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ABSTRACT

QUADRATURE ERROR COMPENSATION AND ITS
EFFECTS ON THE PERFORMANCE OF FULLY
DECOUPLED MEMS GYROSCOPES

Tatar, Erding
M.Sc., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Tayfun Akin

September 2010, 150 pages

This thesis, for the first time in the literature, presents the effect of quadrature error
compensation on the performance of a fully decoupled MEMS gyroscope and provides
experimental data on the sources of quadrature error. Dedicated quadrature error
cancellation electrodes operating with only differential DC potentials and generating a
force in phase with drive displacement to cancel the quadrature motion in a fully
decoupled gyroscope are designed. FEM simulations are used to understand the sources
of quadrature error and spring imbalances are found to be the main source of quadrature
error. Gyroscopes with intentionally placed spring imperfections are fabricated with
SOG based SOI process. SOG process is replaced with SOG based SOI process which
provides higher yield and process uniformity. Contact resistance problem is solved
during process optimization. As the next stage fully closed loop control modules are

designed for drive amplitude control, sense force feedback and quadrature cancellation.
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These modules are connected on a printed circuit board (PCB) with vacuum sealed

sensor module and tests are performed.

Tests show that the designed circuit with quadrature cancellation operates as expected.
Test results illustrate the performance is improved up to 7.8 times for bias instability, up
to 10 times for angle random walk (ARW) and up to 800 times for output offset with
quadrature cancellation. The actual performance improvement is higher since some
sensors cannot be operated without quadrature cancellation and they are not included in
performance improvement calculations. With quadrature cancellation the gyroscopes
are operated close to their theoretical white noise limits. The best obtained performance
is bias instability of 0.39%hr and ARW of 0.014%hr with theoretical ARW limit of
0.012°hr.  The minimum bandwidth is 70Hz but typically varies between 80Hz-
100Hz. The gyroscopes have a measured range of +100°sec but at least £150°/sec is

possible.

The measurements show that gyroscopes having spring imperfections have absolutely
higher quadrature error than standard gyroscopes consistent with FEM simulations. So,

it is found that spring design is significant to reduce the quadrature error.

To conclude, quadrature error cancellation improves the gyroscope performance up to
theoretical ARW limit showing that quadrature error is the major error source of
gyroscopes. In the path to sub degree per hour gyroscopes, quadrature error should
absolutely be compensated.

Keywords: MEMS Gyroscope, Quadrature Error, Quadrature Error Compensation
Technigues, MEMS Fabrication.



Oz

OFSET HATASININ GIDERILMESI VE BUNUN
TAMAMIYLA ETKILESIMSIZ DONUOLCER
PERFORMANSINA ETKILERI

Tatar, Erding
Yiksek Lisans, Elektrik ve Elektronik Mihendisligi Boliimii

Tez Yoneticisi: Prof. Dr. Tayfun Akin

Eylil 2010, 150 sayfa

Bu tez literatiirde ilk defa ofset hatasinin giderilmesinin tamamiyla etkilesimsiz
donuolcer performansina etkisine ve ofset hatasinin kaynaklarina dair deneysel veri
sunmaktadir. Tamamiyla etkilesimsiz bir doniidlgerde ofset hatasinin giderilmesi igin
sadece diferansiyel DC potansiyellerle ¢alisan ve siirlis hareketiyle ayni fazda kuvvet
ireten 0zel ofset giderme parmak yapisi tasarlanmigtir. Ofset hatasinin kaynaklarini
anlamak i¢in doniidlgere bilerek hatalar yerlestirilmis ve sonlu eleman analizi ile ofset
hatasinin miktar1 hesaplanmistir. Yaylardaki dengesizlikler ofset hatasinin en 6nemli
kaynag1 olarak bulunmus ve bilerek yay hatasi yerlestirielen doniidlgerler SOG tabanl
SOI iiretim yontemiyle iretilmistir. SOG tiretim teknigi daha yiiksek verimli ve daha
diizenli {iretim imkan1 sunan SOI {iretim teknigi ile degistirilmistir. Uretim sonrasinda
olusan kontak direnci sorunu ¢oziilmiistiir. Bir sonraki adimda siiriis genlik kontrol,

algilama modu giic geri besleme ve ofset giderme modullerinden olusan tamamiyla
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kapali dongili bir sistem tasarlanmistir. Bu modiiller bir baski devre {izerinde vakum

paketlenmis duyarga modiilii ile birlestirilip testler gerceklestirilmistir.

Testler ofset giderme 6zelligi olan devrenin beklendigi gibi ¢alistigini géstermistir. Test
sonuclart ofset giderme devresi ile birlikte sabit kayma kararsizliginda 7.8 kata kadar,
acisal rasgele kaymasinda (ARK) 10 kata kadar ve cikis ofsetinde 800 kata kadar
gelisme oldugunu gostermistir. Asil performans artis miktar1 daha da fazladir ¢ilinkii
bazi duyargalar ofset giderme devresi olamadan c¢alistirllamamakta ve o duyargalar
performans artig hesabina katilmamigtir. Ofset giderme devresi ile duyargalar teorik
beyaz giiriiltii performanslarina yakin ¢alistirilmiglardir. En iyi elde edilen sonug sabit
kayma kararsizlig1 olarak 0.39%/saat ve ARK olarak 0.014%saat’tir ve bu duyarga igin
teorik ARK sir1 0.012%saat’tir. En diisiik calisma band1 70Hz ve tipik olarak 80Hz-
100Hz arasinda degismektedir. ~ Doniidlgerlerin ¢alisma aralign +100°/sn  olarak

ol¢iilmiistiir fakat en az +150%/sn’ye ¢ikabilecekleri ongoriilmektedir.

Olgiim sonuglar1 sonlu eleman analizleri ile tutarli olarak yaylarinda hata olan
duyargalarin diger normal duyargalara gore ¢cok daha fazla ofset hatasinin oldugunu
gostermektedir. Ofset hatasinin azaltilmasi i¢in yay tasarimi dnemli oldugu sonucuna

varilmistir.

Sonug olarak, ofset hatsinin giderilmesi doniidlger performansini teorik beyaz girilti
limitine kadar getirmistir ve buna dayanarak ofset hatasinin 1%saatin altina giden
performans yolunda doniidlger i¢in en dnemli hata kaynagi oldugu sonucuna varilmistir.

Bu hatann kesinlikle giderilmesi gerekmektedir.

Anahtar kelimeler: MEMS Déniidlcer, Ofset Hatasi, Ofset Hatas1 Giderme Teknikleri,
MEMS diretimi.
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CHAPTER 1

INTRODUCTION

Every day airbags save lives of people in all around the world during car accidents. The
car understands the accident with its smart little sensors, called accelerometers and
initiates its airbag to protect passengers and driver. These are all the results of
commercialization of MEMS accelerometers in 90s. Since they are small, cheap and can
be fabricated in millions these smart sensors can be placed in standard cars. MEMS or
Micro Electro Mechanical Systems uses standard IC fabrication techniques to fabricate
mechanical systems. The main advantage of MEMS technology is it occupies very little
area compared to its conventional counterparts and it can be fabricated thousands on a
single wafer which makes it cheaper. MEMS technology started with standard IC
fabrication techniques but later developed its own processes for special applications such
as plating, molding and wafer bonding [1]. Today commercial MEMS sensors; inkjet
heads, pressure and flow sensors, inertial sensors, MOEMS, BioMEMS and RF MEMS
find application area in printers, mobile phones, digital cameras, game consoles, blood
pressure monitoring, airbags, inertial measurement units and so on. Total revenue of
MEMS market in the world is expected to be $6.54 billion by 2010, and annual
compound growth rate of 10.7% is expected in the time period 2009-2014, hitting $9.8
billion in 2014 by iSuppli [2]. Inertial sensors namely accelerometers and gyroscopes
constitute the 16% of the total revenue in 2007, 70% is dominated by automotive
industry [3].

MEMS accelerometers commercialized before MEMS gyroscopes, due to their

relatively simple structure. MEMS accelerometer research is kind of a mature research
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topic but the research on micromachined gyroscopes is still continuing. Gyroscopes are
used for platform stabilization, image stabilization in hand cameras, car roll over
detection, ESP in cars and so on. The performance of commercialized MEMS
gyroscopes is sufficient for automotive applications, but not sufficient for navigation
applications yet. Currently the hot topic is gyrocompassing which requires angle
random walk of 0.001°/hr and bias instability of 0.005°hr [4]. Gyrocompass refers to
the term; a compass that can find true north by using sensitive gyroscopes.
Gyrocompasses using ring laser gyros or fiber optic gyros are available but they are
bulky and expensive. MEMS gyros can replace these with the advantage of low cost

and smaller size.

In the path to the highest gyroscope performance, design considerations not taken into
account before comes into play. The error sources that were not taken into account
previously plays significant role in the limits. Today gyroscope design came to a limit
and extreme care in mechanical design and readout electronics should be paid. The error
sources that limit the gyroscope should be well identified. This thesis concentrates on
one of the main error sources that limits the gyroscope performance, so called
quadrature error. Quadrature error mainly occurs due to fabrication imperfections and
defined as the direct coupling of drive motion into detection mode of the gyroscope.
This error is the main obstacle in gyroscope performance in its path to sub degree per
hour bias instability and ARW. This study for the first time shows the performance
enhancement with quadrature error compensation and provides experimental data on the
sources of quadrature error in a fully decoupled gyro. A complete closed loop control
mechanism containing drive, sense, and quadrature compensation control electronics
with special quadrature error cancellation electrodes operating by only DC potentials

were designed and verified in the content of this thesis.

The organization of this chapter is as follows, Section 1.1 explains the basic operation
principle of vibratory rate gyroscopes and performance parameters that are used to
evaluate the performance of the gyroscopes. Section 1.2 gives a brief overview of
micromachined gyroscopes within historical order. Then Section 1.3 gives information

about the previous gyroscope studies at METU. Section 1.4 provides information about



the gyroscope studied in this wok. Section 1.5 explains the quadrature error and
cancellation techniques. Finally Section 1.6 presents the research objectives and thesis

organization.

1.1 Operation Principles of Vibratory Rate Gyroscopes and Performance
Parameters

The operation of vibratory rate gyroscopes is based on Coriolis force which was found
by French Scientist Gaspard-Gustave Coriolis. A detailed description of Coriolis force
will be given in Section 2.1. Figure 1.1 shows a conceptual gyroscope structure. For the
Coriolis force to act on the gyroscope the gyroscope is vibrated along drive axis either
by electrostatic force or by other means. In the presence of an applied rate in the
sensitive axis of gyroscope, sense mode of the gyroscope detects Coriolis force. All the
MEMS and mechanical gyroscopes’ operation is based on Coriolis force, however their

mechanical design may be different depending on designer’s considerations.

Drive

Figure 1.1: A conceptual gyroscope structure

Figure 1.1 is just for showing the conceptual operation of the gyroscope, actual designs
are more complicated to decouple the modes, increase sensitivity and suppress unwanted

motions but the operation principle is always the same.



There are a number of terms used to evaluate the performance of the gyroscopes [5].

These are summarized below,

Angle Random Walk: Specifies the white noise coming from Brownian motion of the
mechanical sensor and thermal noise of electronics. The unit for this error is typically
degrees per square root of hour [°/+hr].

Bias Instability (Bias Drift): The random variation in bias as computed over specified
finite sample time and averaging time intervals. Characterizes 1/f noise of the

gyroscope, unit is degrees per hour [°/hr].

Scale Factor: The ratio of a change in output to a change in the input intended to be
measured. The unit is generally milivolts per one degree per one second [mV/°/sec] for
gyroscopes. Linearity of scale factor is another parameter that stands for the scale factor
change for the applied rates.

Full Scale Range: Maximum angular rate gyroscope can measure reliably. The unit is

+%/sec.

G-survivability: Max shock that gyroscope can tolerate and continue operation without

any damage. The unit is g’s.

Bandwidth: The maximum frequency of the input that the gyroscope output can follow
without any loss in gain. The 3dB drop frequency in gain is taken as the bandwidth. The

unit is Hz.

Depending on the summarized performance parameters, the gyroscopes are classified in

three grades [6]. Table 1.1 shows the requirements of these grades.



Table 1.1: Performance requirements of three Grades [6]

Parameter Rate Grade Tactical Grade Inertial Grade
Angle Random Walk, °/\hr >0.5 0.5-0.05 <0.001
Bias Instability, °/hr 10-1000 0.1-10 <0.01
Scale Factor Accuracy, % 0.1-1 0.01-0.1 <0.001
Full Scale Range, °/sec 50-10000 >500 >400
Max. Shock in 1 msec, g’s 10° 10°-10* 10°
Bandwidth, Hz >70 ~100 ~100

1.2 Brief Overview of the Micromachined Gyroscopes

The history of the micromachined gyroscopes started in 1980’s with quartz gyroscopes,
but they were not compatible with IC fabrication technology [6]. The first silicon
micromachined gyroscope was introduced by the Charles Stark Draper Laboratory in
1991 [7] and they improved the process in 1993 [8]. Their improved process was based
on silicon on glass (SOG) and dissolved wafer process. The improved gyroscope has
angle random walk (ARW) of 0.72°/~hr, bias instability of 55°/hr, and 60Hz bandwidth.

These performance results were the best of those times.

During the early 90s, bulk micromachining and metal electroforming were mostly used
to form large masses. Draper’s gyros and University of Michigan’s electroformed ring
gyro which achieved a resolution of 0.5%sec in 10 Hz bandwidth [9] are examples of
these. In mid-90’s surface micromachined gyroscopes enabled fabricating the
mechanical sensor element and readout on the same chip area. This was achieved with
UC Berkeley and Analog Device’s iMEMS process [10] showing noise floor of
0.2°/sec/NHz. Analog Devices put into the market commercial gyroscope with this
process in 2002 bias instability of 50°hr and 0.015°%sec resolution [11] and the
gyroscope is still in the market. Another approach combining readout and mechanical
gyro came from Carnegie Mellon University in 2003, they fabricated the gyro with post
CMOS processing with DRIE and achieved noise floor of 0.02%sec/VHz at 5Hz

bandwidth [12]. The main purpose was increasing the mass to suppress Brownian noise
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of the sensor which is advantageous compared to standard surface micromachining.
University of California, Irvine on the other hand focused on mechanical design of
gyroscopes and fabricated 3-DOF gyroscope system, with noise floor of 0.64°/secVHz
over 50Hz bandwidth at atmosphere [13] in 2006. Robert Bosch GmbH, commercial
leader in gyroscope market, fabricated a gyroscope for automotive applications with bias
instability of 1.35%hr and ARW of 0.147°hr [14] in 2007. Georgia Institute of
Technology uses mode matching to achieve sub degree per hour gyroscopes [15]-[16],
but they are poor in the sense that bandwidth is limited with a few Hz under match
conditions. They fabricate the gyro on SOI wafer and achieved to have bias instability of
0.16%hr and ARW of 0.003°hr with automatic CMOS mode matching [16] in 2009.
Thales Avionics in 2009 presented a new mode matched gyroscope with ARW of
0.01°/+hr and bias instability of <0.1°/hr and the controller system is fully digital [17].
The state of the art, highest performance MEMS gyroscope is reported by Draper
Laboratories in 2010, the developed gyroscope has bias instability of 0.03°/hr and ARW
of 0.002°/hr and the gyroscope is fabricated with Draper Lab’s silicon on glass process.
The current trend in gyro control is implementing the controller in digital domain rather

than analog signal processing [4], [17], [18], [19].

Today most of the gyroscopes are tuning fork type to cancel out the common
acceleration. This is because, besides measuring rate the gyroscope sense mode is also
sensitive to the acceleration, and the acceleration is canceled by tuning fork structure. In
tuning fork two ideal gyroscopes are used but they are displaced in opposite direction
and their sense mode output is read differentially. With this way the Coriolis

acceleration is doubled whereas the common acceleration term is canceled.
1.3 Previous Gyroscope Studies at METU

The gyroscope studies in METU were initiated in 1998 with surface micromachined
gyroscopes fabricated with a standard three layer polysilicon surface micromachining
process (MUMPS) [20], [21]. The sensitivity of the sensor was low due to large
parasitic capacitances and it was shown with calculations that the sensor can sense

angular rates as small as 1.6°/s under vacuum. Figure 1.2 shows the polysilicon



gyroscope developed at METU [21]. The structure was poor in the sense that it had
stress related problems due to thin structural layer and large parasitic capacitances due to
conducting substrate. Then the process was switched and gyroscopes was fabricated on
insulating  substrate. Gyroscope prototypes with Dissolved Wafer Silicon
Micromachining (DWSM), Nickel Electroforming, Silicon on Insulator Micromachining
(SOl MUMPS process) and Silicon on Glass Micromachining (SOG) were fabricated
and tested [22]-[24]. Figure 1.3 [25] shows the improved mechanical structure which
was designed, fabricated and achieved to have ARW of 35°/hr/hz at vacuum and ARW
of 90°/hr/\Hz at atmosphere in 2006 [26]-[27]. A different mechanical structure that
keeps the phases of the drive mode oscillating masses exactly opposite was designed and
achieved bias instability of 200°/hr and ARW of 5.47°/~hr in 2007 [28].

Figure 1.2: Surface micromachined polysilicon decoupled gyroscope developed at
METU [21]



Figure 1.3: Improved decoupled gyroscope [25]

The basics of current readout technique, i.e. converting the output current of the sensor
into voltage by transimpedance amplifier (previously unity gain buffer was used), was
established in [29] and gyroscope performance was increased to bias instability of
14.3%hr and ARW of 0.115°%~hr. Later a 2 degree of freedom (DoF) sense mode
gyroscope designed and fabricated to achieve wide bandwidth without sacrificing
mechanical and electrical sensitivity achieving bandwidth of 1kHz, bias instability of
131°hr and angular random walk of 1.15%hr in 2009 [30]. With fully decoupled
gyroscope structure bias instability of 2.99%hr and 0.03°/vhr reported in 2009 [31].
That work focused on driving the gyroscope with different signal shapes (sine wave

drive and square wave drive) with closed and open loop sense systems.
1.4 Gyroscope Studied in This Thesis

Figure 1.4 shows the improved fully decoupled MEMS gyroscope studied in this
research. Different from previous gyroscope studies in METU, the new gyroscope
structure contains quadrature cancellation electrodes (Q+ and Q-) for the first time.
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Figure 1.4: SEM image of the fully decoupled gyroscope studied in this work

The gyroscope developed in this study is fabricated with SOG based SOI process. First
the glass wafer with recesses and interconnect metallization is formed. Second
structural layer is formed on SOI wafer with DRIE different from SOG process, in SOG
process [29] device layer was formed after anodic bonding. Processed glass and silicon
wafers are anodically bonded and finally handle and oxide layers of the SOI wafer are
removed. Oxide layer of the SOI wafer is used as an etch stop layer during structural
layer formation and dissolving the handle part of the SOI. The advantage of this process
is more stable DRIE process compared to SOG process in which 100um thick silicon

wafer is used and DRIE is performed on bonded glass wafer.

The main research goal of this thesis is to see the effects of quadrature error
compensation on gyroscope performance, to apply quadrature cancellation on fully
decoupled gyroscope structure and to give experimental data on the sources of
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quadrature error. Quadrature error was not previously studied in METU, with fully
decoupled gyroscope structure it was minimized at mechanical design stage. In the
content of this thesis quadrature cancellation electrodes operating with only DC
potentials are designed and placed in the layout. As the next stage closed loop control
electronics for drive, sense and quadrature cancellation are designed and implemented.
In addition to these, gyroscopes with intentionally placed errors are simulated, designed,

fabricated and tested to obtain experimental data on the sources of quadrature error.
1.5 Overview of Quadrature Error and Its Cancellation

Quadrature error can be defined as direct coupling of drive displacement into sense
mode of the gyroscope and leads to diagonal elements in spring matrix. It is known till
the first gyroscopes in 90s. Different from Coriolis signal which is proportional with the
drive velocity, quadrature signal is proportional with drive displacement. There is 90°
phase difference between Coriolis and quadrature signal; this is useful from electronics
point of view in the sense that these two signals can be separated from each other by

phase sensitive demodulation.

At the earlier stages of gyro this error was not recognized as a significant error or that
was not the parameter limiting the overall performance. But later on late 90s methods to
cancel this error were emerged. Phase sensitive demodulation is a technique to suppress
this error but the mechanical quadrature signal can be as large as 500°/sec whereas the
rate to be detected is in the order of °/hr, even a small phase error which is practically
inevitable causes offsets at the output. If it was only an offset, then it would not
constitute a problem, in that case the offset could be canceled by electronics. The main
problem with quadrature error is its stability throughout the time. Since the large
quadrature signal (amplitude and phase) changes with time the output offset also varies.
There is no choice rather than minimizing or canceling this error to operate the

gyroscope at theoretical limits.

The sources of this error are not exactly known but the process imperfections are
recognized as the main source [10]. On the design stage every structure is drawn to be

perfectly orthogonal to each other but microfabrication tolerances are poor compared to
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their dimensions, for example a 4um beam width cannot be defined better than +0.1um
tolerance. As a result the fabricated device does not have perfectly orthogonal drive and
sense modes. Some portion of the drive displacement couples into sense. Figure 1.5

shows an idea about the ideal and actual gyroscope

Sense Axis Sense Axis
Fquad ~Xp

Feoriotis ~Xp

Drive Axis

e

Drive Axis

i. ideal gyroscope ii. actual gyroscope

Figure 1.5: Conceptual figures on quadrature error

Different ways developed to suppress this error. These techniques are explained in the

next sections.
1.5.1 Mechanical Quadrature Suppression

This approach is shown in Analog Devices’ gyro [11]. This technique suppresses
mechanical quadrature signal by improving the selectivity of springs with the aid of
mechanical levers [32]-[33]. A view of mechanical levers is shown in Figure 1.6. The
movable parts of the gyro are suspended through mechanical levers of A and B. Their
stiffness is 500 times greater in the undesired axis but they provide minimal longitudinal
stress during displacement. Since compensation is made only on mask level, this is a
practical solution. The burden on readout electronics is also reduced since no quadrature
cancellation circuitry is required. Elimination of quadrature circuit saves die area and
smaller gyro chips are possible. Complete elimination of quadrature signal is not

possible with this technique; always some portion of quadrature signal is left. This
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approach suppresses the quadrature error up to a certain level and the performance is
limited with 50°/hr bias instability.

