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ABSTRACT

HIGH -PERFORMANCE READOUT CIRCUIT FOR RESONATOR -BASED
MEMS ACCELEROMETER USING DIGITAL CONTROL LOOP

Ali, Muhammad
Doctor of PhilosophyElectrical and Electronic Engineering
Supervisor: Prof. Dr. Tayfun Ak n

November 2022161 pages

This studyproposes new digital control loopbased compact readout circuit for a
resonant MEMS accelerometeproviding high performancewith reduced
temperature and power supply depara® whileutilizing low processing power.

The readout circuit utilizes ehargesensing preamplifier stagethat converts the
small motional current to readable voltagéhich is thenconverted to the digital
domain usig a 16bit ADC to perform the mplitude and frequency extraction in the
digital domain. AProportional IntegralKI) controller is used to maintain the sensor
output at a stable value. The frequency tracking is performed by implementing a
PhaselLockedLoop (PLL) in the digital domain. A timed reference signal technique
used in this study reduces the computational requirements for the PLL
implementation. A drive signal is generated based on the demodulated frequency and
amplitude, and a DAC is used to trasrsthe signal to the resonators.

Chip-level characterization of severstsonant MEMSaccelerometer sensors
performed with a dynamic signal analyzer (DSA). A laglamplifier is used to
characterize different sensor parameters. The frequemegping tests are

performed to obtain resonance frequency and gain of the resonators. The PLL and



PI controllers, available in the logk-amplifier software, are used to operate the

sensors in a closed loop.

The digital PCB realization is performed using origh@ characterizedesonant

MEMS accelerometersA frequencysweeping algorithm is used to obtain the
resonance frequency of the resonators under different biasing conditions: 3V to 10V
proof mass voltage and 0.1mV to 1mV excitation voltage. The resofreqoency

of the resonators is approximatelyp4831Hz and 1620Hz. The readout circuit
accurately and repeatedly measures the resonance frequency of the resonators, and
the results are consistent with the sensor characterization results. The frequency
swe@ing tests also show that a high value of excitation voltage drives the resonators
in the nonlinear region. The scale factor calculated with the readout circuit is 95Hz/g
which is stable under all the biasing conditions. The sensitivity of the individual
resonators is different: 45Hz/g f&esonator land 50Hz/g folResonator 2This
configuration achieves a bias instabilitySo¥ug, which can be further reduced with

a better MEMS accelerometer desigid this value is very close to the bias
instability obtained using a loek-amplifier setup Testing with a pure sine
generator shows that this readout <circuit <c
system's bandwidth is approximately 68Hz, which can be improved by sacrificing
the noise performanc&he temperature compensation improves thas bistability

of the sensor by 3 time3he differential resonator design is ideally immune to
temperature, but the difference in the sensitivity of the resonators due to fabrication

related problem make the sensor data dependent on the temperature.

Keywords: MEMS, Resonant Accelerometer, Digital Control Lddgadout Circuit
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DKJKTAL KONTROL D¥NG! LERK KULLANARAK MEN
YAY TKPK KVME¥L¢ER KCKN Y! KSEK PERFORMA
DEVRESK GELKKTKRKLMESK

Ali, Muhammad
DoktoraEl ekt ri k ve El ektroni k M¢hend
Tez Yoneticisi: Prof. Dr. Tayfun Ak n

Kas é m,1@l8ayfa

Bu -al ékma, d¢k¢k sécakl ek ve g¢- kaynaj
bir rezonant iivme°l-er i-in yeni bir d¢kK
devresi onermektediOk uma devr esi , k¢-¢k hareket a
d°ng¢ Kt ¢draehna sonra dijital alanda genl i k
i-in 16 bitlik bir ADC kullaneéel arak diji
amplifikat°r akamasé kull anér. Sens®°r - é&l
Knt egratdernétll eyi ci kul |l anél ér . -Kiitiekans i
D°ng¢ (PLL) wuygulanarak ger-eklextirilir,
referans sinyal tekniji, PLL uygul amasé
Demod¢l e ekdinlsmive fgrenl i e dayal & ol arak bi
rezonat®°rlere aktarmak i-in bir dijitald:

Birka¢ ivmeolcer sensorunin ¢ip dizeyinde karakterizasyonu, bir dinamik sinyal

analiz®°r¢ (DSA)lilre damrkell swetns®°r par ame
i -in bir Kilitli yéeksel tici cihaze kull
kazancéné el de etmek 1 -in frekans tar ame

yazeéel éménda bulkwomam oPti!l evrei ,Plsens®°r |l eri

-al éktérmak i -in kullanéel ér .
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Dijital PCB ¢zerindeki testler, karakterize

biri kull anél arak ger-eklexxtirilir. Far k1l é
rezonans frekahnéné el de et mek i-in bir frekans s¢p.
ila 10V arasé ataletsel k¢gtle voltajé ve 0.

