periodic intervals. Minimum electrical impedance (Zmin) occurs at the stop
frequency (fs) of the series resonator, while maximal electrical impedance
(Zmax) occurs at the pass frequency (f,) of the shunt resonator. (Zmax). The
resonator acts as a Static capacitance (C,) at frequencies below the series

resonance frequency and above the parallel resonance frequency.

It acts as a pure inductor between its series resonance frequency (fg) besides

bandpass frequency (fy) .
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The ladder filter has a sharp cutoff frequency but weak rejection of
frequencies outside its pass band. Further increasing the amount of cascaded
filter sections improves out-of-band rejection, but at the expense of increased

insertion loss. Poor group delay is produced by the filter because of pass band

ripples[32].
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Fig 2.12: Structure of ladder topology[32].
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2.7.2 Lattice Filter

When both filter inputs and outputs are in equilibrium, use this filter.
Four resonators are arranged in bridge-like shapes in the lattice filter, as shown
in figure 2.13. A filter's pass band is formed as soon as the frequency of the
series resonator is the same as frequency of shunt resonator. One of the lattice's
branches acts as an inductor, while the other acts as a capacitor. In a system
with perfectly balanced branches, the transmission zero develops. Lattice filters
have superior Out-of-Band (OoB) rejection but worse roll-off. When compared
to a ladder filter, it results in a uniform group delay. Pass band group delta is

flat because pass band wave is small[32].

FBAR Series

| |

|
 —
S . - b S
o - - -
2| mE- ] £
§' ﬁi\/— =

/ \
| |
1 |
EBAR Series FBAR parallel
Fig 2.13: Structure of Lattice topology[32].
2.7.3 Mixed Filter

As can be seen in figure 2.14, the Mixed filter combines filters of the
Ladder and Lattice types. A cross-section filter makes up one component of the
filter, which is linked in series to stepping stool filter. It uses cross-section type
filters to demonstrate the characteristics of both stepping stools. It features good
out-of-band rejection and roll-off characteristics. The group delay is superior to

the ladder filter but inferior to the lattice filter[32].
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FBAR Series
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Fig 2.14: Structure of Mixed topology[32].
2.8 Constraints & Limitations

As has been mentioned in this chapter, the design equations have been
introduced and can be applied to the design of either FBAR filter kind.
Moreover, the design equations and the obtained FBAR design parameters
make it evident that the acoustic velocity, V, of piezoelectric materials and thin
film thickness, h, will largely determine resonator cutoff series and parallel

frequencies[14].

In addition, unless the ratios of change in the intended FBAR frequencies
are the same, the quality factor's value will shift. Hence, and in order to increase
the FBAR designed frequencies only two options are available, the first option
is by increasing the acoustic velocity (V) of the piezoelectric material utilized in
the design, and the second option is through reducing the thin film thickness (h)
of the FBAR filter. Actually the first option will highly depended upon the
physical structure of the piezoelectric material utilized in the FBAR thin film

design, as it is obvious, the acoustic velocity varies from one material to
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another. Therefore, this design option will be highly restricted on the precise

choice and careful synthesizing of the piezoelectric physical material[47], [48].

On the other hand, the second design option will be restricted by
minimizing the size of the FBAR thin film structure, which also will face
practical challenges because of the industrial difficulties which relating the

miniaturization process when reducing the thickness of the FBAR thin film

model[49], [50] .

In this study, the first design is concerning with increasing the acoustic
velocity through suggesting several active samples of piezoelectric materials
combinations. The second design will be adjusted to be at the minimum
practically possible value of the thin film thickness (h) in order to obtain the

maximum applicable FBAR design frequencies.
2.9 Chapter Summary

In this chapter, the proposed FBAR design models have been presented
with detailed structural and operational illustrations. The important
implementation theoretical concepts and mathematical equations necessary for
clarification the suggested models have been included. Finally, the important

design constraints and limitations of operation have been discussed.
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CHAPTER THREE
THE PROPOSED METHODOLOGY

3.1 Introduction

In this chapter, the proposed model of the study is discussed in
details,with a proposal to implement the Micro-Electro-Mechanical System
Resonator. The proposed design system model will simulate equations
(2.1,2.2,2.3,2.4) using the MatLab2021b Simulink toolbox for modeling the
required FBAR band-pass filter design parameters values. In this study, the
system proposed for robust and efficient monitoring with controlling design for

micro-electromechanical resonator system as illustrated in figure (3.1).

1
6
MEMS Resonator yes
Design Print the
Requirements Results

4
Examining MEMS
Resonator
Performance

Fig 3.1: Block diagram of the planned robust micro-electromechanical resonator

system.
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3.2 Description of the Proposed Model

In order to understand the operation of the proposed system model, in

figure 3.1, the system is explained in details as follows:

The block diagram of the micro electro mechanical resonator system of the

proposed model structure contains six main block diagrams.

e The first block diagram is the resonator design requirements which will be
responsible of initiating the essential requirements and demands of the

design frequencies on impedances of the MEMS resonator .

e The second block diagram is called the sets of the design parameters which
will be responsible of setting and adjusting the design parameters and

sustaining the electronic materials.

e The third block diagram which indicated by the blue colour is called the
synthesis programming tool. This is responsible of programming the
software required for having control of all the proposed models actually.
This model is called examining the performance obtained by the synthesis
and tested in order to check if the design parameters of the frequencies on

the impedances of the resonator have been adjusted.

e The fourth block diagram which is indicated by the pink colour is called the
examining MEMS resonator performance for adjusting the operation in

successful design domain and range .

e The 5th block diagram in this proposed model is called the checking analysis

or examining the synthesis design and it will have two parts. The first is used
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to access if the design parameters are well. When the results are acceptable
then it will be obtained. If No, a feedback to the second block diagram that is
called the set of the design parameters will be accessed in order to redesign
the parameters and the overall process will be repeated until the results will

be obtained in a precise and accurate values.

e The sixth block diagram is a display that shows the results.

3.3 Design Details of BIST in MEMS

The proposed model in figure (3.1) has been simulated with two different
models in MATLAB program.
1- MEMS frequency dependent design model.
2- MEMS parameters dependent design model.

3.3.1 MEMS Frequency Dependent Design Model

The proposed model was designed and simulated by the MATLAB
program in the form that performs the self test of the design parameters (C,, Cy,,
Ly and Ry,) which are internal impedances parameters and (Df,, Dfs, f, fs,

and f %) through a percentage change of the resonator frequencies as shown in

figure (3.2).

The idea of the self test proposed model actuator is summarized by
referring to the model shown in figure (3.1), such that the MEMS resonator will
set the design according to the physical parameters specifications of the
piezoelectric materials provided by the synthesized programming block. The
resulting MEMS designed parameters will be tested through the examining
MEMS block and then the outcomes will be compared with the actual results

produced along the original MEMS resonator block. If the comparison results
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are not matched, the design set procedure will be repeated. Otherwise, the
results will be obtained. In order to implement the proposed model, a
MatLab2021b simulation program has been applied with simulink tool box

utilities.