Figure 1.6: Analog Devices’ gyro with mechanical levers [11], A and B show the

mechanical levers

1.5.2 Electronic Quadrature Suppression

Quadrature signal can also be canceled by injecting a signal with the same amplitude but
with opposite phase to the sense channel. Cancellation can be done before converting
the current into voltage, in other words charge can be pumped to the preamplifier of the
sense channel [34]. For effective quadrature suppression both the amplitude and phase
of the feedback signal is important. Amplitude control can be achieved but phase
control may bring tight operating conditions on electronics [35]. An algorithm for
electronic quadrature cancellation is given in Figure 1.7. The main advantage is it can
be applied with any sensor; no modification on sensor design is required. Additional

electronics and tight phase control on feedback is the drawback of this technique.
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Figure 1.7: Algorithm for electronic quadrature compensation [34]
1.5.3 Electrostatic Quadrature Suppression

Electrostatic quadrature suppression is achieved by applying DC voltages to properly
placed electrodes on the gyroscope layout [36], [37], [39]-[42]. Basics of this technique
were established by William A. Clark [36]. By only applying DC potentials to specially
designed set of fingers and with a proper feedback mechanical quadrature error is
eliminated at its source. For coupled gyroscopes that use a single proof mass for both
drive and sense modes as in [36], applied DC reorients proof mass so that drive and
sense modes are exactly orthogonal to each other. Quadrature cancellation with DC
which is implemented by Honeywell can be found in [37]. Photographs of proof mass
with respect to applied quadrature potentials can be found in [38]. [39] also shows an

example of quadrature cancellation with DC torque voltages.

Among the quadrature suppression methods electrostatic quadrature suppression method

is the most effective technique. This is due to its superior characteristics over the other
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two methods. Mechanical quadrature suppression can cancel the error up to certain
level, i.e. still residual error remains, it improves the performance but for higher
performance quadrature signal should completely be removed. Electronic quadrature
suppression requires tight phase control on electronics which is impractical.
Electrostatic technique completely removes quadrature error. The error is eliminated at
its source before coming to sense preamplifier stage. The highest performance
gyroscopes reported in the literature makes use of electrostatic quadrature cancellation
[16], [17].

Today gyroscope performance came to a limit that the error sources should be well
identified to further increase the performance. Quadrature error is one of the main
sources and can form the limiting factor for the overall accuracy of the gyroscope

system [44].
1.6 Research Objectives and Thesis Organization

The main goal of this study is to experimentally identify the effect of quadrature error
cancellation on the performance of fully decoupled MEMS gyroscope and to get
experimental data on the sources of quadrature error. The specific objectives of this
research can be listed as follows:

1. Design of quadrature cancellation electrodes for the fully decoupled gyroscope
structure. The electrodes should be designed such that they will get drive
displacement and generate a force in phase with drive displacement by using
differential DC voltages to stop the unwanted quadrature motion. Mathematical
modeling of drive, sense modes and quadrature error are needed. Modeling of
quadrature error should be done using sense mode dynamics since the generated
force will be applied on that mode. In order to investigate the sources of
quadrature error a technique to characterize the different sources’ contribution to
quadrature error should be found.

2. Development of a new SOG based SOI gyro process that will solve the problems
of previous SOG process. SOG process has problems with device layer

formation. Device layer is formed after anodic bonding of silicon and glass
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wafers. Due to that overheating problems encountered which results in finger
destruction and widening of capacitive gaps. The new developed SOG based
SOI process should solve these problems. Contact resistance is another problem,
the measured contact resistances are well above the expected values. A process

solution to high contact resistances should be found.

3. Design and implementation of a fully closed loop control electronics. The
electronics should consist of drive amplitude control module, sense force
feedback module and quadrature cancellation module. Closed loop control will
result in a robust system that is not affected by environmental changes compared
to open loop system. Then the fabricated gyroscopes should be connected with

the designed fully closed loop electronics on a PCB to test the thesis’ arguments.

The organization of the thesis and the contents of the following chapters are as follows.

Chapter 2 deals with mathematical modeling of vibratory MEMS gyroscopes. After
introducing the governing equations and mechanical structure of the gyroscope, the
design of quadrature cancellation electrodes for the fully decoupled gyroscope structure
and modeling of quadrature error are provided. Finally FEM simulations for modal
analysis and modeling the sources of quadrature error are given.

Chapter 3 explains the fully closed loop control electronics design for drive amplitude
control, sense force feedback and quadrature cancellation. The design procedures are
given and the systems are simulated in SIMULINK design environment. Noise
performance of closed loop electronics is provided with mechanical noise of the gyro

Sensor.

Chapter 4 presents the details of developed SOG based SOI process for gyroscope
fabrication and compares it with the SOG process. Problems of SOG process and the

solutions obtained with the new SOG based SOI process are explained.

Chapter 5 gives the test results of SOI gyroscopes combined with the fully closed loop

designed control electronics. The performances of the gyroscopes with and without
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quadrature cancellation are provided to observe the effect of quadrature cancellation.
Then experimental data on the sources of quadrature error is given using the gyros with
intentionally placed errors. The performances of SOl and SOG gyroscopes are

compared to see the effect of quadrature compensation and process improvement.

Finally, Chapter 6 summarizes the conducted work and presents the drawn conclusions.

Probable suggested future research topics are also provided.
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CHAPTER 2

VIBRATORY GYROSCOPE THEORY,
MODELLING AND DESIGN

This chapter provides the vibratory gyroscope theory and introduces the modeling of
quadrature error. Section 2.1 describes the Coriolis force with equations then Section
2.2 derives the equations for drive and sense mode dynamics. Section 2.3 explains the
gyroscope design. Section 2.4 and 2.5 presents the capacitive actuation and sensing
mechanisms, respectively. Section 2.6 provides information about electrostatic spring
effect which is used to tune the resonance frequency of the sense mode. Section 2.7
presents the design of quadrature cancellation electrodes for the fully decoupled
gyroscope and modeling of quadrature error. Section 2.8 explains the FEM simulations
used for modal analysis and quadrature error modeling. Finally Section 2.9 provides the

summary of this chapter.
2.1 Description of Coriolis Force

The operation of vibratory gyroscopes is based on Coriolis force. Figure 2.1 shows an
inertial frame to visualize Coriolis force. Assuming the object is moving in positive x
direction and a rotation of Q is applied around the z axis, then a fictitious force in the
direction that is perpendicular to both the velocity and axis of rotation is exerted on the

object.
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Figure 2.1: Inertial frame showing Coriolis force

The fictitious force is called as Coriolis force and can be expressed as [45]

Fo = -2mQx X 2.1

where m is the mass of the object, X is the velocity of the object and Q is the applied
rotation rate. Equation 2.1 implies that in order to detect Coriolis force, the mass should
have a velocity otherwise Coriolis force is zero. That’s why gyroscopes operate under
dynamic conditions; there must be a vibrating mass (drive mode of the gyroscope) for

the Coriolis force to be exerted.
2.2 Mechanical Model of the Gyroscope

In the mechanical design, the gyroscope can be designed as either coupled or decoupled.
In the coupled design, there is only one mass used for drive and sense. In other words
while drive motion sense mode also moves and vice versa. However in decoupled
design, modes are separated from each other so that while one mode moves the other is
not affected. Figure 2.2 and Figure 2.3 shows different gyroscope structures. Figure 2.2
(a) shows a coupled gyroscope, Figure 2.2 (b) decoupled gyroscope and Figure 2.3 fully

decoupled gyroscope. In addition to Figure 2.2 and Figure 2.3, different structures can
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also be designed. For example drive can be decoupled from proof mass and sense frame
[22].
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Figure 2.2: (a) Coupled gyroscope (b) Sense mode decoupled gyroscope
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Figure 2.3: A fully decoupled gyroscope structure

The advantage of decoupling is the reduction of crosstalk between drive and sense

modes of the gyroscope. This crosstalk is known as quadrature error which is a major
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error source in MEMS gyroscopes. This error should be compensated and this study
provides a complete work on this topic. For fully decoupled gyroscope design a
coupling mass (proof mass) is required, as shown Figure 2.3. Decoupling the modes is
achieved through dedicated suspension systems and springs. The drawback of
decoupling is the loss in sensitivity to rate. Referring to Figure 2.3, Coriolis force acts

on proof mass however the Coriolis acceleration acts both on proof mass and sense

Mproof mass

mass. As a result the sensitivity to rate is reduced by Coupled

Mproof masstMsense

gyroscopes have higher mechanical crosstalk between modes since they are directly
connected to each other; as a result their quadrature signal is higher. The advantage is

Mproof mass

ratio is unity providing no loss in sensitivity to rate. Cross talk and

Mproof masstMsense

sensitivity are two important tradeoffs in gyroscope design.

The gyroscope studied in this thesis is fully decoupled similar to Figure 2.3 and Figure
2.4 shows the simplified model of the gyroscope. Basically the gyroscope consists of
two gyroscopes driven differentially to cancel out the common acceleration and has
three frames. These can be summarized from outer to inner as drive, proof mass and
sense frame respectively. Drive and sense frames have 1 degree of freedom (DOF)
motion capability however proof mass frame has 2 DOF motion capability. Proof mass
frame establishes the Coriolis coupling between drive and sense modes. In response to
an applied rate sense modes move differentially like drive mode and the rate is
converted into information by differential reading. Note that drive modes have
mechanical connection between them, however sense modes are mechanically separated
from each other. This will result in two separate sense resonance peaks due to process
imperfections as it will be shown in Chapter 5.
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Figure 2.4: Simplified model of the gyroscope studied in this work

2.2.1 Drive Mode Dynamics

The Coriolis force acting on the gyroscope is directly related with drive displacement X.
For a stable gyroscope, drive displacement should be well modeled and kept constant
over the working period. Drive mode resonator is modeled as a second order spring
damper mass system. For a second order system, force displacement relation can be
written as,

92 ]
fo(®) = mp%gth bD$+ kpx(t) 2.2

In Equation 2.2, f, is the force acting on drive resonator, my, is the drive resonator mass,
x(t) is the drive displacement, b, is the damping factor of the drive mode, and kj, is the
spring constant of the drive mode. By taking Laplace Transform of equation 2.2 and

rearranging the terms,
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For a second order system with mechanical resonance frequency wj and quality factor
@b,

k
2 _ D
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D

Using equation 2.4 and 2.5, equation 2.3 becomes,

Xp(s) _ 1
Fp(s)  mp(s? +%s +w2) 2.6
D

Under resonance condition; i.e. s = jwp when the frequency of the actuation force is
equal to the mechanical resonance frequency of the system,
Xp(Gw) 1 1Qp
w) 2" jkp 2.7
Fp(jw) wy  Jkp
mDG

Equation 2.7 states that at resonance there is 90° phase difference between the applied

force and displacement. Also increasing quality factor provides a larger displacement
for constant applied force. Drive mode of the gyroscope is operated at resonance to get

maximum displacement with minimum applied force.
2.2.2 Coriolis Coupling and Sense Mode Dynamics

Sense mode mechanics of the gyroscope is modeled as a second order spring-mass-
damper system as drive mode mechanics and Equation 2.2 is also valid for sense mode
with subscripts “S”. For open loop operation, sense mode is used to detect the induced
Coriolis force, no external electrical force is applied as in drive mode. When a rate is
applied to the gyroscope in its sensitive axis, a fictitious force perpendicular to drive
mode is exerted on drive and proof mass frames since they displace together. Due to

mechanical design shown in Figure 2.4, drive frame cannot displace in the sense
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direction however the proof mass can. As a result proof mass starts to vibrate with sense
mode in the sense direction. It is important here to note that the Coriolis force frequency
is equal to the drive mode frequency. The vibration that starts on the sense mode is an

amplitude modulated signal at the drive mode resonance frequency.

Force exerted on the sense mode is only due to Coriolis coupling. Consider the most
general case when applied angular rate is sinusoidal. Then the relation between sense

mode displacement and induced Coriolis force by using Equation 2.1 can be written as,

dx(t) 00, (t) 2%y (t) dy(t)
—ZmPMQZT—mPM 6Zt x(t) = mg 5z T bs ET ksy(t) 2.8

In equation 2.8, mp,, stands for the mass of proof mass frame, €, stands for the applied
rate and mg stands for the total mass of proof mass and sense frames. Assuming

sinusoidal drive displacement and sinusoidal rate,

x(t) = Xycos (wpt) 2.9

Q,(t) = Q,cos (w,t) 2.10

where w, is the frequency of applied rate. Then left hand side of Equation 2.8 can be

written as

Wz

> )sin(WD +w,)t+ (WD - &) sin(wp — wy) t} 2.11

LHS = mpyXoQ, {(wp + :

Equation 2.11 states that with a time varying angular rate applied to sense mode, sense

mode is actually excited by two forces at two frequencies centered around wy,.

Before finding the final response, first find the response to a single complex waveform.
Note that the response to a complex waveform is obtained by taking the real part of the

complex response.
Assume,

LHS = AelVtt 2.12
Then the solution of Equation 2.8 can be found as,
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Y = A
LW, 2.13
m | wé —wd) +j g we]

Rearranging Equation 2.11 in the form of Equation 2.12,
- W2\ piwptwy)t _ W2\ eilwp-wa)t
LHS = mPMXOQZIm{(wD + > ) el\WWD + (WD > )e } 2.14

Considering the general solution given in Equation 2.13, the solution of Equation 2.8 at

two frequencies can be found as

m w.
o2 X002, (wp + )
Y(wp +w,) = S 2.15
z 2 _ 2y 4 i Ws
(Ws (WD + Wz) ) +] QS (WD + WZ)
m w.
M X082, (wp ~F)
Y(wp —w,) = 5 2.16

(W2 = wp = w,)?) + g% (wp — ;)

Equations 2.15 and 2.16 can be simplified with certain assumptions. First it is feasible
to assume that w, > w, (drive frequency is much larger than the frequency of rotaion).
Sense mode output mainly depends on whether the gyroscope is operating under match

or mismatch conditions.

For match condition wj, = wg

2X0Q,Qs mpy
Jwp mg

Ywp +w,) +Y(wp —w,) = 2.17

As seen in Equation 2.17, sense mode displacement is amplified by the quality factor.
Sensitivity of the gyroscope is significantly improved at match condition, noting that
gyroscope is operated under vacuum conditions; i.e. quality factor is in the order of few

thousands. For constant rate w, = 0, denominator of equations 2.15 and 2.16 becomes,

WsWp

Us

where Aw is the frequency difference between drive and sense resonance frequencies.

Den.= 2wpAw +j 2.18
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Under matched condition

ﬁ» ZAf 2.19

Qs
With typical values of fg = 13kHz, Qs = 3000, Af should be smaller than 0.2Hz. For

matched operation, Af is named as response bandwidth and under match conditions it is
very small. Matching the frequencies with 0.1Hz-0.2Hz sensitivity requires additional
care and called as mode matching. In the literature there are specific studies for mode
matching [46]. These types of gyroscopes generally have bandwidths less than a few

hertz and target the gyro compassing application.

The second case is the mismatch mode which requires

20f > Js 2.20

Qs

Then sense displacement can be found as,

( ) ( ) ‘(O'QH"PM
Yiwp+wy)+Y(wp —wy) =——
D Z D Z AW s

221

Under mismatch conditions sense displacement is lower compared to match conditions
since it is not amplified by quality factor. But generally this mode is preferred. This is
because under mismatch conditions gyroscope is more stable and have a wide
bandwidth. For the typical values stated for Equation 2.19, 20Hz separation is enough to
operate gyroscope under mismatch conditions. The gyroscope studied in the scope of
this thesis was designed to operate in mismatch mode for a wide bandwidth and stable
operation. At the design stage sense mode resonance frequency is set to 1.5kHz-2kHz
higher than drive resonance frequency. During operation, with electrostatic spring effect
(will be explained in the following chapters), the frequency split is reduced to 200-
500Hz.
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2.3 Design of Fully Decoupled MEMS Gyroscope and Model Parameters

There are several parameters to be considered at the design stage of MEMS gyroscopes.
Drive and sense resonance frequencies are one of the important parameters. In order to
get rid of environmental noise and vibrations the resonance frequencies of drive and
sense modes are set between 10kHz-20kHz. Spring design and mass estimation come
into play at this point. Spring design, mass and damping factor estimation are discussed
in the following sections.

2.3.1 Spring Design and Spring Constant Estimation

Spring constant and the mass of the system determine the resonance frequency of the
gyroscope. Different spring structures used in the drive and sense modes of the
gyroscope. Springs providing high linearity are preferred in the drive mode since it
moves in the order of um and drive mode springs occupy larger area compared to
springs of the sense mode. Sense mode displacement is in the order of angstroms and
the spring behavior is linear in that range. So springs occupying less area are preferred
in the sense mode. A detailed analysis on spring design and spring constant estimation
can be found in [22].

2.3.2 Mass and Damping Factor Estimation

Total mass of the system can be found by using the basic expression;

m=dV 2.22

where d is the density and V is the volume. Density of the structure material is specified
by the manufacturer and volume can be found by the known methods. Then total mass

is found simply by multiplying those numbers.

Damping factor estimation is difficult since there are many parameters to consider like
the viscosity of air at different pressures. Damping factor of the gyroscope is obtained
by electrical resonance tests after vacuum packaging.
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2.4 Actuation Using Parallel Plate Capacitor

The fully decoupled gyroscope studied in this thesis is a capacitive sensor. For actuation
and detection capacitors are used in which electrostatic forces come into play. It is
important to note that electrostatic forces always pull the capacitor plates towards each
other. In actual operation pulling less can act as pushing. Figure 2.5 shows a typical
parallel plate capacitor to explain the capacitive force generation.

Crverdap L h, L
Gap Spacing, DD .‘4"“

Stationary Plate

z
¥ /
moving Plate
X

Figure 2.5: Parallel plate capacitor

Assuming the moving plate moves in positive x, y, and z directions. The parallel plate
capacitor in Figure 2.5 can be expressed as,

C = ag, % 2.23
L(x)=Ly+x 2.24
D(y)=Do~y 2.25
H(z)=Hy+z 2.26
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In equation 2.23, a. is the correction factor for fringing fields and ¢, is the permittivity of

free space. The energy stored in a capacitor is expressed as,

E = %CVZ 2.27

where V' is the potential difference between capacitor plates. Force acing on the
capacitor plates can be found by taking the partial derivative of stored energy in the

desired direction as in Equation 2.28 - 2.30.

_0E 1 Hy ,
Fx—a—zaSOD—OV 228
9E 1 HoLy
E =—=°_ — " y>? 2.29
Y T3y T 270Dy — y)?
g =08 L Loy 2.30
Z—E—EQSOD—O .

The generated electrostatic force does not depend on position for x and z directions
however it has a quadratic position dependence for y direction. This is due to the fact
that in x and z directions the rate of change of capacitance is constant, however it
changes with position in y direction. The force and sensitivity along y direction is
higher compared to other directions, but worse linearity is the tradeoff. For small
displacements y « D, force expression can be assumed as constant and this is exactly
the case for the sense mode of the gyroscopes. The displacement in the sense mode due
to applied rate is in the order of angstroms which is much smaller than the gap.
Sensitivity is a major concern in the sense mode since it determines the minimum
detectable rate. Varying gap type capacitors offering higher sensitivity are used in the
sense mode. However for the drive mode, where the major concern is the linearity,

varying overlap area capacitors which assure constant force are used.

In Equations 2.28-2.30 besides displacement another parameter to be examined is the
applied potential V. All the movable parts in the gyroscope are kept at proof mass
potential, while AC excitation signals are applied from fixed parts. So force can be

expressed as
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19C
Fo= >ar (Vem — Vacsin (wt))? 231

where Vp,, is the applied proof mass potential and V,. is the amplitude of the applied

AC signal. Equation 2.31 can be expanded as,

_19cC

k= EE{VgM — 2VpuVac sin(wt) + (Vycsin(wt))?} 2.32

Equation 2.32 can be rearranged to yield

_1ac

vz ) 1
F = Ea_r{VpZM + % — 2VppVuc sin(wt) + EVAZCCOS (2wt)}

2.33

D AC@w AC @ 2w
Equation 2.33 has force components at three different frequencies; one at DC, one at
frequency w and one at frequency 2w. The gyroscope is operated at vacuum and can be
considered as a high Q bandpass filter with typical quality factors of 40000 to 50000 for
the drive mode. The force components at DC and 2w are rejected by the sensor element

due to filter characteristics. The component at w drives the gyroscope.

Sense fingers consist of varying gap type capacitors. Figure 2.6 shows the conceptual

view of varying gap type fingers.
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Figure 2.6: Actual view of sense fingers

There are actually two unequal capacitors in Figure 2.6, due to gap and antigap. During
operation they change in opposite directions, this should be taken into account during
calculations. The net force acting on a single movable finger is found by simple
subtraction as follows,

1 1 1
Fy = —= agoHoLO

> 5~ s V? 2.34
(Dgap - :V) (Danti_gap - 3’)

It is straightforward that the calculated forces are only for one capacitor, to find the total
force on a set of drive or sense fingers, the expression in Equation 2.34 should be

multiplied with the number of fingers.
2.5 Detection Using Parallel Plate Capacitor

Actuation using parallel plate capacitor is examined in section 2.4. The displacement of
the drive and sense modes should also be detected and converted into voltage. The
signal obtained from drive mode is the carrier signal that is used in all the modulation

and demodulation steps in signal processing. The output of the sense signal gives rate
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information. Mechanical displacement is first converted into current by capacitors then

current is processed by the readout circuitry.

Definition of current through a capacitor,

dQ d(CV) _dv  dC
out = gt dt ac t 4 dt

The applied potential V = Vp,, since the potential between detection electrodes and

movable parts is equal to proof mass potential. So the output current can be written as,

dc ac ox ac )
Loyt = VPME = Vpum a_XE = Vpy a_X]WX(]W) 2.36

: . . . : ac .
since drive and sense displacement are sinusoidal. ™ and other parameters are obtained

by tests in Equation 2.36.
2.6 Electrostatic Spring Effect

The varying gap type fingers used in the sense mode of the gyroscope inherently have
additional features. If the expression given in equation 2.29 is once more differentiated
with respect to displacement y the resultant expression has unit in N/m. This indicates

the unit of spring constant.

Sketectrostatic = 62_5 = agy ﬂvz 231
dy? (Do —¥)?
The expression in Equation 2.37 indicates that the voltage applied on a varying gap
capacitor acts to soften the spring constant in sense direction. For the varying overlap
area type fingers such an effect cannot be found, because taking once more derivative of
Equations 2.28 and 2.30 results in zero. Electrostatic spring effect is very useful for
gyroscope operation. Resonance frequencies of the drive and sense modes are quite
critical in operation and mainly defined by springs. Spring widths cannot be defined
exactly, for example +0.2um tolerance on 4um spring width affects the resonance

frequencies by 10% which is a considerable error. At this point electrostatic spring
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effect enables the designer to tune the frequency of sense mode by adjusting the DC

potential applied to proof mass. The frequency of sense mode then can be found as

_ kS - 5kelectrostatic 2.38
Wg = —

Critical point in Equation 2.38 is the pull in voltage when ks = Skejectrostatic- 1t 1S
obvious that there is a limit for proof mass voltage it can be increased up to a certain
limit. For the differential capacitive configuration used in the sense mode of the
gyroscope given in Figure 2.4, pull in voltage can be found by equating sense mode
spring constant to electrostatic spring constant. Taking into account both gap and

antigap pullin voltage can be found by,

HoLo HoLo

2 2 —
&y 3 Vouuin + @& — Vouuin = ks 2.39
gap antigap
3 3
V. _ kSDgaPDantigap 2.40
pullin 3 3
agOHOLO(Dantigap + Dgap)

2.7 Quadrature Error

Quadrature error which is defined as the direct coupling of drive motion into sense
mode, is one of the major error sources in MEMS gyroscopes. Quadrature error occurs
due to poor microfabrication tolerances. Different from Coriolis signal which depends
on drive mode velocity, quadrature signal directly depends on the drive mode
displacement itself. Phase sensitive demodulation may be a choice to eliminate this
error, but as it will be shown in Section 3.3.2.1 it is not an efficient technique to suppress
this error. Since, the amplitude of quadrature signal may be much larger than amplitude
of Coriolis signal and small phase errors result in large errors at the output. Today
gyroscope performance came to a limit in which error sources should be well identified

and quadrature error is one of the mechanisms limiting performance.
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2.7.1 Design of Quadrature Cancellation Electrodes for the Fully Decoupled

Gyroscope

Different techniques to cancel quadrature error were explained in Section 1.5 and
electrostatic quadrature suppression is found to be the best. Figure 2.7 shows the

configuration for electrostatic quadrature suppression [36].

Stationary Fingers
yring Proof Mass

AR

—AV +AV |
I Vic v *

L P ey

Figure 2.7: Configuration for electrostatic quadrature suppression [36]

Considering Figure 2.7, assume proof mass displaces in the drive direction (positive x
direction) for an amount of X, and a small amount of y in positive y direction. Total
force acting on proof mass in y direction can be found by;

_10cC

—V? 241
) dy

There are four capacitors formed between proof mass and stationary fingers in Figure

2.7, so the force acting on the proof mass for a device thickness of h;

_1e(L=X)h 1e(L — X)h
"2y e TG gy e T
2.42
le(L+ X)h le(L +X)h
20—y (o0 T g e Uoe AV

For small y < y,,
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F_ls(L—X)h le(L—-X)h

————— (Vpc + AV)? — = ———"—(Vpc — AV)?

2 52 (Vpc + AV) 2 52 (Ve )
12(L + X)h , 1e(L+Xh ) 243

+ Ey—g(VDC —AV)° - Ey—g (Vpc +AV)
Then total force acting on the proof mass in y direction is found as;
4VpcAVeXh
F=-—2"" 2.44
Yo

Negative sign indicates that in response to a displacement in positive y direction, the
configuration given in Figure 2.7 generates a force to stop this movement. Equation
2.44 includes drive displacement X, which is sinusoidal meaning that a sinusoidal force
in the sense axis is generated automatically by only applying DC potentials +AV. Since
the applied force directly includes drive displacement no phase error is introduced to the
system. A similar analysis can be found in [36]. The result found in Equation 2.44 is
the main principle of electrostatic quadrature cancellation in MEMS gyroscopes.
Inherent demodulation due to drive displacement makes it the most effective quadrature
cancellation mechanism. Suppression of quadrature error requires a force exactly in
phase with drive displacement and configuration given in Figure 2.7 is the ideal and

simplest mechanism for that.

The result found in equation 2.44 is for a coupled gyro, i.e. proof mass is directly
connected to drive and sense electrodes, while drive motion sense mode also moves
without any applied rate. MEMS gyroscope developed at METU is a fully decoupled
gyroscope, i.e. ideally no portion of the drive motion couples into sense mode and vice
versa. This is established through dedicated suspension systems and three frames,
namely; drive, proof mass and, sense frame. Drive and sense frames have only 1 DOF
motion capability however proof mass has 2 DOF motion capability. Proof mass frame
is used to couple Coriolis force to sense frame. To achieve quadrature cancellation in
the fully decoupled gyroscope a new set of quadrature electrodes was designed. Figure
2.8 shows simplified half view of the fully decoupled gyroscope developed at METU.
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Figure 2.8: Simplified half view of the fully decoupled gyroscope developed at METU
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To illustrate the gyroscope better only half of the whole system is shown. The actual
system consists of two gyros to cancel out the common acceleration as given in Figure
2.4. Quadrature cancellation electrodes are placed on proof mass, since the quadrature
cancellation mechanism needs drive displacement and applies the force in sense
direction. Differential quadrature potentials +AV applied through two anchors and
fingers are placed so that a similar structure to Figure 2.7 is obtained. To better illustrate
the adopted mechanism, Figure 2.9 shows the conceptual configuration applied to the

fully decoupled gyroscope.

Quadrature
Motion

——
Drive Motion

PO—=0T QS ———cCc2Z QocO

Figure 2.9: Conceptual configuration to cancel quadrature error

Referring to Figure 2.9, for the given drive and sense motion directions, the capacitive
configuration generates a force in negative sense (y) direction to stop the unwanted

quadrature motion.
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When a similar analysis is carried out on the fully decoupled gyroscope given in Figure
2.9, the net force acting on the proof mass and sense frame in response to an unwanted
displacement in positive y direction is
F = —nw 2.45
Yo
In equation 2.45 n stands for the number of quadrature electrode finger sets. In Figure
2.8 and Figure 2.9 only one set of quadrature fingers is shown. Normally the fingers are

placed as much as possible to cancel maximum amount of quadrature signal.
2.7.2 Modeling the Quadrature Error

The force acting on the sense frame is found in Equation 2.45, but this force acts on
sense mode dynamics which should be modeled. Quadrature error occurs in both the
proof mass and sense frame, and the force that will cancel the error should act on both of
the frames. For that reason in the below analysis by sense mass (mg) the total mass of

proof mass frame and sense frame is meant.

Assuming the quadrature force is acting on sense mode dynamics, force displacement

relation is,

Then by taking the Laplace transform of equation 2.46,

Fo(s) = Y(s)(mss? + bs + k) 2.47
Then,
Y(s) 1
Fo(s)  mg(s2 + %s + w?) 2.48
s
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The operation frequency of the gyroscope is the drive resonance frequency (s = jwp),

YGw) 1

FoUw)  mg(—w} +jWZ?—VSVD + wé) 2.49
Ygw) _ 1 250
FoUw)  mg[Aw(ws + wp) + j Z572]

Os
Noting that gyroscope operates at vacuum, sense mode quality factor Qs = 3000, drive
and sense resonance frequencies around 13kHz, mismatch Aw = 200~500 Hz,
Aw > ‘;’—z and (wg +wp) = 2wp > wp.  Under these conditions imaginary term in

equation 2.50 can be ignored. However it should be known that neglecting the imaginary

term brings an amount of phase error.

Y(w) 1 1

Fo(Gw)  ms(wé —wp) ms(% - wd) 251

Y(Gw) 1

= 2.52
Fy gw) ks — mSW5 >

For static conditions second term of the denominator in Equation 2.52 is zero and the
equation becomes what we know as F = kY, but the situation here is different. It may
be easy to see this by a mechanical engineer, however takes some time to understand by
an electrical engineer. The second term in the denominator of Equation 2.52 decreases
the spring constant of the sense mode and increases the maximum amount of quadrature
displacement that can be canceled for constant quadrature force. The maximum amount
of quadrature that can be canceled mainly depends on sensor parameters. As the drive
and sense resonance frequencies come closer to each other maximum amount of
guadrature motion that can be canceled increases. In such a situation quadrature
displacement also increases, since sensor sensitivity and coupling from drive to sense

mode increases.

To find how much quadrature displacement is canceled Equation 2.45 should be placed
inside Equation 2.52. In that situation;
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4V AVeXh 253
nT =Y (ks — mswp)
0

Or more simply,

4Vpy AVeXh
ny—g = Ykeffective 2.54
The limiting parameter of applied quadrature force in Equation 2.54 is the applied
quadrature potential AV, in practical implementation it is the output of a PI controller.
Pl controller is implemented with an OPAMP, in that case maximum quadrature
displacement that can be canceled is limited with the OPAMP’s supply voltages. To
cancel higher quadrature displacements a high voltage OPAMP can be used but the key
point in OPAMP selection is the 1/f or flicker noise. Since only DC is applied to
quadrature electrodes flicker noise of this potential is important for bias instability and
ARW of the gyroscope.

2.8 FEM Simulations

FEM simulations shows the designer higher order effects that he/she didn’t take into
account while designing the gyro. Coventor, an FEM simulator optimized for MEMS

devices was used for FEM simulations in this study.
2.8.1 Modal Analysis

Modal analysis finds and shows the whole resonance frequencies of the analyzed object
in all directions. Resonance frequencies of drive and sense modes are quite critical for
the operation of gyroscope. For that reason modal simulation is significant in gyroscope
design. In addition to drive and sense modes, modal analysis finds the out of plane
modes which may deteriorate the performance and difficult to obtain with hand
calculation. For safe gyroscope operation the nearest undesired mode should be located

at a frequency at least twice the highest desired frequency.

FEM simulations are quite useful but there are points to be taken into account seriously.

FEM simulations are based on meshing; i.e. the object is divided into sub divisions and
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each division is taken as a single element by the software. Software then combines these
single elements and gives the whole result. Choosing the dimensions of single element
is the major concern. The smaller the dimensions the more exact solutions are obtained,
however decreasing mesh dimensions increases the burden on software and simulation
time increases. After some point simulator cannot handle the problem. Optimum mesh

dimensions should be found. In order to be sure about the results the simulation should

be carried out at least twice with meshing dimensions x and x/~/2 respectively. Then
the results should be checked whether they are consistent with each other or not. If the
results converge each other, higher mesh dimension can be used since it results in
shorter time. If not mesh dimensions should be divided by V2 and simulation should be
repeated again. This algorithm should be followed until two consecutive results
converge each other.

The gyroscope studied in this thesis has structural layer thickness of 35um. While
choosing the structural layer thickness, modal simulations run for different structural
layer thicknesses. The previously used thickness was 100um, simulations run with the
mask of that process and the results were compared. Table 2.1 provides modal analysis

results for different structural layer thicknesses.

Table 2.1: Modal analysis results for different structural layer thicknesses

Thickness 100um 25um 30um 35um 40um

Mode Frequency (Hz)
13759.93066  13430.7041 13459.76758 13488.27148 13515.87305
15413.55859 15049.20703 15081.07617 15112.42383 15142.82813

21711.03516

34470.46875 25868.83984 29979.375 34038.87109
36198.30859 2434151367 28827.47656 33198.26172 34241.11328
58716.06641 24526.66797 29050.27539 33460.34375 35950.41797
58719.47656 27564.16016 32776.59766 34219.92578 37455.03125

77686 27580.78516 32791.27734 35928.10156 37758.41406
78490.76563  28834.6543 34198.48438 37913.63281 42965.375
Drive resonance frequencies

_ Sense resonance frequencies

© 00 NOoO Ol WDN B

[N
o
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Modal simulations run for the first 10 modes. First the convergence test was performed
with different mesh sizes. In Table 2.1 there are two frequencies for drive and sense
modes. This is due to the fact that the gyroscope is differential; i.e. two gyroscopes are
connected to assure common acceleration cancellation. Due to differential gyroscopes
two modes for drive and sense modes are found one with in phase and one with opposite
phase. With differential excitation only one of these modes will be active during
operation. As seen in Table 2.1 as structural layer thickness increases the nearest
undesired mode goes away from the desired modes. For 25um thickness, there is one
undesired mode in between desired (drive & sense) modes which makes it impractical
for gyroscope operation since there is a chance of exciting that mode. Simulation results
show that thicker structural layer thickness is better but limit on thickness comes from
process conditions. From process point of view, aspect ratio and stable process
conditions are important. Taking into account both the process conditions and modal
analysis results 35um was chosen as structural layer thickness. Figure 2.10, Figure 2.11

and Figure 2.12 provides drive, sense and one undesired mode respectively.

MemMech: GMaster_SOI_35um_FEM4_mode_002 | 15 Nov2008 | Coventor Data

Modal Displacement Mag.: 0.0E+00 25E-01 5.0E-01 7.6E-01 1.0E+00
v 150224 Hz COVENTOR

Figure 2.10: Drive mode
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MemMech: GMaster_SOI_35um_FEM4_mode_004 | 15 Nov2008 | Coventor Data

Modal Displacement Mag.: 0.0E+00 25E-01 5.0E-01 7.6E-01 1.0E+00

um 166535 Hz COVENTOR

Figure 2.11: Sense mode

MemMech: GMaster_SOI_35um_FEM4_mode_005 | 15 Nov2008 | Coventor Data

k I

Modal Displacement Mag.: 0.0E+00 25E-01 5.0E-01 7.6E-01 1.0E+00

um 295346 Hz COVENTOR

Figure 2.12: Undesired mode at 29.5kHz
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Figure 2.12 shows an unwanted mode, as observed the gyroscope has an out of plane
mode, behaves strange. To ensure proper operation this mode is kept enough far away
from drive and sense modes. Drive resonance frequency is around 15kHz, sense
resonance frequency is around 16kHz and the nearest undesired mode is at 29.5kHz.
Note that fingers are not placed in modal simulations. If placed with proper mesh
dimensions the simulator cannot handle the problem. Equal masses in place of fingers

are placed and simulations are run at that condition.

In standard FEM simulations full gyroscope with fingers cannot be simulated as
mentioned. Coventor has another simulation module called Architect. In Architect 3-D
model is formed by connecting the modules that is present in its own library. However a
mask is required for standard FEM simulations in Coventor. Generally mask is ready
and it does not take long time to form 3-D model. Forming 3-D model in Architect
takes long time since the coordinate of every component is needed, but the simulation
time is very short. The Architect can handle the same problem in 30 seconds however
the same problem is solved in 5 minutes in standard FEM. The key point behind fast
simulation is the components used in Architect.  Architect knows whether that
component is rigid or not so it does not deal with the rigidity of the component. If not
rigid the flexibility in each direction is also known. But in standard FEM, the simulator
has to check rigidity and flexibility in all directions. It is possible to simulate the entire
gyroscope with drive and sense fingers in Architect. Figure 2.13 shows full gyroscope

module with drive and sense fingers.
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Figure 2.13: Complete gyroscope module formed in Coventor Architect

Problems faced with complete gyroscope module shown in Figure 2.13 and only one
gyroscope (half of the view in Figure 2.13) was simulated. The frequency response
(modal analysis) results were close to the standard FEM simulations. The advantage is
the short simulation time and parameters (spring lengths, spring widths, number of
fingers etc...) can be swept easily. As the next step the gyroscope can be combined with
electronics and a complete model can be formed in Coventor Architect. Forming the
first model takes long time but it may be quite useful if used properly. To show the
accuracy of the Architect, Table 2.2 shows the resonance frequencies of drive and sense

modes calculated with different sources.

Table 2.2: Comparison of calculated resonance frequencies with different sources

Architect FEM Hand Calculation
Sense Res. Freq. (Hz) 16598 16671 16579
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Depending on Table 2.2 sense frequencies are very consistent with each other but there
is small mismatch for drive frequencies. Assuming that FEM gives the most accurate
result there is 2% difference between Architect and FEM. 2% difference is a reliable
value for modal simulations. These results verify that Architect is a reliable simulation
tool and can be used in gyroscope simulation. Hand calculation results are also close to

FEM results, but the deviation is higher compared to Architect results.
2.8.2 FEM Analysis on the Sources of Quadrature Error

It is difficult to find the sources of quadrature error; the known fact is that, it occurs due
to direct coupling of drive displacement into sense. The control of spring sidewall
angles is known to have major effects on quadrature error with very large aspect ratios
[43]. Among the design considerations spring design is the most significant one. To
experimentally verify this phenomena gyroscopes with intentionally placed errors and

imperfections are designed in the content of the thesis.

The modeling of the errors prior to fabrication was performed with Coventor. The
imperfections are placed on the model that is used in Coventor, and FEM tool of the
software was used to determine how much quadrature error is introduced with that

intentional error.

Depending on literature search the effects of springs, force imbalances and mass
imbalances were decided to be examined and the simulations were based on those
imperfections. Figure 2.14 shows the actual layout of the half gyroscope and the

examined parts of the gyroscope are numbered.

The device layer is formed by DRIE by only a single mask; the starting point was any
mass imbalance that occurs during DRIE, nonequal thinning of springs and fingers. The
main purpose of the simulations was to determine the amount of error introduced with
these sources. At this point it is good to explain how the simulations were performed.
The gyroscope cannot be placed in Coventor directly because with drive and sense
fingers, the software cannot handle the problem after meshing. To lessen the burden on
the software equal masses in the place of fingers were placed as in modal simulations.

During the simulation drive mass was displaced by ~5um differentially similar to actual
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operation and sense displacement is monitored. The sense movement for 1%sec is
calculated and the simulated sense displacement was divided to that amount to find rate

equivalent error. Figure 2.15 shows the 3-D model used for simulations.

Figure 2.14: Actual layout of the half gyroscope
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Figure 2.15: 3-D gyroscope model used in Coventor FEM simulations

Figure 2.15, visualizes the simulation procedure. As seen only movable parts are
simulated since it is meaningless to include the stationary parts. Equal masses in the
place of drive and sense fingers can be observed. Drive mode is displaced by ~5um and
proof mass also displaces with drive, but due to fully decoupled mechanism sense mode
does not move. The movement of sense mode is so small that it cannot be visualized; it

was extracted with the software’s data extraction tool.

The simulations were started with mass imbalances. To observe the mass imbalance

some portion of the drive fingers in regions 5 and 8 was deleted. The simulated mass

imbalances were 1/500, 1/200 and 1/80 respectively. The calculated errors with these

sources were not considerable; they were lower than 10%sec. The mass imbalance of

1/80 can be noticed by eye; i.e. this kind of imperfection is not realistic, this does not

worth to consider. After simulations it was concluded that mass imbalance does not
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cause considerable quadrature error. An electrostatic force imbalance that may occur
due to non-equal thinning of drive fingers was also simulated. The gaps of region 7
were modified to 2.2um and 2.5um. Table 2.3 summarizes the simulated quadrature
error levels for force and mass imbalances. Higher force imbalances might be simulated
but they will not be realistic since all the drive fingers are almost etched in the same

manner.

Table 2.3: Simulated quadrature error results for electrostatic force and mass imbalances

QBRI Nominal Value | Errored Value Quadrgture error
Source (°/sec)
Force Imbalance 2.2pm 92.7
) 2um
Gap of region 7 2.5um 178
Mass imbalance 0 1/80 10

The other and the most important sources are the spring imperfections. Most of the
simulations were based on spring imperfections. The first imperfection was the
misalignment of the springs. What happens if the spring 3 is 1 degree misaligned?
1800°/sec quadrature! This error is also not realistic, since it can occur only on the mask
and will exist on all of the runs (it would be noticed if occurred). Instead of
misalignment, nonequal thinning of the springs is more important. For example one
spring can be 3.8um instead of 4um (layout value) and another spring on the same
gyroscope can be 3.9um. This will probably result in quadrature error. To determine
the amount and which spring causes how much error simulations were run. The results

are summarized in Table 2.4.

Table 2.4: Simulated quadrature error results for the springs

Spring 1 2 3 4 5 6
Width (um) 3.5 U85 3.6/3.8 3.5/3.8 3.5 18
Quad. (%/sec) 30 13.2 438/228 9.7/4 43.4 0.1

48



All of the springs’ layout design widths were 4um and on the simulations the nonideality
was introduced via only one spring width change. By observing Table 2.4 the most
important spring is found to be spring 3. Spring 3 transmits force from drive to sense
and proof mass frames. It can be concluded that the springs which transmits force and
motion are quite critical which makes sense. Quadrature error occurs due to coupling of
drive motion to sense and any imperfection at the force transmitting springs directly
increases quadrature error. Spring 5 causes also error but its error is common for both
half gyroscopes which means it can be canceled by differential reading. Spring 4 and 6
are the same with 3 but they do not cause significant error since they do not transmit
force from drive to sense. All the springs were simulated. One simulation was
performed to see if superposition applies for the error sources. Springs 3 and 5 had
errors and the total error was the sum of their individual errors. But key point here is
that their error sign was the same, if they had opposite sign errors then they would
cancel each other. The spring between 2 and 4 was not simulated because no
considerable error was expected. Depending on the results summarized in Table 2.3 and
Table 2.4 only the nonideality in spring 3 was drawn into the layout to observe real life
results since spring effect was found to have more considerable effects on quadrature
error. The imperfection on the layout was introduced at two levels, for some gyroscopes
spring 3’s width was drawn as 3.6um and for some 3.8um instead of design value 4um.
These errored gyros are placed on the layout in similar places with normal gyroscopes in

order to compare their quadrature levels and performance.