Figure (3.2) illustrates the simulation tool box of the micro
electromechanical resonator structure, with obtained impedances and

frequencies under the effect of percentage frequency change.

MEMS frequency dependent design model

— ' ’[:]
1| Dip @/L

Dfs

fp Co
s
%f

1 T Co

_’

Enter % — f::
Frequency Change : le
W {7
Cm
‘W Lm ‘[:]
" Rm

Fig 3.2: Simulation of the micro electromechanical resonator structure.
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In this model, the proposed resonator frequency designed values and the
corresponding resonator impedances, C,, C,, L, and R, have been designed
under the influence and effect of a specified percentage change in the designed

resonance frequency, f,. This percentage change has been simulated with ramp

function r(t) and the resulting designed resonator impedances as well the
resonance frequency changes are recorded. This model finds the effect of
percentage change in the resonance frequency on the performance of the MEMS

resonator.

3.3.1.1 Solid Electro Mechanical Resonator Structure Components

The MEMS frequency self test design model, shown in figure 3.3, consists

of three units:

1- Physical structure self test MEMS design.
2- Actual design frequencies f, and fs.

3- Self test filter parameters design.

Physical Structure Self Test MEMS Design

fpl

fp sl —

Results

abselon

A Results

fs ‘ d
Self Test

Q Filter Parameters Design

abselon Co

Frequency| fonew A
Change | P d

I'pllc\" v

Cm

; fsnew | ~0- Lm

fo | fsnew
f pney fp*Frequency

(h:muc. 0 A !

fs s fsnew
fs fs*Frequerey
: Change l

Actual Design Frequencies fp, fs Results

Rm

1T L . .

Fig 3.3: Simulink self test MEMS frequency (self test design model).
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1 Physical Structure of the Self Test MEMS Design

The Physical structure self testing MEMS design consists of four sub

systems as shown in figure (3.4 ).

abselon abselon
A TA I Results
d . d
fp fp Co
Cm
Q

abselon

Q _|Rm

Lm

Actual Design

Sub System
Self
Physical Correction
g Fault
Design . Sub System
System A Adjustment Bl

d
fp
fs Lml
abs¢lon Rml

Cml

Co i
Cm P
Lm fs
Q Check

Rm

Fig 3.4: Simulink of self-test design model utilized for MEMS parameters
design.

These sub systems are:

A) The physical design sub system.

B) Actual design sub system.

C) Fault adjustment.

D) Self correction sub system.

Each sub system listed in the model presented in figure (3.4), described in

details in figures (3.5-3.9).

A) The Physical Design Sub System

This part is the basic part, through which the design values of the
resonator are entered and then the following components are calculated through

it.
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1- The frequencies (fp, fs)
2- quality factor (Q)

3- material permittivity (abselon)

This subsystem consists of MEMS parameters and the design sub-system

as shown in figure (3.5).

A
(iD
| )
\% : Electrode] abselon
h ‘ A —> — bi();laycr—@

| AN |—> B fp
d ‘ — C ()
‘ Si(device layer) — D ’

A | fs
z \J — @
D IngP g Q §
-

MEMS parameters Desgin parameters

Fig 3.5: The physical design sub system of the self test design model utilized
for MEMS parameters design.

Figure (3.5), represents the first subsystem in the self test design model utilized

for designing the necessary frequencies in the MEMS parameters design.

The MEMS parameters system is responsible for entering the design
values of the piezoelectric materials and is considered an input for the second
system, which is responsible for generating the required frequencies, fp, and fs,
and the quality factor from the design specifications of the piezoelectric

materials and calculating the MEMS design impedances from the design

equations (2.5, 2.6, 2.7, 2.8 ).
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B) Actual Design Sub System

permittivity, band pass filter frequency, and quality factor (A, d, abselon, f;, fg
and Q) obtained in the previous sub-system, these values are considered as
inputs to this system, Then it is done calculate the design impedance values of

the MEMS filter (C,, C,,, L, and R,,) through mathematical equations (2.1,

Through the values of FBAR area, FBAR thickness deviation, material

2.2,2.3,2.4), as shown in figure (3.6).

abselon ——

AL
LA

of

Co

Cm

fp Vin

Yout|

Lm

O [ShuntDAR] FBAR ;ShumrBAR| AR

fs

Losection of addertype filter l

Rm

B

fs =

abselon

Co

]
Cm —
Lm —
Rm :l'

Hiy

7

Fig 3.6: The actual design subsystem of the self test design model utilized for

MEMS parameters design.
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C) Fault Adjustment

Figure (3.7) shows the fault adjustment block diagram.

fp

Dip

DI |

Error
section

FBAR1

abselon

AL A

d | ln (n

=1

fp new
J

fs new (o
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Cm

Lm
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Cml |

Lml

Rml |

0 /0 [0 \'lﬁ

Rm |

comparison

Col

test

Cml ;

Lml

Rml1 :H

Delta Co
I s—

Delta Cm
=

Delta Lm
N e |

Delta Rm
N s |

Check

for MEMS parameters design.

Fig 3.7: The fault adjustment subsystem of the self-test design model utilized

In this figure, the amount of change in frequency (error frequency) whose

value is from (0) to (50%) has been added from the design frequency value to

the design frequency whose value (10 GHz ) is in the error section. This added

frequency is an error frequency (an error occurs in the resonator), and from it,

new frequencies are produced.

In the FBAR, is calculated the new impedance values using the equations

(2.1, 2.2, 2.3, 2.4), which are different from the previous impedance values,

called (C,1, Ciy1, Ly1 and Ry 1).

In the comparison test, the difference is the values of the impedances that

were taken an absolute value to avoid negative values, and through it the

amount of change in the values of the resistances were calculated as shown in

figure (3.8).
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sum.
D Co . Delta Co
> Col i 4’| : |—’®
= Cm I elta Cm
- Cml )
@ Lm : Delta Lm
o Lml ] [l |
D Rm o Delta Rm
> Rm1 1 e a—s

Fig 3.8: The comparison test for MEMS parameters design.

The check circuit, collects the amount of the difference between the
impedances (C,, C,,, L, and Ry,) with (C,1, C,1, L,,1 and R,1) it is called
(check).

D) Self Correction Sub System

Figure (3.9) shows self correction subsystem block diagram.

o Col N
@D Cml ot N dfp —
D Lml .
@ le Rm1 - D
f test_control —p
- p 'p df
S
R ,s - o |
D Check -
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Fig 3.9: The self correction subsystem of the self-test design model utilized for

MEMS parameters design.

By the values of the new impedances (C,1, C,1, L,1 and R, 1) and
frequencies (f, and fg), calculated from the fault adjustment and the check

value, this system calculates the value of the current increase in frequencies (the
error value) and through substitution in the equations(3.1-3.4), the amount of
change in frequencies are get. By applying the equations, the amount of change

1s solved with two conditions.