A change in the widths of the springs was examined; the sidewall angle was not
examined since it is not possible to observe it in real life. Sidewall angle cannot be
controlled during the process or it is better to say it in this way, a controlled sidewall
angle experiment cannot be performed. It can be simulated but experimental verification

is not possible.

The main objective is to observe the results of probable process imperfections on

quadrature error.
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2.9 Summary

This chapter presents the Coriolis force and mechanical model of the gyroscope with
their equations. Design of fully decoupled gyroscope is reviewed briefly. Then
capacitive detection and actuation mechanisms are explained. Electrostatic spring effect
used to fine tune the sense mode resonance frequency is examined. Then design of
quadrature cancellation electrodes for the fully decoupled gyroscope is explained and
equations to model the quadrature error are derived. Chapter ends with FEM
simulations performed to extract the resonance frequencies of drive and sense modes

and to model the quadrature error.
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CHAPTER 3

READOUT AND CONTROL ELECTRONICS FOR
GYROSCOPES

The displacement to be detected in the sense mode of a MEMS gyroscope is in the order
of angstroms which require extreme care in the design of electronics. This chapter
presents the details of readout and control electronics for MEMS gyroscopes. Section
3.1 explains the preamplifier stage where the output current of the sensor is converted to
voltage. Section 3.2 presents how the parameters of the gyroscopes are extracted
through tests. Section 3.3 provides the design of closed loop drive and sense mode
electronics. Then Section 3.4 explains the quadrature cancellation electronics for the
first time in METU. Section 3.5 deals with noise calculations of open loop sense mode,
Brownian motion and closed loop sense mode respectively. Section 3.6 gives a brief

summary of the chapter.
3.1 Preamplifier Stage

At preamplifier stage output current of the gyroscope is converted into voltage and
amplified to a reasonable signal level. Transimpedance amplifier structure is used to
convert output current to voltage in gyroscope. Figure 3.1 shows a typical

transimpedance amplifier.
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Figure 3.1: A typical transimpedance amplifier

The input output relation of the transimpedance amplifier can be found as,

Vo
E: _Zinterface
1 R
Zinterface = R//E = SCR+ 1
1 L
SCR > 1 = Zinterface = 5’ capacitive interface

SCR K1 - Zipterface = R, resistive interface

3.1

3.2

3.3

3.4

As seen in Equations 3.3 and 3.4 depending on the values of C and R transimpedance

amplifier can be made either capacitive or resistive. A capacitor should be placed at

preamplifier stage of the capacitive sensors to ensure stable operation.

The main advantage of transimpedance amplifier shown in Figure 3.1 is that it is

insensitive to parasitic capacitances and contact resistance. Purely transimpedance

amplifier is not sufficient for gain and an instrumentation amplifier is used after the

preamplifier stage. Capacitive type preamplifier is used in the sense mode preamplifier
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stage because if resistive type is used, to satisfy the same gain, noise of that resistor will

be higher. Resistive type is preferred in drive mode for system design considerations.
3.2 Obtaining Parameters through Resonance Tests

Model parameters of the gyroscope are needed during design of drive and sense control
electronics. Frequency response of the sensor with preamplifier and instrumentation
amplifier is obtained by resonance tests. The relation between input and output is found
and parameters are extracted based on the found relation.

FD—>XD\v

Gyroscope o
Drive Mode

Figure 3.2: Schematic of drive resonance test

During resonance test of the drive mode, gyroscope is actuated from drive motor (DM)
electrode, the output current is collected from drive pick (DP) electrode and converted
into voltage as shown in Figure 3.2. To explain Figure 3.2 briefly, the applied Vi,
potential is converted into force Fp by capacitive actuation mechanism, the force Fp is
converted into displacement Xp by drive mode dynamics and displacement Xp is
converted into current Ip by capacitive detection mechanism. Finally the output current
Ip is converted into voltage Vo by preamplifer and instrumentation amplifier. These

conversions can be expressed as,

Vout(s) _ FD(S) XD(S) ID(S) Vout(s)

= 3.
V() Vin®) Fo®) X5 () Ip(S) °

Combining equations 2.6, 2.28, 2.33, 2.36 and 3.1
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Vout(s): dCpym 1 v aCDPSZ' A,
Vin(s) PM Ox mp (SZ+@S+WL%) PM dx interface‘lint.amp. 3.6

Up

dCpy 0C
Vout (S) _ V}gM a?CM a—gpszinterfaceAint.amp.

- 3.7
Vin(5) mp (52 + g—gs + wﬁ)
At drive resonance frequency,
Vout (s) 1 V2 9Cppy 0Cpp Qp A 38
Vin (s) - m_D PM ™5 " " ox W_D interface‘lint.amp. .

The mass of the drive mode m,, can be found by hand calculation, proof mass potential
Vpm, preamplifier gain Zierface, and instrumentation amplifier gain Ay, qmp. are
known by the design. Quality factor Q, and resonance frequency of the drive mode wy,
and the gain V,,./V;, are obtained from resonance tests. There is a known and fixed
ratio between the sensitivities of drive motor dCp,,/0dx and drive pick dCpp/0dx defined
by the design. To sum up all the parameters except the sensitivities of drive motor and
drive pick are known. The sensitivities of DM and DP can be found by using Equation

3.8 and the relation between them.

A similar algorithm can also be developed for the sense mode. Figure 3.3 shows the
resonance test schematic of sense mode. Similarly the relation between input and output

can be found by,

Vout(s) — FS(S) YS(S) IS(S) Vout(s)
Vin(s)  Vin(s) Fs(s) Ys(s) Is(s)

Fg— Ys \
+ SP+

Gyroscope 0
Vin@ ' FE. Sense Mode Sp-

3.9

VOUI

Figure 3.3: Schematic of sense resonance test
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In a similar way of equation 3.6,

Vour () —v 0Crr 1 vV dCsp 7. A
Vin(s) M=y mg (SZ L Ws o W;) PM "5y interfaceAint.amp. 3.10
Qs
2 aCFFaCSPSZ_ A
Vout(s) _ "PM™gy gy ““interfacefintamp. 211
At sense resonance frequency,
Vout(s) 1, 0Crr0Csp Qs 312

= ZFF Us., "
Vin(s) ~mg ™ 3y 8y ws interfacetint.amp.

A similar algorithm can be followed as in finding the sensitivity of drive mode. A
relation between force feedback sensitivity dCpr/0y and sense mode sensitivity
dC,, /0y is extracted though layout and their exact numerical values are found using

Equation 3.12.

Different from drive mode the inputs and outputs are differential in sense mode. Noise
in sense mode is critical and determines the minimum detectable rate, differential input

and outputs are used to suppress the noise and increase noise immunity.

The phase difference between input and output signal at resonance depends on the
preamplifier type used. If the interface is resistive, there is no phase difference between
input and output signals. If capacitive type used there exists 90° phase difference

between input and output.
3.3 Design of Drive and Sense Control Electronics for MEMS Gyroscopes

Gyroscope has basically two modes; namely drive and sense mode. From control
electronics point of view, two modes are examined separately. Both the drive and sense
mode control electronics are designed for closed loop, and they will be examined
respectively. The followed procedure in controller design is as follows, first the open
loop transfer function is obtained with simplified gyro model and controller parameters
are found analytically, then the system is verified in SIMULINK design environment.
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3.3.1 Drive Mode Control Electronics

Definition of Coriolis force states the direct relation between drive displacement and
Coriolis force amplitude in Equation 2.1. The induced Coriolis force on sense mode due
to an applied rate is directly multiplied with the amplitude of drive displacement. Drive
displacement is one of the factors that determines the scale factor of the gyroscope.
Drive mode amplitude control is absolutely necessary for the drive mode of the
gyroscope to ensure constant scale factor.

Drive mode is operated at its resonance frequency to obtain maximum displacement
with minimum applied actuation voltage. At vacuum drive mode quality factor exceeds
few tens of thousands which makes it a very sharp bandpass filter. Since the gain of the
system is also high with positive feedback the system is easily locked to drive mode
resonance frequency. Self oscillation starts with the environmental noise. Then with
amplitude control mechanism drive displacement is kept constant. Figure 3.4 shows the

closed loop control mechanism for drive mode.

To explain qualitatively, drive pick signal (Vpp) is first demodulated with itself and
passed through a low pass filter (LPF). After LPF drive pick signal is converted into DC
which gives information about the amplitude of drive displacement. DC potential is
compared with a reference DC voltage (desired drive displacement amplitude) and the
error output is fed to a PI controller. PI controller works and stabilizes the circuit when
error signal (Vo) IS zero, i.e. when the designed drive displacement is achieved.
Output of PI controller is DC and it is fed to a switching modulator which drives the
gyro. Controller’s output determines the amplitude of modulated signal. Since the
modulator is a switching one, the output is a square wave. Noting that the gyroscope is
operated at vacuum and quality factor is high only the first harmonic of the square wave
drives the gyro. Higher harmonics are eliminated by the bandpass filter characteristics

of the gyroscope.
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Figure 3.4: Closed loop control mechanism for drive mode

In the design of electronics the phase of the carrier applied to modulator and
demodulator is crucial. Resistive preamplifier is used in drive mode and at resonance
according to Equation 3.8 input and output of the gyroscope is in phase. So carrier of
modulator should be chosen the drive pick signal itself. For demodulation DP signal
should be used since the amplitude of the signal should be detected. Set voltage Vi, is
used to set the drive displacement to the desired value. It should be a constant potential
and should not change with environmental conditions and chosen as the output of a
bandgap reference. For this design output of the bandgap reference is fixed and the

flexibility in drive displacement is achieved by varying the gain of low pass filter.

Before moving to open loop characteristics of drive control circuit to determine
controller parameters, Pl controller is analyzed. Figure 3.5 shows PI controller
implementation with an OPAMP.

The transfer function of the PI controller, with proportional gain K, and integral gain K;;

K
Cpi(s) = Kp +?I 3.13
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Figure 3.5: PI controller with OPAMP

The transfer function of the circuit shown in Figure 3.5 is found as

Vour Ry 1 3.14

C(s) = — —
==y =% "5k

Matching Equation 3.13 with 3.14 proportional and integral constants are found as,

R, 1 3.15
Kp = =2 and K; = —
P Rl and I CRl

As seen a PI controller can be implemented with an OPAMP two resistors and one

capacitor.

The controller loop design starts with choosing the amplitude of drive oscillations. With
control circuit what can be done is only setting the drive pick signal’s amplitude

constant. The amplitude of drive pick signal can be found as,

. CDP .
Vpp(Gw) = Vpy W]WDXDZinterfaceAint.amp. 3.16

Capacitive sensitivity of drive pick dCpp/dx can be found by the procedure described in
section 3.2, and the other parameters are known by tests in Equation 3.16. After
determining the drive displacement amplitude, the amplitude of the drive pick signal can
be found. By adjusting the gain of demodulator and low pass filter desired drive pick

amplitude can be set. Note that with this kind of approach not the drive amplitude is

58



kept constant, instead the product given in Equation 3.16 is kept constant. A variation in
the drive resonance frequency wy will change the drive displacement amplitude. But a
few Hz frequency shift will change the drive displacement in the order of 1/10000

which may not be critical.

In the design stage and during the tests proof mass potential is the main element that
determines the drive displacement amplitude. Basically it can be thought the product of
drive displacement and proof mass potential is kept constant since the other parameters
are fixed. Maximum allowed drive displacement is 10pum for the gyroscope studied in
this thesis and drive displacements of 3-7.5um are analyzed during the tests. In the
design procedure explained above the drive pick signal amplitude was set to 760mV
peak which corresponds to 4um displacement for 10V proof mass potential for SOI
gyroscope NO8. Higher drive displacements are also possible and increases the
sensitivity of the sensor but 7.5um is set as the limit to be on the safe side.

Displacements greater than 7.5um may damage the sensor due to overshoot at start up.

In order to model the drive mode controller, simplified transfer function of the drive
mode is needed. Drive mode dynamics between modulator and demodulator at
resonance can be simplified to a first order system which can be expressed as [31],

Ap

2Qp 3.17
1+ SW—D

Hp(s) =

where Apis the drive resonance gain of the gyroscope Qp and wy, are the quality factor
and resonance frequency of the drive mode, respectively. Under the stated simplification
open loop transfer function can be written as (transfer function between DM and

modulator output in Figure 3.4)

K
K (1+s=£
A 1( K ) 3.18
Hop(s) = —DZQ KpHypp(s) —
sZxD

1+ Wp

In equation 3.18, K,is the demodulator gain, H;pr(s) is the transfer function of the LPF

and K, is the gain of modulator.
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The Pl parameters, maximum overshoot and settling time of the system are adjusted
with the parameters of the PI controller. It was found that if pole zero cancellation
occurs; i.e.

20, Kp 3.19

1+s—=1+s—
Wp K;

Then the system becomes simpler. If the equality is formed in Equation 3.19, the settle
time is greatly reduced and no overshoot is observed. Since the quality factor and drive
resonance frequency varies with gyroscope, Pl parameters need to be updated for each
gyroscope if settling time and overshoot is critical. Generally the parameters except the
parameters of PI controller are fixed. In such a case increasing the integral gain makes
the system fast however phase margin is also reduced. An optimization between phase
margin and settle time should be found. 60° phase margin is the optimum point between

stability and settle time.

A simple design procedure for the sample SOI gyroscope NO8 is shown below. The

resonance characteristics of NO8 are given in Table 3.1.

Table 3.1: Drive resonance characteristics of SOI gyroscope NO8

Characteristics Value
Resonance frequency 13.9kHz
Gain 15.88dB (6.22)
Quiality Factor (Q) 50546
20p/wWp 1.16

Using equation 3.18 and 3.19 phase margin of the system is set to 60°. Since the
transfer function is greatly simplified this can be done manually but the phase
characteristics of the low pass filter should be taken into account. The lowpass filter
was designed using “Texas Instruments Filter Pro” program. The low pass filter is a
second order butterworthfilter with multiple feedback topology cut off frequency of

100Hz. Figure 3.6 shows the circuit diagram of the low pass filter .
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Figure 3.6: Multiple feedback topology Butterworth low pass filter

The transfer function of the low pass filter given in Figure 3.6 is,

KLPFWg 3.20

Hipp(s) = ——5——
s2 4 %s + wé

VR2R3C1 G 3.21

~ (Ry + Rs + |Kppp|R3)Cy

Q

R, 1
KLPF = - aTld WO =

Rl \/R2R36162

The open loop transfer function given in Equation 3.18, can be rewritten for the sample

3.22

SOI gyro with LPF transfer function as ;

Kp
656 2 4.16 * 394784 K (1 ts K,) 4 3.23
k — %k F3 —_
1+s1.16 m s2+ 881.1s + 394784 s

Ho(s) =

In Equation 3.23, 2/m is the rms value of rectified sinus with demodulator gain 1, and
4 /7 is the first harmonic of square wave driving the gyro. LPF transfer function is
obtained for 4.16 gain and 100Hz cutoff. After a few iterations on MATLAB, K, was
optimized as 5 and Kpwas found using equation 3.19 5« 1.16 = 5.8. Bode diagram

showing the phase margin is given below in Figure 3.7.
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Bode Diagram
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Figure 3.7: Open loop Bode diagram of drive amplitude control circuit

Figure 3.7 shows that, the system has a phase margin of >60°. Settle time and overshoot
can be obtained by the step response of closed loop transfer function. Figure 3.8 shows
the step response. With pole zero cancellation applied the system settle time is 20msec

and no overshoot is observed.
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Figure 3.8: Step response of closed loop system
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A SIMULINK model is formed for the drive mode of the gyroscope to see the transient
response. Figure 3.9 shows the SIMULINK model for the drive amplitude control

circuit of the sample gyroscope.

o pas | 1 }‘

Ref

10.74s 1.631e8
s2+1 73547 6ed
: : s2+55E . 25+3.958e5
Drive-Mode ADE30 Gain2 LFF

GHND ADB222

FIC |
PID Controller

ADS30_2

Figure 3.9: SIMULINK model used for drive amplitude control circuit

Drive model given in Figure 3.9 is a realistic model since all the components used in the
real circuit are modeled here. Exact second order drive model is used here. Settle time
and maximum overshoot can be found using Figure 3.10. Settle time is 25msec and no
overshoot observed consistent with analytical modeling. The drive amplitude was set to

760mV as calculated.
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Figure 3.10: Output of drive motor signal in SIMULINK

A detailed analysis on drive control circuit can be found in [31]. In that thesis, effects of
square wave drive, sinusoidal drive and half frequency drive are examined. In this study

square wave drive signal is applied to the drive motor electrodes of the gyroscope.
3.3.2 Sense Mode Control Electronics

Open loop or closed loop rate sensing can be used in the sense mode of the gyroscope.

Details of open and closed loop rate sensing are examined in the following sections.
3.3.2.1 Open Loop Rate Sensing and Quadrature Error

Open loop rate sensing is the standard approach used to extract the rate information.
The output of the sense mode is an amplitude modulated signal at drive resonance
frequency; so sense signal is demodulated with drive carrier and converted into DC by
low pass filtering. Under ideal conditions sense pick signal is only due to applied rate,
but in practice there is a large signal besides the rate signal called as quadrature signal.
There exists 90° phase difference between quadrature and Coriolis signals. Figure 3.11

shows the typical open loop rate sensing structure.
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Figure 3.11: Typical open loop rate sensing structure

In Figure 3.11, ® stands for any phase error introduced during demodulation, wy, for
drive resonance frequency, Ac and A, for Coriolis and quadrature signal amplitudes

respectively. Demodulator output;

Ap = cos(wpt + 0) [Ac cos(wpt) + Ag sin(wpt)] 3.24

Ap = [cos(wpt) cos@ — sin(wpt) sin@][A. cos(wpt) + Ag sin(wpt)] 3.25

For small ®; cos® = 1,sin® = 0 . Under these assumptions low pass filter output can

be found as;

3.26

A Ag
Apr = ———=20
LPF 2 2

where A, > Ac. Even small phase errors during demodulation which is inevitable may

cause errors at the output.

An analysis showing the quadrature signal’s magnitude can be performed as follows.

Assume drive displacement;

Xp = X, sin(wpt) 3.27

where X, is the maximum drive displacement then Coriolis acceleration in response to

an applied rate of Q is

aC = ZQZ X XD = ZQZwDX()COS (WDt) 328
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Quadrature motion is the direct coupling of drive displacement into sense, so quadrature
acceleration can be found by directly taking the derivative of drive displacement

multiplied with coupling ratio .

ag = —wpeXpsin (wpt) 3.29
Then
ag| _ ewp
|ac =30, 3.30

For a high performance MEMS gyroscope, (), is in the order of °/hour and drive
resonance frequency is around 15 kHz. Under these conditions quadrature acceleration
ag is much larger than Coriolis acceleration a.. Equation 3.30 shows how large

quadrature signal can be.

Ideally no phase error exists and the output is only Coriolis force. The Coriolis force
amplitude sensed by the gyroscope is a voltage signal (the output of instrumentation

amplifier, refer to Figure 3.3) and can be expressed as

dCpp . 3.31
Ac =Vpy W]WDY:?ZinterfaceAint.amp.

In Equation 3.31 the Coriolis force amplitude directly depends on sense displacement Y

which is given in 2.17 and 2.21 for matched and mismatched modes respectively, as

2XpQ,0sm
Y = ?—ZQS PY matched mode 3.32
JWp mg
XpQm :
y =2 FM ,mismatched mode 333

Aw mg

The frequency separation between drive and sense modes Aw and quality factor Q
depends on vacuum conditions. The gyroscope is vacuum packaged but the vacuum
level inside the package may vary with time, causing a drift of the quality factor and

frequency separation which results in a change in scale factor. Open loop rate sensing is

66



not a reliable method for long term operation of the gyroscope. Instead a closed loop

rate sensing mechanism can be used which is more reliable.

Phase sensitive demodulation is used both in open and closed loop rate sensing
mechanism. As found in Equations 3.26 and 3.30 the quadrature signal may cause
offsets at the output. Canceling the quadrature error will make phase sensitive

demodulation more effective and decrease the unwanted offset at the output.
3.3.2.2 Closed Loop Rate Sensing

The main idea behind closed loop rate sensing is sensing the induced Coriolis motion on
the sense mode of the gyroscope and stopping it, and the required potential to stop the
Coriolis motion is given as output. Closed loop rate sensing is called as force feedback

which requires additional electrodes placed on the gyroscope.

Force feedback is commonly used in commercial gyroscopes in the market since it
ensures robust operation. The applied force on force feedback electrodes should stop the

Coriolis force, then

0Crr , 3.34
Vpm W Vrr = 2mpyQjwpXp

e = ZmPMQéjWDXD 3.35
C
Vpm a;p

In equations 3.34 and 3.35 Vggis the amplitude of AC signal applied to force feedback
electrode and dCrr /0y is the sensitivity of the force feedback electrode. The amplitude
of the applied AC signal Vg is the measure of applied rate and it is the output of the
closed loop circuit. The parameters that determine Vpr do not depend on vacuum
conditions; they are stable throughout the gyroscope life. In closed loop operation the
scale factor of the gyroscope is expected to be more stable compared to open loop
operation. In addition it improves linearity since sense mode does not move (for high
rates due to varying gap type sensing linearity can be deteriorated) and bandwidth can
also be adjusted with controller parameters in closed loop. Figure 3.12 shows the block

diagram of closed loop rate sensing.
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Figure 3.12: Block diagram of closed loop rate sensing

Referring to Figure 3.12, Coriolis force is sensed by the sense mode of the gyroscope
and controller acts to stop the movement of sense mode by applying required potentials
to force feedback electrodes. In the closed loop configuration sense mode does not
move, i.e. it is always kept stationary by the PI controller. The amplitude of the

stopping voltage is given to outer world as rate information.

The gyroscope is operated at mismatch conditions meaning that sense mode operates at
off resonance conditions. So the approximation given in Equation 3.17 cannot be
applied to sense mode controller design. Instead sense mode dynamics can be modeled
as a constant gain stage under mismatch conditions given in Equation 2.20. Then open
loop transfer function of the sense mode controller can be written as (the transfer
function from the input of force feedback electrodes to the output of modulator in Figure
3.12)

V. 3.36
Ho(s) = %KDHLPF(S)HPI(S)KM
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In equation 3.36 Kjpis the gain of demodulator, H;pr(s) is the transfer function of the
low pass filter, Hp;(s) is the transfer function of the PI controller and K,,is the gain of
modulator.  Assuming mismatch conditions Vsp(s)/Vrr(s) can be considered as
constant and taken as a constant gain stage. With this assumption controller design
procedure is simplified otherwise the envelope of the sense mode should be found under
mismatch conditions. Two sense resonance peaks are observed during vacuum tests as it
will be explained Section 5.1. Two sense peaks can be considered as single peak which
is the sum of two peaks. The gain under mismatch conditions can be found by inserting
the drive resonance frequency into the model found in Equation 3.11. The open loop

transfer function for the sample SOI gyroscope NO8 can be expressed as

H =0.93 x— T
o.(s) T SZ2+88L1s+ 394784 m

4 6.56 * 394784 (Kps + K,) 4 3.37
S

In Equation 3.37 the first 4/m is the multiplication of (2) demodulator gain with the rms
value of rectified sinus (2/m) and second 4/m is the first harmonic of driving square
wave. LPF with gain 6.56 and 100Hz cutoff frequency is used in the design. Using the
transfer function in Equation 3.37, after a few trials with no overshoot and 75° phase
margin K, = 0 and K, = 10 is found using MATLAB. Introducing a proportional gain
(a zero to the system) degrades the response of low pass filter and step response. The
low pass characteristic of the system should be preserved since system operation is
based on low pass filter. With proportional PI controller gain being equal to zero, low
pass characteristic of the system is preserved. Another option is setting the zero of Pl
controller much greater than the cutoff frequency of low pass filter, but no use of that is

found during simulations.

Figure 3.13 and Figure 3.14 show the open loop bode plot and closed loop step response
of the modeled system. Using Figure 3.13 phase margin of the system is found as 75°

using step response settle time is 35msec.
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Bode Diagram
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Figure 3.13: Bode plot for sense mode controller design
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Figure 3.14: Step response of closed loop sense mode

Figure 3.15 shows the formed SIMULINK model for force feedback circuit.
SIMULINK model two sense peaks are modeled separately, and the Coriolis signal is
given as a disturbance. The sense pick signal as a result of an angular rate 1°/sec is

given below in Figure 3.16. The settle time of the system is 35msec and consistent with

70



analytical formulation obtained from simplified transfer function and step response.

During the simulations analytically found integral gain of 10 was used.
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Figure 3.15: SIMULINK model for force feedback circuit

Figure 3.16: Sense pick signal after applied rate

Bandwidth is another critical design parameter of the gyroscope and should be

considered during simulations. To measure the bandwidth of the system a periodic chirp

signal is multiplied with Coriolis signal applied to the system and the output of PI

controller (rate output) is monitored. The frequency of periodic chirp signal is swept

from 0 to 100Hz in 5 seconds. In other words the frequency of applied 1°/sec Coriolis
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force is changed from OHz to 100Hz. Figure 3.17 shows the rate output. As expected
the rate output cannot follow the applied time varying rate after a certain frequency and
the amplitude of the rate signal starts to decrease. By using Figure 3.17, the bandwidth
of the force feedback system is found as 80Hz which corresponds to 3dB point (4
seconds = 80 Hz).

In this study gyroscope is operated always in closed loop both in sense and drive mode

to ensure stable operation throughout the time.

+

Figure 3.17: The response of the gyroscope to a time varying rate

3.4 Design of Quadrature Control Electronics

The control electronics for quadrature circuit is similar to the control mechanism used in
force feedback. Since we want to detect quadrature signal, the carrier used to
demodulate the sense pick (SP) signal should be 90° phase shifted version of the carrier
that is used to detect rate. Drive pick signal (DP) is used as the carrier in force feedback

module which detects rate, so to detect quadrature signal 90° phase shifted DP signal is
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used. After demodulating the quadrature signal it is converted to DC by a low pass filter
(LPF) and compared with ground. The comparison result is the input of a PI controller
and the output of the PI controller is a DC signal. This DC signal is the required
quadrature potential AV, the required inverse —AV is obtained through an inverting
amplifier.  Figure 3.18 shows the block diagram of the quadrature cancellation

electronics.

F Quadrature

Figure 3.18: Block diagram of quadrature cancellation electronics

No bandwidth considerations exist for the quadrature circuit since the quadrature
signal’s frequency is always at drive resonance frequency. This is the main difference
between force feedback controller design and quadrature circuit controller design. The
applied quadrature force by the controller acts on sense mode dynamics. For modeling
purposes, under mismatch conditions sense mode dynamics can be thought as constant
gain stage. The open loop transfer function of the system shown in Figure 3.18 can be

expressed as

Vsp(s) |
FQ(S)

Ho(s) = w =wp * KpHypp(s)Hp;(5)Kquaa 3.38
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VSPquad _ Y ISP VSPquad

= 3.39
Fp FoY I
By substituting Equation 2.48 into 3.39 and including other terms,
VSPquad _ 1 aCSP 1 A
- wW. PM ~ Anst.Amp. 3.40
Fo mg(s? + Q—is +wd) dy C

In Equation 3.38 K, is the gain of demodulator, H; pr is the transfer function of the low
pass filter, Hp, is the transfer function of the PI controller and Kg,,q is the gain of
quadrature configuration. K44 can be found by dividing Equation 2.45 by quadrature

potential AV,

4VeXh

Kquaa =n—7— 3.41

Note that in quadrature controller design no modulator gain is included, it is included in
drive and sense control electronics due to square wave driving modulator. Thanks to the
structure of quadrature electrodes the structure automatically drives the gyroscope
sinusoidal. Equation 3.38 can be written for SOl gyroscope N08 as (with demodulator
gain 1, second order low pass filter cut off 100Hz and gain 1)

394784 Kps + K; 103 %10-7 3.42
x 1. *

2
H = 3.5%10° * —
o(s) Y52 187955 + 394784

The quadrature controller design is similar to force feedback, the low pass characteristics
of the system should be preserved to ensure proper operation. For that reason the zero
introduced by the PI controller should be out of band of the poles of the low pass filter.
Setting the proportional gain to zero is feasible like in force feedback. Figure 3.19 and

Figure 3.20 provide the bode plot and step response with integral gain of 100.
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Bode Diagram
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Figure 3.19: Open loop Bode plot for quadrature controller design
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Figure 3.20: Closed loop step response of quadrature controller

The system has a phase margin of 86°, settles with no overshoot and settle time is
25msec found from Figure 3.19 and Figure 3.20 respectively. To verify the analytical
results and see the transient response a SIMULINK model for the quadrature

cancellation circuit is formed as in drive control and force feedback circuits.
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In the actual system the output of the PI controller generates the quadrature force on the
gyroscope. For that reason first the transfer function from Fyto Vgpg,,qqShould be found
which is given in Equation 3.40 to form the SIMULINK model. Figure 3.21 shows the
SIMULINK model for quadrature circuit of SOI gyroscope NO8.
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17 Quadrature Potential
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Figure 3.21: SIMULINK model for quadrature circuit

As in force feedback two sense peaks are observed at sense mode and they are modeled
as two separate resonators. In SIMULINK model measured quadrature signal amplitude
is given to the system as disturbance through “Quadrature Potential” node. Since
SIMULINK performs time domain simulation and the transfer function is adjusted to
take force as input, the input of the gyroscope module in Figure 3.21 is the applied
quadrature force. The parameters used in Figure 3.21 are the parameters of SOI
gyroscope N08, and the simulation results are shown in Figure 3.22.
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Figure 3.22: SIMULINK results of SOI gyroscope NO8

Settle time of the circuit is 30ms, extracted from “Sense Pick Signal” and there is no
overshoot observed on the “Applied Quadrature Force”. Applied force is in the order of
2.1*10'N. During the simulations analytically found PI controller with integral gain

100 was used.
3.5 Noise Analysis of Readout Electronics and Mechanical Structure

In the following sections noise analysis of open loop sense electronics, closed loop sense

electronics and mechanical structure (Brownian noise) is performed, respectively.
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3.5.1 Noise Performance of Open Loop Sense Electronics

Performance limit of the gyroscope is determined by the sense mode electronics. High
performance gyroscope design requires intense care in sense mode preamplifier and
control electronics, since the currents to be detected are in the order of femto amperes.
Noise contribution of each component should be modeled exactly and components

should be chosen carefully. Figure 3.23 shows a capacitive preamplifier.

In,brownian

Cop ==

Figure 3.23: Noise sources of preamplifier

Referring to Figure 3.23 i, prownian denotes the noise current due to Brownian motion (will
be explained in the next section) of the sense mode. Brownian noise of the sensor is
converted in voltage through the preamplifier as the rate information. This kind of noise
is due to mechanical sensor and it is inevitable, but it can be suppressed by vacuum
packaging. The other noise source is the electronic noise and analyzed next.

The noise in the sense mode of the gyroscope is dominated by the preamplifier stage,
where the output current of the sensor is converted into voltage. At the preamplifier
stage three mechanisms produce noise, i, current noise of the OPAMP and converted
into voltage through the impedance of the capacitive preamplifier, e, voltage noise of the
OPAMP converted into voltage through the noise gain of the preamplifier, and in rpreamp
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current noise of the shunt resistor converted into voltage through the impedance of

capacitive preamplifier.

Figure 3.24 shows the detailed open loop configuration and the used components.

ADB8608

AD8222 ADG30 ADB8630

Isp+

Vsps

Vrec.SP

AD8608
Vsp.

Isp-

Figure 3.24: Components used in open loop rate sensing

ADB8608 from Analog Devices is used as the preamplifier stage in the sense and drive
mode electronics. Input referred current noise density of AD8608 at 1kHz is specified
as 10fA/\VHz and input referred voltage noise density of AD8608 at 10kHz is specified
as 6.5nV/\Hz in [47].

Table 3.2 shows the component and frequency values used in noise calculations.

Table 3.2: Parameter values used in noise calculations

Parameter Value
Operation Frequency (f) 13.5 kHz
Preamplifier Capacitance (C) 3.9pF
Output Capacitance of the Sense Mode (Csp) 5.5pF
Preamplifier Resistance (R) 470MQ

Input current noise of the OPAMP is converted into voltage by preamplifier,

V,, =10 /4 _ 3023 % 343
m vHzWp Cpreamp ' VHz

Noise gain of the preamplifier can be found by using Figure 3.25, taken from [48].
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Figure 3.25: Noise gain of preamplifier vs frequency graph [48]

The operation frequency is found to be in the flat gain region. So the output noise due to

voltage noise of the OPAMP can be found by

Vo ek nV (1 5.4pF) 15 nV 3.44
" VHZN  39pF) T T VHz

The current noise of the resistor is converted into voltage by preamplifier

U | AksT 1 1794V 3.45
s Rpreamp Wp Cpreamp . VHz

Then total electronic noise at the output of preamplifier can be found as

nv 3.46
2 2 2
Vapreamp = |V + ViZz + V23 = 38.42 T
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After the preamplifier stage instrumentation amplifier AD8222 with gain of 20.3 used.
Input referred noise model of AD8222 is given in [49] as

2 eTLO n nV 347
Viapgz22 = |enq1 + (T) , en1 = 8@ and e,y = 75\/@

where G denotes the gain. With a gain of 20.3 input referred noise of AD8222 was
calculated as 8.81 nV /VHz.

Total noise at the output of AD8222

> : wv 3.48
Vi apg220ut = 20.31/2(8.812 + 38.422) = 1.13E

Noise is multiplied by 2 since dual channels of AD8222 are used. Referring to Figure

3.24, demodulator and low pass filter are used after amplification of rate signal. As
demodulator “Balanced AD630 Demodulator” is used and is given in datasheet [50] that
it can recover signal from 100dB noise, it is assumed that noise contribution of
demodulator is zero. The last stage is the low pass filter, the rate information is
converted into DC. At DC the most significant noise is the flicker or 1/f noise.
ADB8630 is chosen at DC signal processing blocks due to its low flicker noise. 1/f corner

frequency can be found by using the equation is given in [48],

Vap—p (FL, Fir) 3.49

6.6

FC
Vorms (Fu i) = Vo J Feln (22) + By = Fe
L

In equation 3.49 V,, ,,, is the white noise density, F is the corner frequency, Fy and Fare
the upper and lower frequency limits of the flicker noise measurement. For AD8630,
Vop-p = 050V p —p,Vp,, = 22 nV/\Hz, Fy = 10Hz and F, = 0.1Hz  which are
given in [51]. With these values corner frequency is found as 1.2Hz. W.ith typical
values standard OPAMPs have corner frequencies higher than 500Hz. 1.2Hz corner
frequency makes AD8630 a good choice for DC signal processing. In noise calculations

flicker noise of AD8630 is ignored since with 1.2Hz corner frequency it has almost 0 1/f
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noise. Only voltage noise of AD8630 is included. Noise contribution of AD8630 with

6.54 gain low pass configuration is

v =22 (1 4 654) = 165.88 1% 3.50
n,AD8630 — \/E . - . \/E

Total noise at the output of the low pass filter

v, = (1 13 hv 4 6 54)2 + (165 88 nv )2 =941 d 351
mtot = ' VHzT ' ' vVHz - VHz

The total noise at the output of AD8222 (Equation 3.48) is first demodulated with gain 2
(4/m) and then multiplied with the gain of low pass filter (6.54). In the above
calculations noise coming from the resistors of low pass filter is not calculated. It is

found that noise coming from those resistors is small compared to preamplifier noise.

In order to find rate equivalent noise, scale factor of the gyroscope should be known.
Scale factor of the SOI gyroscope NO8 for mismatch conditions and 10V proof mass
potential was calculated as 26.32mV/ °/sec. The rate equivalent open loop electrical
noise is found to be 1.29°/hr/\Hz. Note that scale factor directly depends on proof mass

voltage and frequency mismatch between drive and sense modes.
3.5.2 Noise Performance of Closed Loop System

It is a rule of thumb that feedback worsens the noise performance of open loop dynamics
due to additional noise of feedback electronics. However with proper design the noise
contribution of feedback can be minimized. Figure 3.26 provides closed loop structure

for the gyroscope.
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Figure 3.26: Closed loop structure for the gyroscope

Referring to Figure 3.26 output referred voltage noise of closed loop gyroscope

dynamics can be written as,

VirocL = F {G (Vn,GiOL - Vn,FoCL) + Vn,FiFB} 3.52

FG F 1 3.53
Vi rocL = mVn,GiOL + mVn,FiFB = Vigior + EVn,FiFB: FG>1

With a properly designed system with FG > 1 and with a high forward gain the noise

contribution of feedback network can be neglected.

Figure 3.27 shows the feedback dynamics (F) and used components.

ADB8222 AD8630 ADG630

Vbc.sp

Figure 3.27: Feedback dynamics (F) with components

Referring to Figure 3.27, the noise contribution of comparator (AD822), PI controller
(AD8630) and modulator (AD630) should be found. As explained in previous section
noise contribution of modulators is ignored. PI controller and comparator operate at DC
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so flicker noise should be included. As in low pass filter stage, AD8630 is used in Pl

controller, so flicker noise can be neglected.

1/f corner frequency of AD8222 is estimated as 3.5Hz using Equation 3.49. Input

referred thermal noise of AD8222 with gain 1 is found as 75.43 nV /vVHz. Then total
input referred voltage noise of AD8222 with gain 1 can be found by,

v (75 4—nV )2 + (75 4—nV )2 3.5H 1 159 94—"V 3.54
= . . * 0. Z*—== . f '
nAp8222 VHz VHz f VHz
f=1Hz

Thermal noise of AD8630 is 22nV /v Hz. Total input referred voltage noise of feedback

circuit is

nVv
V. =4/159.942 + 222 = 161.44— 3.55
n,feedback \/IE

For 10V proof mass potential the closed loop scale factor of the SOI gyroscope N08
using Equation 3.35 is found as 8.8 mV/°/sec. Then rate equivalent input noise of
feedback circuit is found as 0.066 °/hr/NHz. Using Equation 3.53 total rate equivalent
noise of the closed loop system is found as 1.356°/hr/~Hz for SOI gyroscope NO8.

3.5.3 Brownian Noise

Brownian noise is produced by Brownian motion of air molecules. It is the mechanical
noise source and random motion of sensor is converted into signal by the readout
circuitry. It is a kind of white noise and Brownian force can be expressed by [22]

3.56

N
Fg = \/4kgTh—
B B i,

In equation 3.56, kg is the Boltzmann’s constant, T is the ambient temperature and b is

the damping coefficient. Noting that

bs _ ws _ mgwg 3.57

= — g =
ms Qs Qs

Then Brownian force can be expressed as
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, 3.58
Fy= |akyrS¥s
Qs

Rate equivalent Brownian noise can be found by dividing the Brownian force to Coriolis

force

4l T BSWs 3.59
Qs

ZmPMQWDXD

Qrate -

For unit rate Q = m/180 and A = mp)/mg, rate equivalent noise can be found as

Q _ 180 kgT  ws 3.60

Rate equivalent noise in Equation 3.60, implies that drive displacement has direct effect

on noise. Increasing the drive displacement increases the scale factor which reduces the
rate equivalent noise. Other parameter is the A, again determines the scale factor
directly, for a more sensitive gyroscope A should be as large as possible. Quality factor
and mass are other parameters that determine rate equivalent noise. Since they are in
square root their effect does not directly affect noise, however with wafer level vacuum
packaging the quality of sense mode can be increased 5-10 times (quality of 15000-
30000) which significantly reduces rate equivalent noise. Suppressing the Brownian
noise is one of the major goals of vacuum packaging of MEMS gyroscopes. If drive and
sense resonance frequencies are close to each other that reduces the noise however
during actual operation sense and drive resonance frequencies are close to each other

and ratio is approximately unity. (wg = wy,, already)

For SOI gyroscope NO8, rate equivalent Brownian noise can be calculated for 10V proof

mass potential as
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180 1.38 * 10~23m2kgs—2K~1 * 300K
Q = *
rateNO8 ™ 7 % 0.385 % 4 * 10~Cum N
3029\/

1224+ 1.668 x 10~"kg 3.61

13.64kHz

— 0
*3ort, = 1285 /hr/\NHz

Total output noise can be found by combining mechanical Brownian noise and

electronics noise. This is calculate ed for SOI gyroscope NO8 as

Qn,trotalNOS = \/Qi,electronics + Qgl,mechamical = \/1'3562 + 1'2852 3.62

=1.87°/hr /NHz

This is the theoretical white noise limit for the SOI gyroscope NO8 with 10V proof mass
potential and 4um drive displacement. Note that both the electronics and mechanical
noise depends on drive displacement, drive displacement can be used to reduce noise.
Increasing the drive displacement reduces the rate equivalent noise; limit comes from

the linearity limit of the gyroscope for drive displacement.
3.6 Summary

This chapter presents the readout and closed loop control electronics studied in this
work. The capacitive and resistive preamplifiers are studied then the procedure followed
to extract the parameters of the gyroscope through resonance tests is explained. Closed
loop drive and sense mode controller design is presented. The design procedure can be
summarized as; first obtain the open loop transfer function with simplified gyro model,
second optimize the Pl parameters using open loop model and lastly verify the design in
SIMULINK. Design of quadrature control electronics is explained, the design procedure
is similar to force feedback. Open and closed loop electronics noise calculations and
mechanical noise calculations are done and white noise limit of the sample SOI

gyroscope NO8 is found.
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CHAPTER 4

FABRICATION OF MEMS GYROSCOPES

The fabrication process used in this study is based on SOG (silicon on glass) process.
The main idea behind the process is fabricating first glass wafer with recesses and
electrical interconnects, then bonding it to the silicon device layer. Device layer can be
formed prior to bonding or after bonding. Since the gyroscope is a capacitive sensor
constructing the device layer on an insulating layer is significant. By this way unwanted

parasitic capacitances and electrostatic levitation force are minimized [22].

Previously the gyroscopes developed at METU were fabricated with SOG process in
which the device layer was formed after anodic bonding of silicon wafer to processed
glass wafer. That process has its own problems; the process was switched to SOG based
SOI process in which device layer is formed prior to bonding of silicon and glass wafers.
The organization of this chapter is as follows, section 4.1 describes the SOG based SOI
process with description of SOl wafer to glass anodic bonding. Section 4.2 presents the
SOG process with its problems then Section 4.3 makes a comparison between SOG
based SOI and SOG processes. Section 4.4 presents the effects of BHF on contact
resistance. Finally section 4.5 gives a summary of the chapter.

4.1 SOG based SOI Process

The current SOG based SOI process starts with an empty glass wafer. The first step is
the anchor formation; these anchors will be anodically bonded to silicon device layer.
As mask material photoresist (PR) is not sufficient, because glass etch is performed in
hydrofluoric acid (HF) and etch rate of HF to PR is high. Chromium/Gold (Cr/Au) is
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used as masking material for glass etch. In order to Cr to have a good adhesion to
polished glass surface, glass surface should be roughed. Adhesion of Cr/Au is important
in the sense that undercut will be lower with a better quality film. Undercut can be
defined as lateral etching of etchants while etching in the vertical direction. So, the first
process step is roughing the polished glass surfaces with BHF (HF is diluted with
ammonium fluoride, NH4F so that etch rate is reduced), Figure 4.1 shows conceptual
BHF applied glass surface. It is known that metal adhesion to rough surfaces is higher
than that of polished surfaces.