1- If the check is equal to zero, the amount of change in delta pass band filter

frequency (df,1) and delta stop band filter frequency (dfs1) is equal to zero.
dfs1 =f5 x 0 (3.1)

Where: fg is the stop band filter frequency (Hz).

df,1 = f, x 0 (3.2)

Where: f, is the pass band filter frequency (Hz).

2- If the check is not equal to zero, then the change in the frequency of the delta
pass band filter frequency (dfpl) and delta stop band filter frequency (dfsl)

is not equal to zero as shown in the following equations:[36,37].

dfs1 = ((Mxm) - 1) (3.3)

Where: L,,1 is the new internal inductance of the resonator, C,,1 is the new

internal capacitance of the resonator [36,37].
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df,1 = | (fs + dfs1) x \/(1 + (‘éﬁ)) —f, (3.4)

2 Actual Design Frequencies f, fg
In this block, new frequencies have formed a percentage of the frequency

entered through (Frequency Change) and thus through this percentage and the
existing frequencies (f,) and (fs) we multiply the percentage with the
frequencies in (Mux) An increase in the frequency is obtained which is
considered the error frequency. After that collect the error frequency with the
previously generated frequencies (f,) and (fs) in (sum.) new frequencies are

obtained as shown in figure (3.10).

—»@fp*Frequency Change

Q Frequency Change
@fs*Frequencyr Change

fpnew @

SR,
")
fp T
g O
' f i fsnew
5

Fig 3.10: The actual design frequencies fp, fs. subsystem of the self test design

model.
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3 Self Test Filter Parameters Design

The sub system shown in figure (3.11) calculates the values of the new
impedances through the equations (2.5,2.6,2.7,2.8,) from the values of the

design components and the new frequencies.

abselon | C
o] Ryl :

Cm
- d .\/\/\/_I |_/m\_ o
o fpnew H ._.' [1m,

@ , —”_ R

Fig 3.11: The self test filter parameters design subsystem of the selftest design

model.

3.3.2 MEMS Parameters Dependent Design Model

The MEMS resonator self-test model design consists of three subsystems:
1- The actual design system

2- Sub systeml

3- Self correction system

Through which the values of the resonant impedances are controlled, where
the values of the resonator impedances are increase by a percentage level, as

shown in the figure (3.12).
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Fig 3.12: MEMS changing filter parameters self test design model.

1- Actual Design System

The MEMS design for actual design system self testing consists of two

subsystems as shown in figure (3.13), and these subsystem are:

A) Physical design sub system
B) Actual design sub system

Physical design Actual design
sub system sub system
abselon JRRSN oy C
DA oD
‘ Cm
4 b |
fp L fs
fs at
Q Q 7 Rm%
1 8

Fig 3.13: Simulink self-test design model utilized for MEMS parameters

design.
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Each sub system listed in the above model presented in figure (3.13), will be
described in details as illustrated in figures (3.14).

A) Physical Design Sub System
This subsystem consists of two subsystems MEMS parameters & FBAR

design model as shown in figure (3.14).

MEM? FBAR design
parameters model A e
v |

T N M abselon D
d L L b,

: A H: - " fs
IE | 0 ")

D

J D | ; ")
| d .5

Fig 3.14: The two sub systems MEMS parameters & FBAR design model.

Figure (3.14) represents the first subsystem in the self test design model used to

generate the frequencies required in the design of the MEMS parameters.

All subsystem demonstrated in figure (3.14) were performed specific tasks
essential to the whole FBAR total BPFD wants. The first subsystem (MEMS
Parameters) exposed in Fig. (3.14) will be responsible for initializing the
(FBARPP) parameter plan values such as; (AV) (v), (TFT) (h), (TD) (d), A,
(AD (z), and (PPD) (D).

The second subsystem (FBAR Design Model) revealed in figure (3.14) will
be responsible for generating (abselon), (fp), (fs), and (Q). By applying
equations (2.5, 2.6, 2.7, 2.8) ,and as shown in figure (3.14), the output of the
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first system (MEMS Parameters) is an input of the second system (FBAR

design model).

B) Actual Design Sub System

This subsystem calculates the impedances (C,, Cy,, L, and R,;,) by taking
the design values from the system (Physical design subsystem) as shown in
figure (3.15) and applying the mentioned impedances in equations

(2.1,2.2,2.3,2.4) as shown in figure (3.15).

_,,abselon Lu
A

_d
~Fp
_ Fs

|
< |

_abselon

Fig 3.15: The self test filter parameters design subsystem of the self test design

model.

2- Sub Systeml

This subsystem combines the impedances values of (C,, Cy,, L,y and Ry),
extracted from equations (2.1, 2.2, 2.3, 2.4) with the percentage change (C,%,
Cn%, L% and R,,%), where it takes the impedance values and multiplies
them by a percentage in a process called (product ). Then determine its value as
it is considered an error percentage values, then collects the error percentage

with
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the impedances values in a process called (+) and then extracts the new

impedances values (C,1, C,,1, L, 1 and Ry, 1), as shown in figure (3.16).

roduct
Chose %Co produc e
C = ( Col -
o2 I 4
Chose%Cm product o
m ) ' :
Chose %L product
ose m +
I - e Lml —
.m . / :
~ o product
Chose”%Rm o
R S Rml )
m . -

Fig 3.16: The self test filter parameters design sub system of the self test design

model.

3- Self Correction System

This subsystem takes the new impedance values from sub system 1 and
calculates the new frequencies (f;1 and fg1) by applying the following
equations(3.5-3.8) as shown in figure (3.17).
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Fig 3.17: The self correction system parameters designer subsystem of the self
test design model.

By applying the equations, the amount of change solved with two conditions.

1- If the percentage of the input to the impedances is equal to zero, the amount
of change in pass band filter frequency (fp1) and stop band filter frequency

(fs1) is equal to zero.
fg1=fg X0 3.5)

Where: fs is the stop band filter frequency (Hz).
fobl =1, x0 (3.6)

Where: f, is the pass band filter frequency (Hz).

2- If the percentage of the input to the impedances is not equal to zero, the

amount of change in pass band filter frequency(f,1)and stop band filter

frequency (fs1) is not equal to zero:[36,37].

1
51 = () 37
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Where: L1 is the internal of the new inductance of the resonator, C,,1 is the

internal of the new capacitance of the resonator[36,37].

2 Cm1l
£,1 = (fs+f51)><\/<1+(col

)) /2 (3.8)

Where: fg is the stop band filter frequency (Hz), fg1 is new stop band filter
frequency (Hz), C,1 and C,1 are the new internal capacitances of the
resonator[36,37].