Second step is the evaporation and patterning of Cr/Au on glass surface. Cr/Au is used
instead of only Au, since Cr is used as adhesion layer. Glass etch mask (anchor mask) is
formed with Cr/Au at this point (Figure 4.2).

Third step is the glass etch. Glass is etched in pure HF. Since the etching is a chemical
process, etch rate highly depends on ambient temperature. Etch rate should be checked
at the start of the process. Glass etch process is isotropic and known to have high
undercut ratios. 1:1.3 undercut is considered to be sufficient. The isotropic etching
behavior of HF is useful for the process since the next step is the Cr/Au evaporation.
With vertical sidewalls step coverage of Cr/Au will not be good, isotropic etching

provides step coverage on all around the wafer. Figure 4.3 shows etched glass surface.

At the fourth step glass etch mask Cr/Au is stripped, and the wafer is prepared for the
next evaporation. BHF is applied to glass wafer again to ensure surface roughness and
second Cr/Au evaporation is done (Figure 4.4). As the fifth step this metallization is
patterned to form electrical interconnects (Figure 4.5). Process of glass wafer with
recesses and electrical interconnects is finished. In other words glass is ready for anodic
bonding.

Glass wafer process is same as for both the previous SOG and SOG based SOI

processes.

The process of device layer starts with an SOl wafer and device layer is formed on SOI
wafer by DRIE (Deep Reactive lon Etching). Oxide layer of SOI wafer acts as an etch
stop layer during DRIE (Figure 4.6 and Figure 4.7). DRIE or bosch process switches
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between passivation and etch cycles to form high aspect ratio structures. DRIE coats
polymer in the passivation cycle. Prior to anodic bonding, passivation polymer of the
DRIE should be removed. Otherwise anodic bonding may be unsuccessful. DRIE
polymer is removed in piranha solution (1:1 Sulfuric Acid : Hydrogen Peroxide,
H,S04:H,0,). The wafer should be checked under microscope to observe whether the
polymer is completely removed or not after each cleaning step. It should be taken into

account that during piranha native oxide is grown on silicon substrate.

The next step is the anodic bonding of processed glass and SOI wafers. It is important
to remove the grown oxide on silicon substrate, if not ohmic contact between silicon and
interconnect metallization will not be formed. Just before anodic bonding native oxide
on silicon device layer is removed with BHF. Surface tolerance of anodic bonding is in
the order of nanometers [53] and cleaning of bonding surfaces is extremely important.
For that reason the processed glass wafer is also cleaned in 1:1 piranha solution. After
cleaning of processed glass and silicon wafers they are aligned and anodically bonded
(Figure 4.8). A more detailed description of anodic bonding will be given in the

following section.

After anodic bonding first the handle layer of the SOI wafer is completely etched.
Handle layer can be removed by wet or dry etch. In this study handle layer is removed
with DRIE (Figure 4.9). Oxide layer acts as an etch stop layer during dissolving the
handle part of SOI.

The final step is the removal of SOI oxide layer which was used as an etch stop layer.
Oxide layer can be removed wet (BHF) or dry (RIE). When removed by BHF the time
of etch should be adjusted well since BHF also etches the glass wafer. SOG based SOI
process finishes with removal of oxide (Figure 4.10).

Figure 4.1 - Figure 4.10 provides the steps of SOG based SOI process.
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Figure 4.1: Step 1. Apply BHF to glass wafer

Figure 4.2: Step 2. Coat and pattern Cr/Au for glass anchor mask
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Figure 4.3: Step 3. Perform glass anchor etch in HF

Figure 4.4: Step 4. Strip first Metallization and coat 2™ Cr/Au for interconnect

metallization
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Figure 4.5: Step 5. Pattern the coated Cr/Au for interconnect metallization, end of glass

wafer process

Figure 4.6: Fabrication of device layer, take an SOl wafer
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Figure 4.7: Step 6. Pattern the SOI wafer with PR and form the device layer

Figure 4.8: Step 7. Anodically bond processed SOI and glass wafers
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Figure 4.9: Step 8. Remove the handle part of SOI wafer

Figure 4.10: Step 9. Remove the oxide of SOI wafer, final step
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4.1.1 Anodic Bonding of SOI and Glass Wafers

Figure 4.11 shows a standard anodic bonding scheme.

Graphite

CHUCK
300°C<T<400°C

Figure 4.11: Standard anodic bonding scheme

In standard anodic bonding silicon and glass wafers are brought into intimate contact
with applied pressure and electrostatic force, and heated to temperatures 300-400 °C.
The glass wafer used for anodic bonding is intentionally doped with sodium (Na*) ions,
at the elevated temperatures glass wafer becomes a weak conductor and Na* ions leave
oxygen (O?) ions at the bond interface due to applied high potential ( >1kV). The
oxygen ions chemically interact with silicon atoms and form covalent bonded silicon

dioxide (SiO;) which is a very high quality bond.

Bonding of SOI wafer to glass is performed in the same manner but the underlying
principles should be understood. Figure 4.12 shows the SOI to glass wafer anodic
bonding configuration. The system can be modeled as two capacitors in series. The first
capacitance C; is formed between graphite and device layer of SOIl. The second
capacitance C, is formed between device and handle layer of SOI. The thickness of
oxide is 2um, the thickness of glass wafer is 500um. So it can be concluded that
C,>>C; and these capacitors are connected in series which implies potential across C; is
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much larger than that of C, (V1>>V;). Almost all of the applied potential for anodic
bonding occurs between device layer of SOI and glass. So anodic bonding of glass and
SOI wafer can be done as standard anodic bonding, and it is verified that the anodic
bonding quality of SOI is same as standard anodic bonding.

+
Graphite Cl Vl
V>1kV p— + <+>
w
Cz V2
CHUCK
300°C<T<400°C

Figure 4.12: SOI to glass wafer anodic bonding configuration
4.2 SOG Process

The glass process is same for both SOG based SOI and SOG processes. They are
different in the device layer formation stage, Figure 4.13 - Figure 4.17 shows the process

flow of SOG after glass wafer process.

In SOG process 100um thick silicon wafer is taken and shield metal is coated and
patterned on silicon wafer (Figure 4.14). The mask is the inverse of glass anchor mask,
i.e. only the regions to be bonded on silicon are opened. Then anodic bonding of silicon
and glass wafers is performed (Figure 4.15). BHF should be applied to silicon wafer
before anodic bonding to ensure ohmic contacts. In SOG process device layer is defined
after anodic bonding (Figure 4.16). As the final step shield metal and DRIE polymer is
removed and the device is formed (Figure 4.17). Shield metal is used to reduce the
notch effect during DRIE.
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Figure 4.13: 100um Thick Silicon Wafer

Figure 4.14: Step 6 of SOG. Coat and pattern DRIE shield metal
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Figure 4.15: Step 7 of SOG. Anodically bond silicon and glass wafers

Figure 4.16: Step 8 of SOG. Define structural layer on silicon wafer
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Figure 4.17: Step 9 of SOG. Remove shield metal and DRIE polymer, final step of SOG

process

Performing DRIE on bonded silicon wafer was the main problem of SOG process.
During the etch cycle of DRIE heat is generated due to chemical etching process and the
generated heat should be removed. To better visualize the heating effect DRIE
operation is summarized in Figure 4.18. As seen first polymer is coated everywhere,
then with vertical ion bombardment the polymer is removed in vertical direction. Final
step is the etching of silicon with fluorine, this is an exothermic reaction and the
excessive heat is generated at this point of the process. As a general guideline DRIE
etch rate increases with increasing temperature however DRIE polymer coat rate

decreases with increasing temperature.
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Figure 4.18: DRIE passivation and etch sequence
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When the silicon wafer is bonded to glass wafer the thermal time constant of the system
increases due to high thermal resistance of glass wafer. As the etch proceeds, the
thermal resistivity of silicon wafer dramatically increases and the silicon wafer becomes
hotter. As the substrate temperature increases DRIE starts to etch on sidewalls. At the
end of the DRIE process the gaps are widened, 2um designed gaps are measured to be
4um. To solve this problem DRIE etch is not performed at once; instead time breaks are

used to cool the wafer [52].
4.3 Comparison of SOG based SOI and SOG Processes

The main difference between SOG based SOI and SOG processes is the DRIE, in SOG
based SOI process DRIE is performed on SOI wafer before anodic bonding. However,
in SOG process DRIE is performed after anodic bonding. Device layer thicknesses are
35um for SOG based SOI and 100um for SOG process. Handling of 100um thick
silicon wafer was very hard, almost half of the wafers were lost during process. On the
other hand handling of SOI wafer is easy, since the total thickness of SOI wafer is
almost 500um (35um device layer + 450um handle layer + 2um oxide layer). In SOG
gyroscopes proof mass potentials of 30V-40V was used, however this value is decreased
to 10V-15V for SOI gyroscopes. In SOG based SOI process it is possible to obtain
aspect ratio of 35:1, in SOG typically 20:1 to 30:1 is obtained. SOG based SOI process
seems to be better in the stated aspects.

Oxide layer of SOI wafer is used as an etch stop layer in SOG based SOI process, but
the devices are affected by the so called notch effect. Notch occurs due to loading effect
in DRIE. Etch in wider openings goes faster compared to narrow openings (loading
effect). When the etch stops on oxide layer in wider openings, the oxide is charged due
to vertical ion bombardment and notch effect occurs. Figure 4.19 shows SEM images of
Loading and notching effects. Notching effect is inevitable, however it can be reduced
by adjusting etch period carefully. Since the backside of SOG silicon wafer is coated

with shield metal notching effect is not directly observed in SOG wafer.
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a b
Figure 4.19: Loading effect of DRIE (a) and Notching effect (b)

The etch profile of SOG based SOI is expected to be better than SOG due to DRIE
conditions and lower device layer thickness, i.e. etch through 35um is expected to be
more stable than etch through 100um.

Figure 4.20 and Figure 4.21 show the photographs of fabricated SOG gyroscopes from
frontside and backside, respectively. DRIE damage due to overheating of substrate can
be observed from both frontside and backside. Spring view from backside illustrate that
the springs are thinned so much. The views indicate that the gap of the gyroscope
widens from top to bottom. While switching to SOG based SOI process the main goal
was a more stable DRIE etching. The heating problem encountered in SOG process is
not observed in SOG based SOI since the DRIE is performed prior to anodic bonding.
Only problem is the DRIE notch but it occurs only at the end of etch though a few

micrometers.
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Figure 4.21: Backside view of SOG gyroscope
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Figure 4.22 provides the frontside view of SOI gyroscope.

Figure 4.22 Frontside view of SOI gyroscope

As seen in Figure 4.22 the views of SOI gyroscopes are better than that of SOG
gyroscopes. Figure 4.23 shows SEM images taken from sense fingers from SOG and

SOl gyroscopes.

IS 10pm  METUMEMS

27/2010
X 1,600 10.0kV LEI M WD 15mm 4:21:37 PM

a SOG sense finger b SOI sense finger
Figure 4.23 SEM images of SOG (a) and SOI (b) gyroscopes
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It is obvious that in SOG process sense finger destruction is higher than SOI finger

destruction.

i

|
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Figure 4.24 SEM image of an SOI gyroscope

In Figure 4.24 SEM image of an SOI gyroscope and zoomed views of quadrature
electrodes and drive fingers are shown. The destruction on fingers is due to SOI notch
but they are only on the surface. Overall destruction level is lower compared to SOG
gyroscopes. These are the improvements due to DRIE etching (thickness is reduced to
35um and not performed on glass). Stable DRIE etching increases the gyroscope
performance since the unwanted quadrature signal is reduced. Mechanical structure is

more close to ideal in SOI gyros.

Up to now the comparison of SOG based SOI and SOG processes is based on visual
inspection and measurements; however the real comparison should be based on probe
tests. During probe tests the resonance characteristics of drive and sense modes are
obtained. To make a quantitave comparison between two processes drive modes of the
gyroscopes on SOG and SOG based SOI wafers are compared, and Table 4.1 shows the
data.
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Table 4.1: Drive mode comparison of SOI and SOG wafers

Process Tested Working  Yield Avr.Freq. Stddev. Avr.Gain Std Dev.
(kHz) (dB)
SOG 54 31 57.4% 13.02 0.71 -31.97 2.7
SOG based SOI 48 36 75% 13.82 0.41 -38.77 2.8

At first glance, it is seen that the yield of SOG based SOI process is almost 30% higher
than that of SOG process. Design values of both the SOI and SOG drive frequencies are
15.5kHz. However due to process imperfections and local heating, measured
frequencies are lower than the design values. SOI gyroscopes seem better in terms of
resonance frequency; they are more close to their design values. Standard deviation of
drive resonance frequencies is a measure of process uniformity in all around the wafer.
Lower standard deviation in drive resonance frequency in SOI implies a more uniform
DRIE process. Since the DRIE is limited with 35um, etch time is shorter and DRIE is
performed on SOI wafer instead of etched glass wafer, a more uniform DRIE etch is
expected for SOl wafer. The average gain of SOI gyroscopes is lower, however the gain
depends on the square of applied proof mass potential and 30-40V potential is applied to
SOG gyroscopes whereas only 10-15V is applied to SOI gyroscopes. Under these
conditions that much of gain difference is normal. Standard deviation in gain of SOI

and SOG gyroscopes is almost the same.

To conclude, due to uniform DRIE etch, higher yield and operating at more feasible
proof mass potentials (10-15V rather than 30-40V) SOG process is replaced with SOG
based SOI process.

With an SOI wafer, SOG process can also be done. In this process shield metal is coated
on device layer of SOI and bonded to glass as in SOG process. Later the handle and
oxide layer of SOI is removed. At last step DRIE is performed. The advantage of this
process compared to previous SOG process is handling of SOI wafer is easier compared
to the 100um silicon wafer used in previous SOG process. The thickness of SOI device

layer can be chosen depending on the design.
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4.4 Effect of BHF on Contact Resistance

Examining the contact resistance is one of the jobs studied. Effect of contact resistance
on device performance depends on the readout method. Output of the gyroscope is
converted into voltage through a transimpedance amplifier and this method is insensitive
to contact resistance but ohmic contacts are always desired. Adding BHF before anodic

bonding of glass and silicon was one of the process optimizations performed.

a b
Figure 4.25: Contact resistance (a) bad contact (b) good contact

Figure 4.25 shows a good and bad contact. In both SOG and SOG based SOI process
interconnect metallization is on glass substrate and contacts between metal and silicon
are occurs during anodic bonding on glass anchors. Normally during anodic bonding
metal and silicon touch each other and a low (100-300€2) contact resistance is expected.
However contact resistances in the order of 100k were measured. It is found that the
view of contacts give idea about the contact resistance. In Figure 4.25 a the contacts
started to change their color from yellow to brown. A complete yellow contact is
measured to be a bad contact (resistance of 100k measured). To be an actual ohmic
contact the contact color should completely turn into brown and seems as if gold is
squeezed like in Figure 4.25 b. The contact shown in Figure 4.25 b is an ohmic contact
and the measured resistance is only due to the resistance of interconnect metallization
(100-300Q2). It is found that the native oxide on silicon wafers prevents ohmic contacts

to occur, adding BHF step to silicon before anodic bonding turns the contacts to be
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ohmic as in Figure 4.25 b, when no BHF is applied contacts were as in Figure 4.25 a or

even worse.

Anodic bonding temperature is another significant parameter determining the
characteristics of the contact regions. The anodic bonding temperature should be lower
than the eutectic point of silicon and gold. When silicon and gold touch each other and
temperature is increased above 363°C, an alloy occurs between them whose melting
temperature is lower than both the gold and silicon [53]. The melting temperature of
that alloy is 363 °C and that point is called as the eutectic point. When the anodic
bonding temperature is higher than eutectic temperature of silicon and gold the eutectic
alloy occurs and goes through the metal line. Figure 4.26 shows the eutectic formation
through the metal lines. This situation may cause problem if additional cleaning is
required. The eutectic metal lines are damaged and the contact is lost. Performing
anodic bonding below the eutectic point is the optimum choice (350°C, for example).

Ohmic contacts are formed and metal lines survive during cleaning of the wafer.

Figure 4.26: Eutectic formation on contacts
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45 Summary

This chapter first describes the SOG based SOI process with detailed process flow.
Anodic bonding of SOI and glass wafers is explained on two series capacitor model in
which the charge should be preserved. Then SOG process with its problems is
presented. The main problem of the process is performing DRIE on recessed glass
wafer. The comparison between SOG based SOI and SOG processes is made and SOG
based SOI process is found to be better in terms of yield, process uniformity, DRIE
quality and handling. Improvements obtained with adding BHF step to silicon wafer

before anodic bonding are presented with photographs.
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CHAPTER 5

TEST RESULTS

This chapter presents the test results of the SOI and SOG gyroscopes. The
improvements obtained with quadrature cancellation circuit and the effect of springs on
quadrature error is provided. Section 5.1 presents the characterization and test
procedure for gyroscopes and section 5.2 explains the test setup and test method for
gyroscopes. Section 5.3 provides the data about the experimental verification of
quadrature error. Section 5.4 gives the test results of the SOI gyroscopes with closed
loop drive, sense and quadrature circuit. Effect of quadrature error on gyroscope
performance is presented. In Section 5.5, scale factor and bias repeatability test results
are provided. Section 5.6 shows the test results of the gyros with intentionally placed
errors. Section 5.7 presents the test results of the SOG gyroscopes. Finally section 5.8

summarizes the performed tests and gives the conclusions.
5.1 Characterization and Test Procedure of Gyroscopes

Tests of the gyroscopes start after the fabrication process is completed. Gyroscopes
from different places of the wafer are chosen and tested prior to dicing to see whether
the wafer is worth dicing or not. If resonance characteristics of both drive and sense
modes are observed as expected, the wafer is diced. After dicing each gyroscope die is
tested separately at probe station. Figure 5.1 shows the atmosphere test setup used to
test gyroscope dies. As seen in Figure 5.1 each die is placed in probe station where
electrical contacts to the sensor are taken through the probes. Then the sensor is driven

from dynamic signal analyzer which sweeps the frequency in the desired frequency band
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and measures the transfer function of the system. The output current of the gyroscope is
converted into voltage by a preamplifier and fed to dynamic signal analyzer. This test is
a functionality test, i.e. the resonance characteristics of the sense and drive modes are
extracted. For a gyroscope to pass the test both drive and sense modes of the gyroscope
should show resonance characteristics. Gyroscopes having problems (that do not show
resonance characteristics) are eliminated at this test. The gain, resonance frequency and
proof mass potentials are recorded on a table. Then gyroscopes having desired
resonance frequencies and gains are chosen. Generally a mismatch of 500Hz-1kHz is

for 10V proof mass potential is sufficient for a gyroscope to be chosen.

Figure 5.1: Test setup for die level gyroscope tests

After the probe tests gyroscope is mounted on hybrid preamplifier substrate, in other
words gyroscope is combined with electronics. Figure 5.2 shows a gyroscope mounted
to hybrid glass preamplifier substrate. The substrate is mounted in a special package
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which can be vacuum sealed. So the circuit dimensions are adjusted to be mounted in
the package shown in Figure 5.2. After connecting the gyroscope with preamplifier and
instrumentation amplifier the module is again tested to check whether it is operating
properly or not. Before vacuum sealing this test should be performed since, after
packaging the connection between inside and outside is only package pins, there is no
access to the inside of the package. Then the gyroscope is vacuum packaged with

surrounding electronics using a technique called projection welding.

Drive Jo—o
Preamplifier ’

Figure 5.2: Gyroscope mounted on preamplifier substrate

When vacuum packaging step of the gyroscopes are completed, resonance tests are
repeated to extract the parameters of the gyroscopes (capacitive sensitivities of drive and
sense modes, quality factors and resonance frequencies). The capacitive sensitivities can
be extracted either from atmosphere tests or vacuum tests, but quality factors and
resonance frequencies can only be extracted from vacuum tests since they change with

vacuum. The method followed to extract the parameters is described in Section 3.2.

Figure 5.3 shows the resonance characteristics of drive and sense modes at atmospheric
pressure and vacuum. In vacuum the quality factors and gains of the both drive and

sense modes increase. For drive mode, phase and gain characteristics are consistent at
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atmosphere and vacuum. They show second order characteristics as they are modeled.
The quality factor of the drive mode is typically 100-200 at atmosphere and increases to
45000-50000 at vacuum, gain similarly increases to 15dB-20dB from -30dB. Quality
factor, resonance gain and resonance frequency are obtained from Figure 5.3 b, and

second order transfer function of the gyroscope is extracted.
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Figure 5.3: Measured gyroscope resonance characteristics at atmosphere and vacuum

d. Sense mode at vacuum
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For the sense mode on the other hand, vacuum characteristics is different from drive
mode. As seen Figure 5.3 d, two resonance peaks are observed. This is due to the
design of the gyroscope and process imperfections. Gyroscope is designed for g-
insensitivity. There are two gyroscopes and drive modes have mechanical connection
between them forcing them to have a single peak; however sense modes do not have
mechanical connection. Although they are perfectly symmetric in the layout, due to
process imperfections a slight mismatch is observed between them. The nonideality in
the sense mode cannot be observed at atmospheric pressure due to overdamped
resonance characteristics. Two sense peaks are observed as a single wide peak at
atmosphere. At vacuum they are clearly visible. The phase characteristics also exhibit
as if there are two separate sense resonators and sense mode is modeled as if there are
two separate resonators. The sense mode has quality factor of 5-10 and gain of ( -
10dB)—(-15dB) at atmosphere and quality factor of 2500-3000 and gain of 35-40dB at
vacuum. Sense mode parameter extraction is done as in drive mode and detailed
procedure is given in Section 3.2. The resonance gain, quality factor and resonance
frequency are obtained from Figure 5.3 d.

The resonance characteristics of all the gyroscopes studied in this study will not be given
like in Figure 5.3, instead the resonance gain, quality factor and resonance frequency
will be given only. It is believed that it will be easier for the reader to follow in this

way.

Table 5.1 and Table 5.2 show drive and sense resonance characteristics of the tested
gyroscopes for specified proof mass potentials, respectively. There are empty spaces in
Table 5.2 denoting that peak is not observed. Af in Table 5.2 stands for the frequency
mismatch of the drive and sense modes. Af is taken as the minimum resonance
frequency difference between drive and sense modes. For sense mode two separate

resonance information is given to model the sense mode as two resonators.
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Table 5.1: Measured drive resonance characteristics of the tested gyroscopes

Gyroscope Proof Mass Res. Freq. Res. Gain Quality
V) (kHz2) (dB) Factor
SNW#6_G14 12 13.486 16.55 39667
SNW#6_F09 14 12.876 11.88 18162
SNW#7_N08 10 13.9 15.88 50546
SNWQ#1_NO08 13 12.822 18.55 43465
SNWQ#1_L01 13 12.812 18.45 44957
SNWQ#1_J13 13 12.729 19.67 48586
SNWQ#1_F08 13 12.672 19.83 47820
SNWQ#1_007 13 12.790 20.88 50654
SNWQ#1_KO09 13 12.394 19.176 47670
SNWQ#1_108 13 12.659 18.64 45213
Table 5.2: Measured sense resonance characteristics of the tested gyroscopes
1% Peak 2" Peak
Gyro Vem Res.Fr.  Gain Q Res.Fr. Gain Q Af
(V) (kHz) (dB) (kHz) (dB) (Hz)
SNW#6_G14 12 13325 37.65 1838 13.313 31.40 1763 161
SNW#6_F09 14 12.318 32 1027 12.229 30.8 1087 558
SNW#7_NO08 10 13.698 34.92 3044 13.634 34.88 3029 202
SNWQ#1 N08 13 12.612 38.48 2314 12.5379 35.92 2411 210
SNWQ#1 L01 13 12586 36.94 2420 15.926 21.26 845 226
SNWQ#1 J13 13 12590 37.77 2518 12.285 37.56 2507 139
SNWQ#1 F08 13 12473 3947 1696 12.464 31 1696 199
SNWQ#1_0O07 13 12536 37.78 786 - - - 204
SNWQ#1 K09 13 1214  38.17 2944 - - - 154
SNWQ#1 108 13 12548 33.02 1915 12.349 35.82 2235 111
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5.2 Test Setup and Method for Gyroscopes

After vacuum packaging and characterization of gyroscopes, the next step is the
performance tests. The vacuum packaged sensor module is connected with drive, sense
and quadrature cancellation module on a PCB. These modules are placed in metal
packages to reduce the noise. Figure 5.4 shows the photograph of the test setup for

gyroscope performance tests.

During the tests first step is the scale factor and linearity tests. Gyroscope with its
surrounding electronics is placed inside the computer controlled rate table. The applied
rate is varied between +100°/sec with 10%/sec steps and the output of the gyroscope is
recorded by the data acquisition computer. Rate is started from 0°sec increased to
100°/sec, decreased to -100°/sec and finally increased to 0°/sec with 10°/sec steps. A
triangular rate is applied to gyroscope, with this way the linearity and hysteresis is
checked and scale factor is calculated. Then the gyroscope is fixed and the output of the
gyroscope is recorded by the data acquisition computer. The recorded data is then

processed by “AlaVar 5.2” Allan variance processing software.

The outputs of the inertial sensors are integrated during their usage. For example the
output of the gyro is the angular velocity but to find the location (position) one have to
integrate the velocity. And this is continuously done. Small errors are added up due to
integration and at last these errors may diverge. Besides these the sensors scale factor
may change, bias variations may occur etc. For the stated reasons modeling and
estimating the sensor’s error is critical. Allan Variance shows us the dominant errors
with respect to averaging time. In this study Allan Variance method is used to measure

the performance of the gyroscope.
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Figure 5.4: Photograph of the test setup for gyroscope performance tests

Figure 5.5 shows a typical Allan Variance plot. The most significant performance
parameters are angle random walk which gives the thermal noise density or resolution
and bias instability which gives the minimum detectable rate with the gyroscope. These
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values are found by fitting the line with corresponding slope. The slopes corresponding

to different noise sources are shown in Figure 5.5.
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Figure 5.5: A typical Allan Variance graph
5.3 Experimental Verification of Quadrature Error

Modeling of quadrature error was examined in Section 2.7.2, and it was found that

4Vpy AVeXh 5.1
n——m——;,——= Ykeffective
Yo
All of the variables in Equation 5.1, except quadrature displacement Y are known or
measurable. To find quadrature displacement, the preamplifier stage of the sense
channel should be known. Under zero rate conditions on open loop, the signal observed
at the output of the instrumentation amplifier Vspis purely due to quadrature. By
knowing the amplitude of quadrature signal, quadrature displacement Y can be found.

Assuming capacitive preamplifier,

0Cer 5.2
Isp = Vpy dy jwpY
9Cep 1
VSP = WISPAInSt.Amp. = VpM' ay YEAInSt.Amp. 53
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Vspis measured through tests and ag% is obtained through resonance tests. The other

parameters in Equation 5.3 are known from design and quadrature displacement Y can
be calculated. On open loop rate sensing, quadrature cancellation circuit is operated and
the applied quadrature potential AV is measured. In Equation 5.1, all the parameters on
the left and right hand side are known, they can be calculated and checked whether the
equality is valid or not. Table 5.3 provides the parameters of SOI gyro NO8 to check the
equality in Equation 5.1.

Table 5.3: Parameters of the SOI gyroscope NO8

Parameter Value
Drive Resonance Frequency wy 13.9kHZ
Sense Resonance Frequency wg 13.634kHz
Quality Factor of the Sense Mode Qg 3029
Mass of the Sense Mode mg 8.34E*kg
Spring Constant of the Sense Mode kg 612 N/m

Effective Spring Constant k.ffective

636-624=24 N/m

Measured Quadrature Signal Vgp ORI
Sensitivity ICsp dy 1.63E°F/m
Proof Mass Potential Vpy, 10V
Measured Quadrature Potential AV 177V
Preamplifier Capacitance C 3.9pF
Calculated Quadrature Displacement Y 0.87E*m
Number of Quadrature Electrodes n 11
Drive Displacement X 4.2um
Gap of Quadrature Fingers yq 2.3um
Permittivity of Free Space £ 8.85EF/m
Calculated keffectiveY 2.1E'N
Calculated Applied Quadrature Force F 1.92E'N
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As seen in Table 5.3 the last two rows are close to each other, there is only 10%
mismatch. These results show that analytical result found in Equation 2.54 is correct
and this is consistent with the SIMULINK result which is in the order of 2.1*107N
given in Figure 3.22. So; simulated, calculated and measured results agree with each

other for quadrature cancellation.

54 Test Results of the SOl Gyroscopes with and without Quadrature
Cancellation

The first step in the gyroscope test is monitoring the drive pick signal. Drive
displacement should be kept constant throughout the life of the gyroscope and drive pick
signal is the only way to check the amplitude of drive displacement. As mentioned in
Section 3.3.1 pole zero cancellation can make the system very fast. Drive displacement
settles very fast without overshoot. Figure 5.6 provides test result showing the effect of
pole zero cancellation. As seen in Figure 5.6 settle time of the drive pick signal is
measured to be 96msec and no overshoot is observed. It was theoretically calculated as
20msec, the difference is due to the current limits on power supplies and the settling of

overall circuit.

Drive pick signal is set to 750mVpeak OF 1.5V eax in this study. For the specified proof
mass potentials these set potentials corresponds to 3.5um and 7um drive displacements
respectively.  Test set up is adjusted so that with an additional resistor drive
displacement can be set to 7um, this is achieved by adding a parallel resistor to the gain

resistor of the low pass filter in the drive control module.

Figure 5.7 shows drive pick and drive motor signals, for resistive preamplifier they are

expected to be in phase. As seen in Figure 5.7 two signals are in phase with each other.
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Figure 5.6: Drive pick signal showing the settle time
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Figure 5.7: Drive pick signal and square wave drive motor signal

The main purpose of this study is to observe the effect of quadrature cancellation on

gyroscope performance. In that sense identification of quadrature signal is important, to
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better illustrate the quadrature error, Figure 5.8 shows quadrature signal with drive pick

signal before and after quadrature cancellation.
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Figure 5.8: Drive pick and zero rate sense pick (Quadrature) signals (a) Before

quadrature cancellation (b) After quadrature cancellation

As seen in Figure 5.8 a, under zero rate conditions there exists a signal at the sense pick
output of the gyroscope. With resistive drive, capacitive sense and at mismatch
conditions rate signal is in phase with drive signal, however there is 90° phase difference
between the signals shown in Figure 5.8 a. The sense pick signal is purely due to
quadrature error. In Figure 5.8 b, the quadrature signal is cancelled by the control

electronics.

Normally the operation of force feedback circuit is based on phase sensitive
demodulation; since the quadrature and rate signals have 90° phase difference
But

quadrature signal is only eliminated electronically; force feedback electrodes do not

quadrature is eliminated up to a certain level at phase sensitive demodulation.

apply any potential to stop the unwanted quadrature motion. The sense mode of the
gyroscope always moves in an uncontrolled way if quadrature cancellation is not
applied. If the quadrature signal’s stability (amplitude and phase) over the time is
guaranteed then the quadrature signal will only result in an offset at the output due to
phase error introduced during phase sensitive demodulation. But the mechanisms that
originate the quadrature error are not well defined and during the tests it was found that

the quadrature signal is not stable throughout the time. And this signal is very high
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compared to Coriolis signal as shown in Section 3.3.2.1, cancellation of this error will

eliminate one of the major error sources for gyroscope.

Ideally the quadrature cancellation circuit should only cancel the quadrature motion and
should not deteriorate the Coriolis signal. Scale factor test is used to verify that
quadrature circuit does not degrade the Coriolis signal. The scale factor at different
proof mass potentials and different drive displacements with and without quadrature
circuit is measured for SNW#6_F09 and Table 5.4 shows the results.

Table 5.4: Scale factor measurements with and without quadrature circuit

Gyro Vpm Drivedisp. Scale fact. w/quad.  Scale factor w/o quad.
V) (um) (mV/ ®/sec) (MV /%sec)
SNW#6 F09 14 7 16 15.88
SNW#6_F09 13 7.5 18.66 18.46
SNW#6 F09 14 3.5 7.54 7.5
SNW#6_F09 13 3.75 8.74 8.7

As seen in Table 5.4 there is a slight increase in scale factor with quadrature
cancellation. This is due to the fact that with quadrature cancellation unwanted
quadrature signal is removed and phase sensitive demodulation becomes more effective.
Another point is the effect of drive displacement on the scale factor, direct relation
between drive displacement and scale factor can also be observed in Table 5.4.
Increasing drive displacement directly increases the scale factor in the same order as

expected.

The Allan Variance test results will be reported for the gyroscopes however each Allan
Variance graph will not be given instead the procedure will be explained on a sample
plot and for the other gyroscopes only the results will be reported. Allan Variance plots
will be given wherever a significant performance is obtained. Figure 5.9 shows a
sample Allan Variance plot for gyroscope SNW#6_G14 for 12V proof mass potential.
Angle random walk (ARW) value is found by fitting a line with slope -1/2 and the angle
random walk value is the point where the fitted line intersects 1 second. Bias instability
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is found by fitting a line with O slope. The y intersect value is the value of bias
instability. In this study bias instability value is not divided by 0.664, depending on
specifications [54]. Using Figure 5.9, ARW of SNW#6_G14 is 0.038 °/VHz and bias
instability is 1.1 °/hr. Read angle random walk value is divided by 60 to convert the unit
°/\hr from °/hr/NHz. In the literature generally the preferred unit of angle random walk
is °/\hr. The Allan Variance plot starts to decrease for sampling times (t) smaller than
0.01sec (100Hz) which is not observed in standard Allan Variance plot given in Figure
5.5. Sampling frequency of 5kHz is used during data acquisition and a 100Hz LPF filter
exists in the system. Since the sampling frequency is higher than cutoff frequency of
LPF, the effect of LPF is seen. LPF filters the noise also for frequencies higher than

100Hz, so that portion of the graph should not be taken into account.

o(z) (*hr)

Figure 5.9: Allan Variance plot for SNW#6_G14

Table 5.5 shows gyroscope performance with and without quadrature compensation.
When gyroscope SNW#6 _F09 is examined direct result of quadrature cancellation
cannot be extracted. This is due to the fact that that gyro has almost zero quadrature
signal without compensation. There may be little quadrature signal which cannot be
noticed and the small performance increase can also be seen. Since the quadrature

signal is low the output offset of the sensor is low and quadrature cancellation injects a
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little offset to the circuit due to nonidealities in the circuit and gyroscope. But note that
gyros with zero quadrature signal without compensation are found rarely, and quadrature
cancellation always improves the performance in a small or considerable amount. The
empty regions for SNW#6_F09 indicate that tests are not performed.

Table 5.5: Gyroscope performance comparison with and without quadrature

cancellation(1)

Drive W Quad. Cancellation W/o Quad. Cancellation

Disp.
Vem > Offset Bias ARW Offset Bias ARW

Gyroscope (V) MMy o oy mv) @) @A

SNW#6_F09 13 3.5 18 2 0.108 5 2.6 0.11
SNW#6_F09 14 3.5 7 14 0.063 4.5 1.6 0.058
SNW#6_F09 14 7 10 2.7 0.03 = = =

SNW#6_F09 8 5.6 22 292 0.062 - - -
SNW#6_G14 12 35 19 11 0034 -60  >100 0.348
SNW#7_N08 10 4 3 149 0041  high  high  high

Effect of quadrature cancellation can be seen directly when gyroscopes SNW#6_G14
and SNW#7_NO08 are examined. The performance is increased 10 times for ARW, 30
times for offset, and above 100 times for bias instability for 12V proof mass potential
and 3.5um drive displacement for SNW#6_G14. The regions written “high” implies
that the output of the gyroscope is so unstable that taking Allan Variance data will be
meaningless. The quadrature signal is so high that, without quadrature compensation it
is not possible to obtain Allan Variance plot for SNW#7_NO08. But with quadrature

compensation its performance is in the order of 1°/hr-2%hr.
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Table 5.6: Gyroscope performance comparison with and without quadrature

cancellation(2)

Drive W Quad. Cancellation W/o Quad. Cancellation
Vem Disp.

Offset Bias ARW  Offset Bias ARW
Gyroscope (V)  (um)

(mV) (°hr) (°Ahr)  (mV)  (hr) (O
SNWQ#1 J13 13 35 025 091 0034  -207 71 036
SNWQ#1_J13 13 7 1.5 086 0015 2500 - -
SNWQ#1 J13 10 45 25 1.2 0.043 : - -
SNWQ#1_L01 13 35 25 31 007 223 112 0.49
SNWQ#1_N08 13 35 25 23 003 -125 25  0.037

SNWQ#1_NO08 13 7 6 17 0018  -23 19  0.025
SNWQ#1_007 13 35 2 17  0.04 X X X
SNWQ#1_007 13 7 2 091 0018 X X X
SNWQ#1_F08 13 35 7 59 007  high high high

SNWQ#1_F08 13 7 125 48 0046  high  high  high
SNWQ#1 108 13 35 4 072 0029 2500 - -
SNWQ#1 108 13 7 8 039 0014 2500 - -
SNWQ#L K09 13 35 135 23 0072 37 42  0.081

Table 5.6 shows again performance results of another set of gyroscopes with and
without quadrature nulling. A broad range of gyroscopes are tested. The proof mass
potential is kept generally constant and drive displacement is varied. The regions
marked with yellow show the highest performance gyroscopes

The tests are initiated with SNWQ#1 J13, as seen in the first row the performance is
increased 7.8 times for bias instability, 10.5 times for ARW and the offset at the output
is almost zeroed (-207mV previously). Then the test is repeated by increasing the drive
displacement to 7um and the performance is increased. Increasing drive displacement

directly reduces the rate equivalent Brownian and electronics noise as explained in
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Chapter 3. So expecting the ARW to improve by an order of drive displacement is
normal, but bias instability is expected to worsen without quadrature compensation if
there is considerable quadrature error (>50°/sec). Since drive displacement is increased
the drift of the sensor is expected to be higher. Quadrature cancellation suppresses this
drift significantly. Bias instability improves but the order of improvement is lower than
ARW. Another advantage of quadrature circuit is it enables to operate the sensor in its
most sensitive condition. The open loop scale factor of the gyroscope directly depends
on Af (the frequency mismatch between drive and sense modes, Equation 2.21) as Af
decreases the scale factor increases hence the rate equivalent noise decreases. But as the
drive and sense modes come closer quadrature signal also increases and after some level
electronics is saturated by high quadrature signal, the output is stuck to +2.5V supplies.
Same is valid for increased drive displacement; increasing drive displacement increases
the quadrature level and may saturate the electronics. This is the case for SNWQ#1 J13
for 7um displacement. As seen in the table output is stuck to 2.5V. With the quadrature
signal compensated the sensor can be operated at these most sensitive (provides highest
performance) regions without any trade off. The limit for decreasing the Af comes from
bandwidth, decreasing the frequency mismatch below 100 Hz will reduce the operation
bandwidth.

The effect of quadrature cancellation can also be seen in SNWQ#1_L01, bias instability

is improved 3.6 times, ARW is improved 7 times and output offset is improved 89 times.

The performance increase is not much in SNWQ#1 NO08, that gyro has similar
characteristics with SNW#6_F09, it has almost zero quadrature signal without
compensation. There is an improvement but not clear as observed in the other

gyroscopes.

The SNWQ#1_0O7 was destructed during the tests so the performance tests without quad

couldn’t performed.

During the tests it is verified that quadrature signal is the main obstacle for a sensor in its
path to high performance. Some sensors cannot be operated without quadrature

compensation this is the case for SNWQ#1 F08. W.ithout quadrature nulling the
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deviation at the output of the sensor is so high that, it is not possible to obtain Allan

Variance plot.

The best performance in this study is obtained from SNWQ#1 108 at 13V proof mass
potential and 7um drive displacement. The quadrature signal is very high resulting in
unstable operation without quadrature cancellation. The obtained result is 0.39°/hr bias
instability and 0.014°~hr ARW, Figure 5.10 shows the Allan Variance plot. This
sensor has a theoretical white noise limit of 0.012°/~hr. With a properly prepared test
setup and quadrature compensation a sensor operating at theoretical ARW limit is
obtained.
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Figure 5.10: Allan Variance plot for SNWQ#1_108 at 13V proof mass potential and 7um

drive displacement

The improvement with quadrature cancellation can also be seen in SNWQ#1_KO09, bias
instability and output offset is improved by a factor 2 and ARW improved by a factor of
1.1.

The best performance results in this study are obtained from SNWQ#1 J13 and
SNWQ#1_108, having frequency mismatch of 139Hz and 111Hz respectively. The

other sensors have mismatch between 200-500Hz. Decreasing mismatch greatly
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suppresses the electronics noise and enables to get highest performance results. The
maximum cancelable limit of the quadrature circuit is limited with the controller
OPAMP’s supply potentials and frequency mismatch as explained in detail in Section
2.7.2. As frequency mismatch is decreased the maximum cancelable quadrature motion
increases. The maximum cancelable limit with £2.5V supplies depends on the sensor,
but it is possible to cancel +800°/sec quadrature error with 139Hz mismatch and 13V
proof mass potential for SNWQ#1 J13. Increasing the mismatch decreases the
maximum cancelable quadrature error, and in that case it will be necessary to increase
the supply potentials of the OPAMP.

Linearity and range are also significant performance parameters. Since the quadrature
circuit solves the output offset problem, range problems due to offset are solved. Figure
5.11 shows the linearity plot for the gyroscope SNWQ#1 108 for 13V proof mass
potential and 7um drive displacement. A triangular rate is applied to the gyroscope
starting from 0%sec to 100°/sec, 100%/sec to -100°/sec and -100%sec to 0°sec with
10%sec steps. And all of these data are plotted on Figure 5.11, as seen it is nearly
perfect line, slope being equal to the scale factor. No hysteresis observed and R?
linearity is nearly 1. R? linearity is obtained from “Microsoft Excel” program and
actually does not show the actual linearity, the actual linearity is defined as the
maximum deviation from the fitted line divided by the whole range. The actual linearity
of this sensor is calculated as 99.98%. The gyroscope has a range of +100°/sec (tested)

and it can be increased up to £150°/sec (+2.5V supply potentials).
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Gyroscope Rate Output vs Angular Rate
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Figure 5.11: Gyroscope output vs angular rate plot for SNWQ#1_108

To see the effect of quadrature cancellation on linearity, the linearity test is applied with
and without quadrature cancellation to SNWQ#1_KO09 for 13V proof mass potential and
3.5um drive displacement. The actual linearity of the sensor with and without
quadrature cancellation is 99.98% and 99.97% respectively, the results are close to each
other. The linearity with quadrature cancellation is slightly higher and the improvement
factor for linearity depends on quadrature level. Since the unwanted quadrature signal is
canceled, an increase in the linearity is expected. Direct effect on gyroscopes could not
be observed since force feedback increases the linearity also. Gyroscopes are already

highly linear; quadrature cancellation cannot show a major improvement.

No bandwidth and settle time verification is performed for the sensors. Settle time can
be measured by applying a step through rate table but settle time of the rate table is
lower than the circuit’s settle time which makes the measurement impossible.
Bandwidth is simulated in SIMULINK design environment. The minimum bandwidth is
70Hz and typical bandwidth of the sensors varies between 80Hz t0100Hz. Maximum
allowed limit is the 100Hz, cut off frequency of the low pass filtered used in sense mode

electronics. No bandwidth considerations exist for the quadrature compensation circuit
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since its frequency does not vary with the applied rate frequency, the quadrature signal’s

frequency is always at drive mode frequency.