3.4 Practical Circuit For Measurement Parameter

The circuit for the square wave generator utilizing Operation Amp is
displayed in figure 3.18. One capacitor is associated with the reversing terminal
of an operation amp with one pin associated with the ground, and a resistor for
charging and releasing the capacitor is likewise associated with the transforming

terminal to outpot.

q == <

L= 4 =

Fig 3.18: Op-Amp square wave generator circuit
Assuming the voltage at reversing terminal is V2 which it is the same
amount as the voltage through the capacitor. Similarly, the voltage at the non-
reversing end is V1. The difference voltage between non-reversing and

reversing terminals is mentioned as differential input voltage and is given by
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Vin. Fig.( 3.19) show the square wave result from the circuit shown in

figure.(3.18).

A
A
0.5
T 37
2 2 .
0 .'_T in Micro sec
T 2T aT
0.5 [-------
\

Fig 3.19: the square wave result from the circuit shown in the Figure 3.18
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Fig 3.20: The square wave generator with the included equivalent FBAR filter

54



Chapter Three

The Proposed Methodology

3.5 Failure Modes

Reliability engineering can be defined as the process of analyzing a

product's prospective failure modes and determining how to reduce or attenuate

its reaction. The failure modes depeted in table 3.1 provide an explanation for

why a product or procedure might not be able to achieve the desired result. A

failure mode can occur between a cause and an effect or be the cause or effect

itself, depending on the circumstances.

Table 3.1: The possible failure modes in MFMS resonator

Types of failure modes

Effect

1- Design phase failure
modes

e Functional failure
modes

Eading to a deviation
from the product

specification
e MEMS material failure | Material failure used in
modes MEMS Devices

2- Manufacturing failure
modes

A) Front-end process
defects

e [ ocal wafer defects

Affects the performance
of the device and
consists of pollution
(dust and dust)

e Material transport

e Stress effects

Influence the long-term
reliability of a MEMS

e Bonding

Minimize
contaminations from
particles and ambient
gases

B) Back-end process
failures

e Wafer dicing

cause catastrophic
failure which may not
be detected during the
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final testing

e Wafer handling

e Assembly

3- In-use failures modes

A) Mechanical failure
modes

e Fracture

Effected on the
micromachined
mechanical components

e Mechanical shock
resistance

Sudden acceleration
defines a shock

e Vibration

e Creep occurs only in ductile
materials affecting
metal thin films and not
silicon

e Fatigue fatigue occurs only for

applied stresses greater
than half the single-
cycle fracture strength

B) Electrical failure
modes

e Dielectric charging

Effect on the capacitors

e Electrical breakdown
and electrostatic discharge
event

e Electromigration

e Parameters design

Effect on the frequency

4- Environmental failure
modes

e Radiation

Effect on the capacitors

e Electrostatic MEMS
sensors and actuators

e Radiation-hardening
MEMS

e Anodic oxidation and
galvanic corrosion of
silicon

e Galvanic corrosion
during release of HF

e Metal corrosion
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3.6 The Design Values

This part shows the design values of piezoelectric materials and the design
frequencies (f, ) and (fs ) implemented with an error rate ranging from (0 ) to (
50%) as well as the impedances (Co ), ( Cm), ( Lm) and (Rm ) implemented

with the same error rate.

1- Table 3.2, illustrates the design parameters utilized in the design program
with the obtained FBAR filter resulting components for a cutoff frequency of
f, = 5GHz, fg = 4.25GHz
Table 3.2: Design parameters utilized in the model with the obtained FBAR

filter resulting components at f, = 5GHz , f; = 4.25GHz .

v h d A Z achoustic D
Acoustic FBAR FBAR FBAR area Acoustic FBAR
FBAR Velocity thickness thickness (m®) Impedance Density
Parameters (m/s) (m) deviations (Ohm) (Kg/m)
(m)
7e3 1.4e-6 2e-3 4e-4 10 le7
5e9
fp a1
£ 4.25¢9
s (Hz)

2- Table 3.3, demonstrates the design parameters implemented in the design
program with the obtained FBAR filter yielding components for a cutoff
frequency of f, = 10GHz, f; = 8.5GHz.
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Table 3.3: Design parameters utilized in the model with the obtained FBAR

filter resulting components at f, = 10GHz , f; = 8.5GHz .

Vv h d A Z_achoustic D
Acoustic FBAR FBAR FBAR area Acoustic FBAR
FBAR Velocity thickness thickness (m?) Impedance Density
Parameters (m/s) (m) deviations (Ohm) (Kg/m?)
(m)
6¢e3 6e-7 2e-3 4e-4 10 le7
£ 10e9
p (Hz)
8.5¢9
fs (1)
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CHAPTER FOUR
RESULT AND DISCUSSION

4.1 Introduction

The chapter offers the results of the MEMS frequency self test design
model when the error is happened in the MEMS frequencies. This point shown
with two different design frequencies which are f, = 5GHz, f; = 4.25GHz and
f, = 10GHz, f; = 8.5GHz . Then, the results of the effect of changing the filter

parameters of the self test, which are (C,, C,,, L, and R,,)) is presented.

4.2 Results of MEMS Frequency Dependent Design Model

This section presents the results of the first circuit shown in figure (3.2) in
the previous chapter. The test here will be according to variable frequencies and

as follows:

4.2.1 When f, = 5GHz and f; = 4.25GHz

The proposed model presented in figure (3.2) have been successfully
designed, simulated, and implemented with the designed specifications
illustrated in Table (3.1). Figures (4.1 &4.2) show the simulation of that model

without a change in the percentage of frequency (i.e. steady state case).
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Fig. 4.1: Results of frequencies for the MEMS frequency self test design
model in the steady state case with f, = 5GHz , f; = 4.25GHz.
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Fig. 4.2: Results of parameters for the MEMS frequency self test design model
in the steady state case with f, = 5GHz, f; = 4.25GHz.

The figures (4.1&4.2) show that actuator works in normal case without
errors in frequencies and parameters. Table (4.1) shows the values of (Df},, Dfs,

5, fs, £%, Co, Crms Ly and Ryy).
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Table 4.1: Frequencies and parameter values for the MEMS frequency self test

design model in the steady state case with f, = 5GHz, f; = 4.25GHz.

variables Symbol Values
Delta pass frequency Df,, 0
Delta stop frequency Dfg 0
Pass frequency fp 5 GHz
Stop frequency f 4.25 GHz
Frequency percentage f % 0
Parallel plate capacitor Co 28.57 PF
Series plate capacitor Cn 10.97 PF
Series inductance Ly 127.8 PH
Series resistance R, 4.015+1073 Q

The percentage variation in the designed frequency has been adjusted

from 0-50%, and simulated successfully, with the resulting self test MEMS

actuator frequencies alternations values as shown in figures (4.3 &4.4).

fp (Hz) Dfs (Hz) Dip (Hz)
o ~N (=] - N (=] - N

fs (Hz)

%f
=]

1

1 1

o)
6]

] \ \
1 2 3
5 10 15

5
25
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35 40

The value of the percentage error

) 10,
45 50

Fig. 4.3: Results of frequencies for the MEMS frequency self test design model
with f, = 5GHz , f; = 4.25GHz when variation the designed frequency from 0-

50%.
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Figure (4.3) shows that the resulting self test MEMS actuator frequency
alternations values in ( Dfj, and Df;) will be as percentage ratio from the actually
designed frequencies (f, and f5), and are linearly increased with the increase in
the designed frequency. While figure (4.4) shows that the capacitances of the
MEMS actuator will not be affected by these variations. The reason is a follows,
the design structure of these capacitances is independent of the operating
MEMS frequency. Also, figure (4.4) illustrates the motion inductance and
resistance of the MEMS actuator are highly inverse-proportional to the
percentage variations in the operating designed frequency. The reason for this is
that the structural characteristics of the MEMS L, and R, impedances depend
on the frequency of MEMS. Table (4.2) shows the values of Df,, Dfs, f,, fs,
f%, Co, Ciy, Ly and Ry, according to figures (4.3 &4.4).

! T T T T T T T T

Rm (Q)

| | | | | | | 1
6 5 10 I’s 2o 25 30 3’5 40 45 30
The value of the percentage error

Fig. 4.4: Results of parameters for the MEMS frequency self test design model
with f, = 5GHz , f; = 4.25GHz when variation in the designed frequency from

0-50%.

62



Chapter Four

Result And Discussion

Table 4.2: The values of frequencies and parameters for the MEMS frequency

self test design model with f, = 5GHz , f; = 4.25GHz when variation the

designed frequency from 0-50%.

Symbol Values according variation in the designed frequency
from 0-50%.
0% 25% 50%
Df,, 0 1.25 GHz 2.5 GHz
Dfg 0 1.063 GHz 2.125 GHz
fp 5 GHz 6.25 GHz 7.5 GHz
f 4.25 GHz 5.313 GHz 6.375 GHz
%f 0 % 25 % 50 %
Co 28.57 PF 28.57 PF 28.57 PF
Cn 10.97 PF 10.97 PF 10.97 PF
Ly 127.8 PH 81.75 PH 56.8 PH
R, 4.015+103Q | 3.21+x1073Q 2.675 1073 Q

4.2.2 When f, = 10 GHz and f; = 8.5 GHz

The planned model offered in figure (3.2) have been effectively designed,

simulated, and employed with the designed specifications illustrated in table

(3.2).

The system was firstly simulated without a change in the percentage of

frequency (i.e. at steady state) as shown in figures (4.5 &4.6).
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Fig. 4.5: Results of frequencies for the MEMS frequency self test design model
in the steady state case with f, = 10GHz , f; = 8.5GHz.
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Fig. 4.6: Results of parameters for the MEMS frequency self test design model
in the steady state case with f, = 10GHz, f; = 8.5GHz.

Figures (4.5 & 4.6) show that the actuator operates without errors in

frequencies and parameters. Table (4.3) shows the values of Dfy, Dfg, f;, fs,

f%, Co, C» Ly and Ry, in normal case (i.e. steady state case) .
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Table 4.3: Frequencies and parameters values for the MEMS frequency self test

design model in the steady state case with f, = 10GHz , f; = 8.5GHz.

Symbol Values
Df,, 0
Dfg 0
fp 10 GHz
fs 8.5 GHz
%f 0
Co 33 PF
Cm 12.8 PF
Ly 27.38 PH
R 1.721+1073 Q

By comparing table 4.3 with table 4.1 ,it can be seen that the values of L,
and R,, decrease when the designed frequencies increase. In the same
comparison, table 4.3 shows that the values of C, and C,, increase when the

designed frequencies increase.

Additionally, the percentage variation in the designed frequency has been
adjusted from 0-50%. Figures (4.7&4.8) show results of frequencies and

parameters of the MEMS frequency self test design model in this case.

65



Chapter Four Result And Discussion

10°
T\T T T T T T T T T T
5 . [ -
a2r ] l
Qp T 1 i 1 t t 1 t 1 ]
10°
—aF T T T T T T T T T
N
I
220 ] ‘ ]
o 0 I 1 1 1 1 1 I 1 1 —
<1010
_15F T T T T T T T T T
z
; ////
1 1 I 1 I 1 I 1 1 I —
’ 10|0
T T T T T T T T T
E, L | [ =
e ! T 7
08 1 1 1 1 1 1 1 1 1
0al T T T T T T T T I —
Kozl 1 : t —
0 T T | | | | | | | =
0 5 0 I’ 0 b { s 40 45 30
The valife of the Bcrccntggc error

Fig. 4.7: Results of frequencies for the MEMS frequency self test design model
with f, = 10GHz, f; = 8.5GHz when variation the designed frequency from 0-

50%.
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Fig. 4.8: Results of parameters for the MEMS frequency self test design model
with f, = 10GHz , f; = 8.5GHz when variation the designed frequency from 0-

50%.

Figure (4.7) also shows that the values of Df, and Dfg are linearly
increased with the increased percentage ratio error of the designed frequency

actuator. In addition, it can be seen that the range of Df, and range of Dfg in the

case of MEMS frequency self test design model with f, = 10GHz, f; = 8.5GHz
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are larger than their ranges in the case of MEMS frequency self test design
model with f, = 5GHz, f; = 4.25GHz. Therefore, it can be said that ranges of
Df, and Dfs in the case of MEMS frequency self-test design model with

variation in the designed frequency from 0-50% are linearly increased with the

increase of f;, and fs together.

Farther more, figure (4.8) shows that the values of capacitances of the
MEMS actuator will not be affected by this variation in the designed frequency.
Additionally, the same figure also show that values of L,, and R, impedances
depend on the frequency of MEMS. In other word, values of L,, and R, are
highly inverse-proportional to the percentage variations in the operating

designed frequency. Table (4.4) shows the values of Dfy,, Dfs, fj,, fs, %f, C,,
Cm» Ly and Ry, according to figures (4.6 &4.7).

Table 4.4: The values of frequencies and parameters for the MEMS frequency
self test design model with f, = 10GHz, f; = 8.5GHz when the variation in the

designed frequency is changed from 0-50%.

Symbol Values according to the variation in the designed
frequency from 0-50%.
0% 25% 50%
Df, 0 2.5 GHz 5 GHz
Dfg 0 2.125 GHz 4.25 GHz
fp 10 GHz 12.5 GHz 15 GHz
f 8.5 GHz 10.36 GHz 12.75 GHz
%f 0 25 % 50 %
C, 33.33 PF 33.33 PF 33.33 PF
Cn 12.8 PF 12.8 PF 12.8 PF
L, 27.38 PH 17.53 PH 12.15 PH
R 1.721+1073Q [1.376 1073 |1.145+1073 Q
Q
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4.3 Results of MEMS Parameters Dependent Design Model

This section illustrates the results of the circuit shown in figure (3.12).
The test here will be based on variable frequencies and will be explained as

follows:

4.3.1 when f, = 5GHz and f; = 4.25GHz

Firstly, the system was simulated without a change in the percentage of
internal MEMS designed impedances, (C,, Cp,, Ly, & Ry,) as shown in figures
(4.9 &4.10).
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Fig. 4.9: Parameters of the self test MEMS actuator without any change in the
percentage of internal MEMS designed impedances with f, = 5GHz,

f; = 4.25GHz.
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Fig. 4.10: Frequencies of the self test MEMS actuator without any change in the
percentage of internal MEMS designed impedances with f, = 5GHz,

f, = 4.25GHz.