All the results in Table 5.5 and Table 5.6 verify that quadrature cancellation improves
the performance of gyroscope. With current microfabrication tolerances quadrature

error is inevitable, so compensating this error will increase the performance.
5.5 Scale factor and Bias Repeatability Tests

To measure the repeatability of scale factor, scale factor test is repeated for 5 times with
and without quadrature cancellation circuit. Each scale factor test is done as follows. A
triangular wave form is applied to gyroscope, starting from 0%sec the input rate is
increased to 100%/sec then decreased to -100°/sec and finally increased to 0°/sec with
10°/sec steps and the output of the gyroscope is recorded. Then a line is fitted and scale

factor is extracted.

Between each scale factor test the power supplies are turned off for 5 minutes and then
power supplies are turned on and the test is repeated. Table 5.7 shows the scale factor
repeatability test results with and without quadrature cancellation.

Table 5.7: Scale factor repeatability test results with and without quadrature cancellation
for SNWQ#1_J13

Test Scale factor without Scale factor with
quadrature canc. (mV/°/sec) | quadrature canc. (mV/%/sec)
#1 7.29077 7.46343
#2 7.28814 7.46144
#3 7.28447 7.46189
#4 7.28946 7.4632
#5 7.28209 7.4631
Scale factor
repeatability 495 (1o) 119 (10)
(ppm)

130



To find the scale factor repeatability, the mean of 5 scale factor values is found. Then
standard deviation of the 5 number set is calculated and divided by the average scale
factor. Finally the result is converted into unit of ppm. Results in Table 5.7 show that
with quadrature cancellation applied the scale factor repeatability is improved to 119
ppm from 495 ppm. The slight increase in the scale factor is due to more effective phase

sensitive demodulation with quadrature cancellation.

A similar procedure is followed for the bias repeatability tests. The output data of the
gyroscope is collected for 30 minutes with any rate applied, and then the mean of the
collected data is found. This is repeated for 5 times (between each test power supplies
are turned off and waited 5 minutes) and the standard deviation of the 5 values is found
and divided by the average scale factor (found using Table 5.7). The bias repeatability
test result has the unit of °hr. Table 5.8 shows the bias repeatability test results with

and without quadrature cancellation.

Table 5.8: Bias repeatability test results with and without quadrature cancellation for

SNWQ#1_J13

Test Mean of the data without Mean of the data with
guadrature canc. (mV) guadrature canc. (mV)

#1 -197.064 1.94

49 -197.076 1.957

#3 -197.065 1.965

44 -197.098 1.972

45 -197.094 1.976

Bias r?g)/ia:‘t)ability 7.87 (10) 6.88 (1o)

Temperature is significant in bias repeatability tests since the gyroscope parameters such
(as resonance frequencies of drive and sense modes) depend on temperature and
temperature sensor was not placed in sensor modules. Temperature is also significant in

scale factor tests but the scale factor tests (1 hour) do not last as long as bias
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repeatability tests (3-4 hours). Table 5.8 does not provide a significant improvement
with quadrature cancellation on bias repeatability but gives an idea. With quadrature
cancellation bias repeatability is slightly better. Temperature of the environment should
be known to extract more solid comments. Note that with quadrature cancellation the

offset at the output is greatly suppressed.
5.6 Test Results on the Sources of Quadrature Error

To get experimental data on the sources of quadrature error, gyros with intentionally
placed errors are designed as explained in Section 2.8.2. In the simulations the most
critical error source is found to be the force transmitting springs from drive to sense

mode. Table 5.9 shows the quadrature levels of tested gyroscopes.

Table 5.9: Quadrature error levels of the tested

gyroscopes
Quadrature Error (°/sec)
Width of Sq

Simulated Measured Sense Direction

3.6um 438 450 Quad
Electrodes
3.8um 228 391
4pm 0 65

ﬁ
Drive Direction

Drive Frame  [QUAGRRIFS EISCHoASSY

Figure 5.12: Simplified gyroscope

figure

Figure 5.12 shows the simplified gyro figure again to visualize the introduced
imperfection. Sgq is the spring that transmits drive displacement into proof mass frame
and any imbalance at this spring causes quadrature motion. The relation between

simulated and measured results can be seen in Table 5.9. They are consistent with each
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other but not exactly. The difference between them is due to the already existing

imperfections in the process, i.e. ideally drawn gyro has also quadrature error.

It can be concluded that the most significant source of quadrature error is springs. Since
the force is transmitted through springs, any imbalance in springs causes quadrature
error. Springs more specifically that transmit force between modes needs extreme care
during design. Process variations should be taken into account and the layouts should be

drawn taking into account the etching characteristics.
5.7 Test Results of the SOG Gyroscopes

Details of the gyroscopes fabricated with SOG process will not be examined in detail
here. SOG gyroscopes do not have quadrature cancellation electrodes. Table 5.10
shows the best performance results obtained from SOG gyroscopes. The best ARW and
Bias Instability is 0.045°/hr and 1.74%/hr respectively (from different gyros), however
the best results with SOI gyros are 0.014°hr and 0.39%/hr respectively (from the same

gyro). This shows the importance of quadrature nulling and process improvement.

Table 5.10: Best performance results obtained with SOG gyroscopes

Gyroscope 1D Vem Angle R(z)indom Walk Bias Instability
(V) (°Hhr) ©/hr)
SNW#19_ D06 32 0.07 1.74
SNW#19 D03 32 0.088 4.49
SNW#19 GO09 30 0.048 4.3
SNW#19 K01 30 0.045 3.2

Table 5.11 shows the performance results of SNW#19 GQ09 for different proof mass
potentials and drive displacements. Increasing drive displacement will decrease the rate
equivalent noise and ARW improvement can be seen with increased drive displacement.
However note that bias instability performance of the gyroscope worsens with increasing

drive displacement. This is due to the fact that drift of the sensor increases with larger
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drive displacement. Quadrature compensation solves this problem; in that case drift of

the sensor is not changed as shown in SOI gyroscopes.

Table 5.11: Test results for SNW#19_GO09 for different proof mass potentials and drive

displacements

Drive Displacement

Vew 7.5 um 5pm
(V) _ _
Scale Factor ARW Bias Inst.  Scale Factor = ARW  Bias Inst.
(mV/%sec)  (°/hr) (°/hr) (mV/°%sec)  (°Ahr)  (%hr)
30 23.08 0.049 43 15.50 0.073 1.7
32 19.07 0.053 2 13.30 0.07 1.6

To compare SOG and SOI gyroscopes, SOI process with quadrature compensation
applied has higher yield than SOG process. Since quadrature compensation increases
the performance of the gyroscopes, for a given performance constraint SOI gyroscopes’

yield and performance will be better than that of SOG gyroscopes.
5.8 Summary of the Tests and Conclusions

This chapter presents the performance results of SOl gyroscopes with and without
quadrature cancellation, the experimental data about the sources of quadrature error and
performance results of SOG gyroscopes without quadrature cancellation electrodes. The
test results are obtained from a fully closed loop system. It is shown that closed loop
drive amplitude control, force feedback and quadrature cancellation system operate as
expected.

The effect of pole zero cancellation on drive amplitude control circuit is investigated.
Drive pick signal is set to 750mV with no overshoot in 96msec, showing that pole zero

cancellation improves the circuit performance.

It is shown that quadrature cancellation operates as expected, it only cancels out the

unwanted quadrature motion, and the scale factor of the gyroscope slightly increases due
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to more effective phase sensitive demodulation. Then the performance improvement
with quadrature cancellation is examined. Table 5.12 shows the improvement factors of

performance parameters with quadrature cancellation.

Table 5.12: Improvement factors of performance parameters with quadrature

cancellation
Gyroscope Imprgvement fg(_:tor Improvement Improvement
of Bias Instability factor of ARW factor of offset
SNWQ#1_J13 7.8 10.5 828
SNWQ#1_L01 3.6 7 89.2
SNWQ#1_N08 1.11 1.4 3.8
SNWQ#1_K09 1.8 11 2.7

Quadrature cancellation improves the bias instability up to 7.8 times, improves ARW up
to 10 times, and improves output offset up to 800 times. These are significant
improvements for gyroscope performance. All of the tested gyroscopes are not included
in Table 5.12, only the ones that can be operated with and without quadrature
cancellation are included. Actual improvement factor of quadrature cancellation is
higher since some of the gyroscopes cannot be operated without quadrature nulling due
to high quadrature levels. Quadrature cancellation enables the gyro to operate in its
most sensitive region (when the mismatch between drive and sense modes is around
100Hz) where quadrature signal saturates the electronics. At its most sensitive region,
electronics noise is highly suppressed resulting in a significant performance increase.

The effect of drive displacement on gyro performance with quadrature cancellation is
also investigated. Drive displacement directly increases the gyroscope’s rate sensitivity
and decreases both rate equivalent mechanical Brownian noise and electronics noise. So
a direct improvement in ARW is expected. Bias instability on the other hand expected
to worsen since the drift will increase with increasing drive displacement. However
with quadrature cancellation drift of the sensor is also suppressed and increasing drive

displacement improves both bias instability and ARW without any trade off. Increasing
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drive displacement also increases the quadrature signal and may saturate electronics.
Quadrature cancellation prevents the electronics from saturation also. SNWQ#1 108 is
operated in its sensitive region with maximum drive displacement with the aid of
quadrature cancellation. The gyro has an ARW of 0.014°/hr and bias instability of
0.39%hr, with theoretical ARW limit of 0.012°hr. This is the highest performance
gyroscope in METU up to now and achieved with quadrature cancellation. Without
quadrature nulling it is not possible to operate gyro, the output is unstable due to high

quadrature.

Sources of quadrature error are examined experimentally. Through simulations springs
are found to be the major source of quadrature error and gyros with spring imperfections
fabricated and tested. As expected gyros with spring imperfections have absolutely
higher quadrature errors than standard gyros. The gyros have measured quadrature
errors of 450%/sec and 391°/sec for 3.6um and 3.8um spring (Sq) widths respectively.
The simulated quadrature levels are 438°/sec and 228°/sec, respectively. The highest
quadrature error observed in standard gyros was 150°sec.  Simulations and
experimental results are consistent with each other verifying that springs especially force

transmitting springs should be designed carefully.

The performances of gyroscopes fabricated with SOG process and SOG based SOI
process are compared. SOG gyroscopes do not have quadrature cancellation electrodes
and the highest performance obtained is ARW of 0.045°hr and bias instability of
1.74°hr. However these values for SOl gyros with quadrature cancellation are
0.014°hr and 0.39%/hr showing the importance of quadrature cancellation and process

improvement.

The gyros have R? linearity of almost 1 and actual linearity of 99.98%, range of
measured +100°/sec but at least +150°/sec is possible. The minimum bandwidth is
70Hz, typically varies with 80-100Hz. 100Hz limit comes from the cutoff of the LPF.
The highest quadrature error that can be canceled is +800%sec limited with +2.5V
supply potentials which is more efficient than [16] and [17]. With higher supplies more

possible.
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Scale factor and bias repeatability tests are done for SNWQ#1_J13. Scale factor and
bias tests are performed for 5 times and then the data are processed to find the
repeatability values. Scale factor repeatability values without quadrature cancellation
and with quadrature cancellation are 495ppm and 119ppm both for 1o, respectively.
The improvement of quadrature cancellation can directly be seen. Bias repeatability
values without quadrature cancellation and with quadrature cancellation are 7.87°/hr and
6.88°/hr both for 1c respectively. They are nearly the same the effect of quadrature
cancellation cannot directly be seen. But temperature is significant in these tests and the
sensor modules do not have temperature sensors. To extract more solid comments

temperature of the environment should be known.

Table 5.13 shows the highest performance gyroscopes reported in the literature and this
work. As seen there is not a MEMS gyroscope developed satisfying the inertial grade
requirements yet but tactical grade requirements are satisfied. The gyroscope
performance is improving and inertial grade requirements will be satisfied in the near

future.

Table 5.13: Comparison of This Work with the Best Gyroscopes Reported in the
Literature

o ARW Bias Ins. Bandwidth Range
Institution

(°\hr) (°/hr) (Hz) (+%/sec)

Tactical Grade 0.5-0.05 0.1-10 100 >500

Inertial Grade <0.001 <0.01 100 >400
Honeywell [4] 0.002 0.03 _* *
Gatech [16] 0.003 0.16 1-10 *

Thales [17] 0.01 <0.1 _* 1000

LITEF GmbH [55] 0.3 0.12 <500 1000

This Work 0.014 0.39 70 >100

* not reported

To compare this work with the others in Table 5.13, [4], [16], and [17] have higher bias
instability and ARW performance compared to this work. [16] and [17] operate the gyro
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at matched mode which decreases their bandwidth. [4] doesn’t provide any range or
bandwidth information. Only this work and [55] clearly describes all of the performance
parameters. The ARW and bias instability obtained in this work is comparable to the
highest performance gyroscopes’ in the literature and not far away from them and even

better in some aspects.

Quadrature cancellation improved the ARW of the gyros to their theoretical limits,
verifying that quadrature error is the major performance limiting error source of MEMS
gyroscopes. For further performance increase, modifications in mechanical structure are

needed.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

This work presents the effect of quadrature cancellation on the performance of a fully
decoupled MEMS gyroscope structure and gives experimental data on the sources of
quadrature error for the first time in the literature. In the first step quadrature
cancellation electrodes operating with differential DC potentials are designed for the
fully decoupled gyroscope structure developed at METU. The equations governing the
vibratory gyroscope drive, sense modes and quadrature error are derived. FEM
simulations are used to observe higher order effects and to understand the sources of
quadrature error. Depending on simulation results gyros with intentionally placed
imperfections are placed on the layout. Closed loop drive amplitude control, sense force
feedback and quadrature cancellation circuits are designed and verified in SIMULINK
design environment. The tested gyroscopes are fabricated with SOG based SOI process
which is the improved version of the SOG process. The designed control circuits are
implemented in low noise hybrid modules, connected on a printed circuit board (PCB),

and tests are performed.

Based on the accomplishments and results of this research following conclusions can be

drawn:

1. Design of quadrature cancellation electrodes for the fully decoupled gyroscope
structure is investigated. The quadrature fingers are placed on proof mass frame
in a special capacitive configuration such that by using drive displacement and
applied +AV potentials they generate a force to stop the unwanted quadrature
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motion. The relation between quadrature force and displacement shows that
maximum amount of cancellable quadrature motion depends on the frequency
mismatch between drive and sense modes. As the amount of mismatch decreases
maximum amount of quadrature motion that can be canceled increases. FEM
simulations are used to model the quadrature error and spring imbalances are
found to be the major source of quadrature error. Springs that transmit force can

lead to quadrature errors of 438°/sec with only 10% mismatch.

Fully closed loop control system consisting of drive amplitude control, sense
force feedback and quadrature cancellation is designed. The followed controller
design procedure is the same for all. First the open loop transfer function is
extracted with the simplified drive or sense model, second the controller
parameters are optimized then the closed loop circuit is verified in SIMULINK
design environment. The minimum detectable rate mainly depends on the noise
performance of sense mode electronics. It is found that the preamplifier stage
especially the current noise of the preamplifier OPAMP dominates the overall
noise performance of the system. The noise coming from electronics and
mechanical structure (Brownian noise) are in the same order. Increasing drive
displacement has direct decreasing effect on both rate equivalent mechanical and

electronics noise.

. An improved version of the SOG process is developed. The problems of the
SOG process are reviewed. The main problem is performing DRIE on
anodically bonded recessed glass wafer which results in over heating of the
wafer during process. To solve this problem SOG based SOI process is
developed, different from SOG process DRIE is performed prior to anodic
bonding. Device layer is formed on SOI wafer and then anodic bonding is done.
The mechanism behind the anodic bonding of SOI and glass wafers is
understood. When the bonding is performed as standard anodic bonding, two
series capacitors are formed during bonding and most of the applied potential

occurs on device layer of SOI and glass wafer which is desired. SOG based SOI
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and SOG processes are compared and the former is found to be better in terms of
DRIE quality, yield and uniformity. Previously the contact resistances up to
100kQ were measured. The problem is solved by adding BHF step to silicon
wafer before anodic bonding. The native oxide on the silicon wafer prevents
ohmic contacts between metals and silicon. Another problem is the eutectic
formation between metal lines and silicon during anodic bonding which is
prevented by decreasing the anodic bonding temperature (350°C) below eutectic

temperature of silicon and gold (363°C).

Fully closed loop system, i.e. sensor, drive amplitude control, sense force
feedback and quadrature cancellation modules are connected on a PCB. Each
module is formed with discrete, commercial components. The effect of pole zero
cancellation on drive mode settle time and overshoot is verified. With pole zero
cancellation settle time of 96msec without any overshoot is obtained. The
theoretical value is 20 msec, the difference is due to supply current limits and the
settle time of the overall circuit. Ideally the quadrature cancellation circuit
should only cancel the quadrature signal; the Coriolis signal should be preserved.
The scale factor tests on SNWQ#6 F09 are performed with and without
quadrature circuit and for different drive displacements. Test results verify that
quadrature cancellation circuit slightly increases the scale factor of the system
due to more effective phase sensitive demodulation and scale factor directly
depends on drive displacement. Allan Variance tests are performed with and
without quadrature cancellation. Test results show that quadrature cancellation
improves bias instability up to 7.8 times, ARW up to 10 times and output offset
up to 800 times. The improvement factor is higher for gyros which cannot be
operated without quadrature cancellation. For some gyros quadrature signal is so
high that it saturates the electronics. With quadrature cancellation the gyros can
be operated at its most sensitive region with maximum drive displacement to get
the highest performance without saturating the electronics, normally without
quadrature cancellation the electronics is saturated at the stated conditions. With
quadrature cancellation drive displacement can be increased without any trade
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off, normally increasing drive displacement increases the drift of the sensor and
bias instability worsens if there exists considerable quadrature error (>50%/sec).
With quadrature cancellation the gyroscope performance reached to theoretical
ARW Ilimit. A gyro operating at theoretical ARW is obtained. The bias
instability is 0.39%hr and ARW is 0.014%hr, the theoretical limit of ARW is
0.012°hr.  These results verify that quadrature cancellation is the major
performance limiting parameter and with cancellation gyroscope performance

reached to its theoretical limits.

. The R? linearity of gyroscopes are very close to 1 (99.9999988%). However the
actual linearity is (99.98%) sufficient for tactical grade applications. The range
of the gyroscopes is increased since the quadrature cancellation circuit eliminates
the output offset. Most of the gyroscopes’ output offset is lower than 10mV,
+100°/sec range measured but at least +150°/sec range can be obtained. The
minimum bandwidth of the sensors is 70Hz but typically varies between 80Hz-
100Hz limited with the cutoff frequency of the low pass filter. Experimental
investigation of quadrature error sources shows that gyros with spring
imperfections have absolutely higher quadrature errors. The highest quadrature
error observed in standard gyros is 150%sec. However, fabricated gyroscopes
with spring imperfections have measured quadrature errors of 450°/sec and
391%sec for 3.6um and 3.8um spring widths, respectively. The simulated
quadrature levels are 438°sec and 228°sec, respectively. Simulated and
measured values follow each other and the difference is due to the already
imperfections in the fabrication process. Springs are the main sources of
quadrature error, at the design stage special attention should be paid to spring
design. The constructed quadrature cancellation circuit can cancel +800°/sec
quadrature error and limited with £2.5V supply potentials. The performance of
SOl and SOG gyroscopes compared, the best ARW is 0.045°%hr and the best
bias instability is 1.74°/hr for SOG. However these are 0.014%hr and 0.39%hr
for SOI gyroscopes, thanks to quadrature error cancellation and improved

process.
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6. Scale factor and bias repeatability tests are performed. With quadrature

cancellation scale factor repeatability is found as 119ppm and without quadrature
cancellation found as 495ppm, both for 16. The improvement with quadrature
cancellation can directly be seen. However bias repeatability values without and
with quadrature cancellation is found as 7.87°/hr, 6.88°/hr respectively both for
lo. They are nearly the same. The temperature of the environment is critical
during bias tests since the tests take 3-4 hours and the sensor module does not
have temperature sensor. More exact results can be drawn with a constant

temperature test setup and temperature sensor.

The main conclusion of this study can be summarized as, quadrature error is the

major parameter limiting gyro performance and in the path to sub degree per hour

gyroscopes this error should be cancelled.

This research shows that the gyroscopes developed at METU have come to their

theoretical ARW performance limits with current analog control and mechanical

structure. To further increase the performance and reliability some of the future

research topics can be listed as follows:

1.

2.

Wafer level vacuum packaging of gyroscopes should be achieved as soon as
possible. With wafer level vacuum packaging the quality factors of the drive and
sense modes will significantly increase. The increase in the quality factor of the
sense mode will increase gyroscope performance since rate equivalent Brownian
noise of the mechanical sensor will decrease. Another advantage, handling of
gyro chips will be easier and most of them will survive during integration of
electronics and chip. Currently extreme care is required while handling the chips
and some gyro chips are lost due to dust during integration.

A new mechanical structure with higher “A” ratio (A denotes the ratio of proof
mass divided by total mass of the sense mode, determines the rate sensitivity of

the gyroscope) can be designed. Currently this ratio is 0.385, increasing this
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ratio will have a direct decreasing effect on rate equivalent noise. A mechanical
structure with higher proof mass or a new decoupled gyroscope structure can be

designed.

3. Converting the preamplifier outputs to digital and implementing the controller in
digital domain can simplify and reduce the overall size of the system. With this
way controller parameters can be updated instantaneously. An increase in the
performance of the gyroscopes can also be obtained.

4. Mode matching can be studied to suppress the rate equivalent electronics noise.
In that case, two peaks observed at the sense mode of the gyroscope should be
examined carefully. Because the gyroscope can be matched only one of the
peaks or another mechanical structure having a single sense peak can be

designed.

In conclusion, in the content of this study quadrature cancellation is applied to fully
decoupled gyroscope structure, the performance improvement with quadrature error
cancellation is experimentally studied and experimental data on the sources of
quadrature error is provided. All of these works are successfully studied and presented

for the first time in the literature.
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