The above figures show that the actuator runs in a normal case. In other
words, the above figures show that the actuator runs without a change in the
percentage of internal MEMS designed impedances. Therefore, output

frequencies stay constant at all times.

Secondly, the percentage variation ratio in the internal MEMS designed
capacitance (C,) has been adjusted from 0-50% with stay the values of other
parameters constant. Figure 4.11 displays the percentage change action in the
designed MEMS internal capacitance (C,), which will be applied to test the
MEMS designed frequencies which are shown in figure (4.12).
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Fig. 4.11: Percentage change in the designed MEMS capacitance (C,) of the
self test MEMS actuator with stay the values of other parameters constant in the
case of f, = 5GHz, fg = 4.25GHz.
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Fig. 4.12: MEMS designed frequencies according to percentage change in (C,)
in the case of f, = 5GHz, f; = 4.25GHz.
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From figure (4.12), it can be seen that the change in the designed
frequency (f,) will exponentially decay with a percentage change in the internal
MEMS designed capacitance (C,). Whereas, the same figure shows that there is
no change in the designed frequency (fg) for the same percentage change in the
internal MEMS designed capacitance (C,). Also, table (4.5) displays the values

of fp and fs according to percentage change in C,.

Table 4.5: The values of C,, f;, and f; according to percentage change in C, for
the self test MEMS actuator with f, = 5GHz , f; = 4.25GHz.

percentage Values of C,, f,, and f;
change in C,
Co fp fs

0% 28.57 PF 5 GHz 4.25 GHz
10% 31.41 PF 4.935 GHz 4.25 GHz
20% 34.28 PF 4.88 GHz 4.25 GHz
30% 37.15 PF 4.837 GHz 4.25 GHz
40% 40 PF 4.798 GHz 4.25 GHz
50% 42.9 PF 4.760 GHz 4.25 GHz

Now, the effect of changing the internal MEMS designed capacitance
(C,) on the MEMS designed frequencies will be tested. Figure (4.13) displays
the percentage change in the designed MEMS internal capacitance (C,,), which
will be applied to test the MEMS designed frequencies, which are shown in
figure (4.14).
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Fig. 4.13: Percentage change in the designed MEMS capacitance (C,) of the
self test MEMS actuator with keeping the values of other parameters constant in
the case of f, = 5GHz, f; = 4.25GHz..
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Fig. 4.14: MEMS designed frequencies according to percentage change in C,,
in the case of f, = 5GHz, f; = 4.25GHz.

From figure (4.14), it can be seen that the change in the designed

frequency (fp) decreased when the Percentage change of Cy, changes from 0%
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to 20%, and it is increased in residual changing. Also, the same figure shows
that the change in the designed frequency (fs) exponentially decays with a
percentage change in the internal MEMS designed capacitance (C,,). Table
(4.6) displays the values of fp and fs according to percentage change in Cy,.

Table 4.6: The values of Cp,, f, and fs according to percentage change in Cpy,
for the self test MEMS actuator with f, = 5GHz, fg = 4.25GHz.

percentage Values of Cy,, f,, and f;

change in Cp, C,, f, f,
0% 10.97 PF 5 GHz 4.25 GHz
10% 12.05 PF 4.824 GHz 4.052GHz
20% 13.17 PF 4.917 GHz 3.88GHz
30% 14.25 PF 5.007 GHz 3.727 GHz
40% 15.36 PF 5.255 GHz 3.59 GHz
50% 16.47 PF 5.44 GHz 3.471 GHz

In addition, the effect of changing the internal MEMS designed
impedance (L,) on the MEMS designed frequencies will be taken. Figure
(4.15) demonstrates the percentage change in the designed MEMS internal
impedance (L,). On the other side, figure (4.16) offers the MEMS design

frequencies according to changing the internal MEMS designed impedance

(Lm).
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Fig. 4.15: Percentage change in the designed MEMS impedance (L,,) of the self
test MEMS actuator with keeping the values of other parameters constant in the

case of f, = 5GHz, fg = 4.25GHz.
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Fig. 4.16: MEMS designed frequencies according to percentage change in L,
in the case of f, = 5GHz, f; = 4.25GHz.
The above figure shows that the values of the designed frequencies (fj
and f5) exponentially decrease when the percentage ratio change of L, changes.

Table (4.7) displays the values of f, and fs according to percentage change in
L.
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Table 4.7: The values of L, & f, and f; according to percentage change in

Ly, for the self test MEMS actuator with f, = 5GHz , f; = 4.25GHz.

percentage Values of L, f;,, and f;

change in L, L, f, f,
0% 127.8 PH S GHz 4.25 GHz
10% 140.6 PH 4.888 GHz 4.055 GHz
20% 153.2 PH 4.782 GHz 3.880 GHz
30% 166.1 PH 4.695 GHz 3.730 GHz
40% 178.9 PH 4.618 GHz 3.594 GHz
50% 191.7 PH 4.541 GHz 3.470 GHz

Furthermore, will investigate how the changing in internal MEMS
designed resistance (R,,) affects the MEMS designed frequency. The
percentage change in the intended MEMS internal resistance is shown in figure
(4.17). Instead, figure (4.18) provides the MEMS design frequencies in response
to varying the internal MEMS designed resistance (R,).
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Fig. 4.17: Percentage change in the designed MEMS resistance (R, ) of the self
test MEMS actuator with holding the values of other parameters constant in the

case of f, = 5GHz, fg = 4.25GHz.
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Fig. 4.18: MEMS designed frequencies according to percentage change in R,
in the case of f, = 5GHz, f; = 4.25GHz.

From figure (4.18), it can be seen that the variation in both designed
frequencies (f, and f;) is constant (no change) whatever the percentage change
in the internal MEMS designed resistance (R,,). In other words, the value of the
resistance is not considered in calculations of the values of the design

frequencies for the self test MEMS actuator.

Finally, the percentage variation ratio in the internal MEMS designed
impedances ( C,, Cpy,, Ly, & Ry,) has been adjusted from 0-50%. Figure (4.19)
shows the percentage change in the designed MEMS internal impedances (C,,
Cm»> L, & Rpy). On the other hand, figure (4.20) suggests the MEMS design
frequencies (f, and f5) according to changing the internal MEMS designed

impedances (C,, Cpy, Ly, & Ryp).
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Fig. 4.19: Percentage change in the designed MEMS impedances (C,, Cy,, Ly,
& Rpy,) of the self test MEMS actuator in the case of f, = 5GHz, f; =

4.25GHz.
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Fig. 4.20: MEMS designed frequencies according to percentage change in C,,
Cm> Lm, & Ry, in the case of f, = 5GHz, f; = 4.25GHz.

The above figure illustrated that the values of the designed frequencies
(f, and f5) exponentially decrease when the Percentage ratio change of C,, Cpy,
Ly, & Ry, changes. Table (4.8) displays the values of f, and fg according to

percentage change in C,, C,, Ly, & Ry, -
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Table 4.8: The values of Cy, Cpy, Ly, & Ry, f; and fg according to percentage

f, = 5GHz, f, = 4.25GHz.

change in C,, C,,, L, & R, for the self test MEMS actuator with

percentage Values of C,, Cpy, Ly, & Ry, £, and f
change C, Cp L, R,, f, f,
0% 28.57 PF | 10.97 PF | 127.8 PH | 4.015 mQ 5 GHz 4.25 GHz
10% 31.41 PF | 12.05PF | 140.6 PH | 4.416 mQ | 4.775 GHz | 3.864GHz
20% 3428 PF | 13.17 PF | 153.2 PH | 4.818 mQ | 4.583 GHz | 3.542 GHz
30% 37.15PF | 14.25PF | 166.1 PH | 5.218 mQ) | 4.423 GHz | 3.269 GHz
40% 40 PF | 1536 PF | 178.9 PH | 5.620 mQ | 4.285 GHz | 3.035 GHz
50% 429 PF | 1647 PF | 191.7 PH | 6.024 mQ) | 4.167 GHz | 2.834 GHz

From table (4.8), it can be concluded that the percentage change in the
designed MEMS impedances (C,, C,,, L, & R,,) has a dominant effect on the
MEMS designed frequencies.

4.3.2 When f;, = 10GHz and f; = 8.5GHz

This subsection is similar to the previous subsection but the difference is
in the frequencies that will be relied upon are f, = 10GHz , f; = 8.5GHz.
Firstly, will be considered two cases to find out how the MEMS-designed
frequencies are affected. The first case shows the MEMS frequencies design
when no change in the percentage of internal MEMS designed impedances, (C,,
Cm» L, & Ry,y). Figure (4.21) shows the values of the MEMS parameters, and
figure (4.22) offers the MEMS frequencies design. The second case shows the
MEMS frequencies design when the percentage variation ratio in the internal
MEMS designed resistance (Ry,) has been adjusted from 0-50% with keeping
the values of other parameters constant. The percentage change in the intended
MEMS internal resistance is shown in figure (4.23). Instead, figure (4.24)
provides the MEMS design frequencies in response to varying the internal

MEMS designed resistance (R,y).
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Fig. 4.21: Parameters of the self test MEMS actuator without any change in the
percentage of internal MEMS designed impedances with f, = 10GHz, f; =

8.5GHz.
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Fig. 4.22: Frequencies of the self test MEMS actuator without any change in the
percentage of internal MEMS designed impedances with f, = 10GHz, f; =

8.5GHz.
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Fig. 4.23: Percentage change in the designed MEMS resistance (R,) of the self

test MEMS actuator with holding the values of other parameters constant in the
case of f, = 10GHz, f; = 8.5GHz.
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Fig. 4.24: MEMS designed frequencies according to percentage change in R,
in the case of f, = 10GHz, f; = 8.5GHz.
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From the figures (4.24), it can be concluded that the MEMS designed
frequencies (f, & f;) are not changed for any value of R, when the percentage

variation ratio in the internal MEMS-designed resistance (R,,) has been

adjusted from 0-50%.

Now, the percentage variation ratio in the internal MEMS designed
capacitance (C,) has been adjusted from 0-50% with holding the values of other
parameters constant. Figure (4.25) displays the percentage change in the
designed MEMS internal capacitance (C,), which will be applied to test the
MEMS designed frequencies, as shown in figure (4.26).
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Fig. 4.25: Percentage change in the designed MEMS capacitance (C,) of the
self test MEMS actuator with keeping the values of other parameters constant in
the case of f, = 10GHz, f; = 8.5GHz.
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Fig. 4.26: MEMS designed frequencies according to percentage change in C, in
the case of f, = 10GHz, f; = 8.5GHz.

The figures (4.25, 4.26) show that the f, is the only effect frequency,
from the MEMS designed frequency, by the change in the value of Co, which is
mentioned in the previous case when the stander frequencies are f, = 5GHz,
f, = 4.25GHz. Therefore, it can be concluded that the behavior of fs and fp for
any value of stander MEMS frequencies is not changed when the value of co
changes. Also, table (4.9) displays the values of fp and fs according to
percentage change in (C,) in the case of f, = 10GHz , f; = 8.5GHz .

Table 4.9: The values of C,, f;, and f according to percentage change in C, for
the self test MEMS actuator with f, = 10GHz , f; = 8.5GHz.

percentage Values of C,, f;,, and fg
change in C,
Co fp fs

0% 33.33 PF 10 GHz 8.5 GHz
10% 36.67 PF 9.837 GHz 8.5 GHz
20% 40 PF 9.766 GHz 8.5 GHz
30% 43.33 PF 9.674 GHz 8.5 GHz
40% 46.66 PF 9.595 GHz 8.5 GHz
50% 50 PF 9.525 GHz 8.5 GHz
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In addition, the effect of changing the internal MEMS designed
capacitance (C,,) on the MEMS designed frequencies will be tested. Figure
(4.27) displays the percentage change in the designed MEMS internal
capacitance (Cp,), which will be applied to test the MEMS designed frequencies,

as shown 1n figure (4.28).
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Fig. 4.27: Percentage change in the designed MEMS capacitance (C,,) of the
self test MEMS actuator with keeping the values of other parameters constant in
the case of f, = 10GHz, f; = 8.5GHz.
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Fig. 4.28: MEMS designed frequencies according to percentage change in C,,
in the case of f, = 10GHz, f; = 8.5GHz.

From figure (4.28), it can be seen that the behavior of fs and fp in the case
of f, = 10GHz and fg = 8.5GHz is similar to the behavior of fs and fp in the

case of f, = 5GHz and f; = 4.25GHz when the percentage variation ratio in the
internal MEMS designed capacitance (C,,) has been adjusted from 0-50% with
stay the values of other parameters constant. The difference here is only the
range of changing C,, becomes large than that in the case of f; = 5GHz and

fs = 4.25GHz. Table (4.10) displays the values off, and f; according to

percentage change in Cp, in the case of f, = 10GHz, f; = 8.5GHz .

84



Chapter Four

Result And Discussion

Table 4.10: The values of Cp,, f, and fs according to percentage change in Cy,
for the self test MEMS actuator with f, = 10GHz , f; = 8.5GHz.

percentage Values of Cy,, f,, and f;
change in C,,
Cn fp fs

0% 12.8 PF 10 GHz 8.5 GHz
10% 14.08 PF 9.647 GHz 8.104 GHz
20% 15.36 PF 9.835 GHz 7.759 GHz
30% 16.65 PF 10.15 GHz 7.455 GHz
40% 17.93 PF 10.51 GHz 7.185 GHz
50% 19.20 PF 10.88 GHz 6.940 GHz

Furthermore, the effect of changing the internal MEMS designed
impedance (L,,) on the MEMS designed frequencies will be considered. Figure
(4.29) demonstrates the percentage change in the designed MEMS internal
impedance (Lp,). On the other side, figure (4.30) presents the MEMS design

frequencies according to changing the internal MEMS designed impedance L.
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Fig. 4.29: Percentage change in the designed MEMS impedance (L,,) of the self
test MEMS actuator with holding the values of other parameters constant in the

case of f, = 10GHz, f; = 8.5GHz.
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Fig. 4.30: MEMS designed frequencies according to percentage change in L,
in the case of f, = 10GHz, f; = 8.5GHz.

Figure (4.30) shows that the values of the designed frequencies (f, and f;)
exponentially decrease when the percentage ratio change of L, changes. This
point is mentioned in the previous case when the stander frequencies are
f, = 5GHz, fg = 4.25GHz. The difference here is only the range of changing
Ly, becomes small than that in the case of f, = 5GHz and f; = 4.25GHz. Table
(4.11) displays the values of f;, and fs according to percentage change in Ly, in

the case of f, = 10GHz, f; = 8.5GHz.
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Table 4.11: The values of L, & f, and fg according to percentage change in

Ly, for the self test MEMS actuator with f, = 10GHz, f; = 8.5GHz.

percentage Values of L, f;,, and f;

change in L, L, f, f,
0% 27.38 PH 10 GHz 8.5 GHz
10% 30.12 PH 9.767 GHz 8.104 GHz
20% 32.89 PH 9.564 GHz 7.760 GHz
30% 34.60 PH 9.385 GHz 7.455 GHz
40% 38.34 PH 9.226 GHz 7.184 GHz
50% 41.07 PH 9.120 GHz 6.960 GHz

Finally, the percentage variation ratio in the internal MEMS designed
impedances ( C,, Cpy,, Ly, & Ry,) has been adjusted from 0-50%. Figure (4.31)
shows the percentage change in the designed MEMS internal impedances (C,,
Cm»> Lm, & Rpy). On the other hand, figure (4.32) suggest the MEMS design
frequencies (f, and f5) according to changing the internal MEMS designed

impedances (Cy, Cpy, Ly, & Ryp).
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Fig. 4.31: Percentage change in the designed MEMS impedances (C,, C,,, Ly,
& Rpy,) of the self test MEMS actuator in the case of f, = 10GHz, f; = 8.5GHz

87



Result And Discussion

Chapter Four

<10°

6 3 1% 1% z‘l{) zl% 3‘{0 3;5 4 £ 30

The value of the percentage error

Fig. 4.32: MEMS designed frequencies according to percentage change in C,,,
Cm> Lm, & Ry, in the case of f, = 5GHz, f; = 4.25GHz.

Figure (4.32) offered that the values of the designed frequencies (f, and

f;) exponentially decrease when the percentage ratio change of C,, Cp,, Ly, &

Ry, changes. Table (4.12) displays the values of f, and fs according to

percentage change in C,, C,, Ly, & Ry, -

Table 4.12: The values of C,, Cy, Ly, & Ry, fj, and f; according to percentage
change in C,, C;,, L, & R}y, for the self test MEMS actuator with

f, = 10GHz, f, = 8.5GHz.

percentage Values of C,, Cpyy Ly, & Ry, £, and f
change C, C L, R, f, f,
0% 3333 PF | 12.8PF | 2738 PH | 1.721 mQ | 10 GHz 8.5 GHz
10% 36.67 PF | 14.08 PF | 30.12 PH | 1.892 mQ | 9.544 GHz | 7.725 GHz
20% 40 PF | 1536 PF | 32.89 PH | 2.065 mQ | 9.166GHz | 7.083 GHz
30% 43.33 PF | 16.65 PF | 34.60 PH | 2.237 mQ | 8.845 GHz | 6.535 GHz
40% 46.66 PF | 17.93 PF | 38.34 PH | 2.409 mQ | 8.571 GHz | 6.071 GHz
50% 50 PF | 19.20 PF | 41.07 PH | 2.585 mQ | 8.335 GHz | 5.665 GHz
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CHAPTER FIVE
CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS

5.1 Introduction

In this exploration, the conclusions about the results that appeared in
chapter four are presented. This chapter is divided into three sections, the first
section suggests the conclusion about the results of the MEMS frequency self-
test design model. The second section illustrates the conclusion about the results
of the MEMS changing filter parameter self-test design model. The third section

explains the future research directions for the proposed work.
5.2 The MEMS Frequency Dependent Design Model

From the results of the circuit shown in figure (3.2), where the results of
it are shown in chapter four and when the percentage variation in the designed
frequency has been adjusted from 0-50 %, the following points can be

concluded:

1- The Df,, and Dfg are linearly proportional with the increase in the percentage
variation which can be related to the aging failure mode.

2- The values of the capacitances of the MEMS actuator will not be affected by
these percentage variations.

3- The motional inductance and resistance of the MEMS actuator are highly
inverse-proportional to the percentage variations in the operating designed

frequency.
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4- The ranges of Df, and Dfg values in the case of MEMS frequency self-test

design model with the variation in the designed frequency from 0-50% are
linearly increased with the increase of the threshold designed frequencies (5
GHz and 10 GHz).

5- The values of L, and R, decrease when the threshold designed frequencies
increase.

6- The values of C, and C,, increase when the threshold designed frequencies

increase.
5.3 The Effect of Changing the Filter Parameters of the Self-Test Model

The results of the circuit shown in figure (3.12) included a number of cases.

Therefore, the conclusions of these results can be simplified into the following:

The effect of changing C,, it can be concluded that the change in the value of
C, starting 0 to 50% shows a decrease in the value of f,, while the value of fg
remains constant. Also, it can be concluded that the change in the value of C,
starting 0 to 10% shows a decrease in value of f,, while the change in the value
of Cp, starting 10% to 50% causes an increase in value of f,. Also, it can be
concluded from this case that the change in value of C,, causes a decrease in
value of fg. Also, it can be concluded that the change in the value of L, from 0
to 50% causes a decrease in the values of f, and fs. The change in the value of
Ry from 0 to 50% has not affected the values of fg and f;,. Finally, it can be
concluded that the change in the values of all parameters from 0 to 50% causes

a decrease in the values of f, and fs.
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5.4 Future Research Directions

By reviewing the simulation details of this study and analyzing the results
obtained, we can recommend several suggestions to future researchers in this
field to complete a systematic research and investigation in a scientific manner
and within a well-studied work plan. The following suggestions might be

recommended:

1) It is possible to continue the work using the proposed systems in this study
and developing a self-test at resonant frequencies higher than 10 GHz.

2) Studying the effects of partial changes in the designed resonant frequencies
with new high values on the impedance values designed by these systems.

3) Design a compensation system that can performs a correction in the value of

frequencies when the error happens.
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