rezonans frekanseé yakl akeéek ol ar ak 16485Hz

rezonatorlerin rezonans freks é né dojru ve tekrar eden «keki

sens®°r karakterizasyon sonu-I|lareéeyla tutarle
bir uyarma gerilimi dejerinliewr idot]jahursiad eotltmaj
gosterir. Okuma devresi ile hasp| anan °1 -ek fakt?o°oryg, t¢em ©°n
altenda kararl & olan 95Hz/ g"dir. Her bir r

rezonator 1 icin 45Hz/g ve rezonator 2 icin 50Hz/g. Bu konfiglrasyon ile, daha iyi
bir MEMS ivme©°l -er Ittaeslaarbéimee cielke od aahna 9d. a7 Oz &

kararsézl é] &/ ed ebjuerdieferulkakeéeltdrn y¢kseltici ¢
yakébdDdenr édan wuygulanan temiz sing¢gs sinyal.
0.30g/ aHzoédir. Sistemin bantbugedeéeijken Jigye¢ 16,
performanséndan f er é&Sggacta kd dEkr &k mpyinlzestyiomiul, e
sabit kayma hatasé kararsézl éjéené 3 kat Iy
i deal ol arak sécakl é] de kypawratardnedéngle e kt er |, ar
rezonat®°rlerin duyarl él ejéendaki fark, sens?©
Anahtar KelimelerMEMS, Rezonan¥ a b &Krvimge ° | - er , Di ji,t al Kontr

Okuma Devresi
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CHAPTER 1

INTRODUCTION

Micro Electro Mechanical Systems (MEMS) based sensors are uaatlimber of
applications ranging from commercial devices to kpgiformance inertial
applicationg1-3] for sensing pressure, acceleration, angular rotation, temperature,
sound signals, infrared radiation, eldEMS sensorsalso haveapplications in
medical areas, including surgical instruments, portable test equipment, miniature
labs, ad monitoring devicept]. The MEMS market is growing at 13% annuddly,

and thisincrease results from many advantageshe practical applications of
MEMS sensorsThe miniature size of a MEMS device is the first advantage that
attracts spaceonstrant applicationsas ®veral sensors can be incorporated into a
tiny space to achieve high performaniiltiple MEMS sensors have started to be
included in nobile phones or intelligent gadgets flding various capabilities to
these devicesThe second agntage of MEMS sensors is theirsteffectiveness
making thendesirable for many commercial applicatio@esteffectiveness comes
from the fact that MEMS sensors are produatithe waferlevel in batches, where

a single wafer can contain many MEMS dms, significantly redung the
fabrication cost of a single devic&Vith the advancement of the fabrication
techniques and the improvements in the designs, the MEMS sensors started to
achieve higher and higher performan@esigher operatin temperatureranges,
allowing their use in higiperformance applications, like inertial grade MEMS
accelerometerandgyroscope$s].

Extensive research has been carried out in theféastdecades to improve the
performance of MEMSinertial sensors especially on MEMS accelerometers

various highperformance MEMS accelerometers agported with performances



satisfyinginertialgrade applicationfs, 7]. MEMS accelerometers are essential to
several applications that require positioning or navigation. The acceleration
information can be extracted from a sensing element using different techniques,
resulting in different types of MEMS accelerometef@esonant MEMS
accelerometarareone of the several types of MEMS accelerongtehichhave

been developed since the 19@099] due to their advantages comparedotber
MEMS accelerometer typeResonant MEM&ccelerometers are distinguished due

to their advantagessuch asquastdigital output simplifying digitization high
sensitivity, improved dynamic range, insensitivity to temperature and power supply
variations, and low electronic noise.

Many readout sa@mes are used to operate a resonant MEMS accelerometer. All
readout circuits have three essential components:anppéfier stage to convert the
motional current to voltage, an oscillatisastaining part that keeps the resonators
operating in a closeabp, and a frequency extraction or reading part that converts
the demodulated frequency to a digitally readable format. Implementing a digital
control loop has advantages such as frequémeydly interfacing, flexibility to
change parameters, multiplgatithms without increasing hardware complexity, an
easy debugging process, and modification of performance paraméierstudy
proposesa new digital control loopbased compact readout circuit for a resonant
MEMS accelerometeproviding high performare with reduced temperature and
power supply deperdce whileutilizing low processing power.

This chapter briefly gives an introduction to the MEMS accelerometer and reviews
some previous efforts in the development of resonant MEMS accelerometers.
Sectionl1.1 overviews different types of MEMS accelerometers available in the
literature. Sectiod.2mentions a few advantages of resonant MEMS accelerometers
that make them an attractive choice for many appdinat Sectiorl.3 overviews

some distinguished literature on the sensor and the readout circuit design. Section
1.4 explains the motivation for this study. Sectibrd describes th@ims of this

research. Sectioh6outlines the topics discussed in different chapters of this thesis.



1.1  Types of MEMS Accelerometers

Different techniques are available in the literature for the fabrication of MEMS
accelerometerd.he applied acceleration affects a sensing element in different ways
changing various parameters lik@pacitance, resistance, temperatareggsonance
frequency due to acceleratiofhere are other MEMS accelerometer types, such as
tunneling and eleabmagnetic accelerometetsut they are rarely used due to their
disadvantaged his section presents a brief introductiortite most popularypes of
MEMS accelerometeysincluding piezoresistive, piezoelectric, thermal, optical,

capacitive, and resonanbased accelerometers

111 Piezoresistive Accelerometer

The resistance of piezoresistive materials changes under stress. The working
principle of a piezoresistive MEMS accelerometer is based on the fact that the
resistance of the sensing element changesapiptied acceleration. The stress in the
piezoresistive material changes under acceleration, causing a change in its resistance.
Different techniques can measure this resistance chakhgeommonly used
techniques to useaWheatstone bridge circubr meauringthe resistance variation.

The drawback of this technique is the dependence of resistance on temp&@ature

11], i.e., he resistance change due to temperature is inseparable from resistance
change due to pplied acceleration. Piezoresistive accelerometers have low
sensitivity and high drift compared to other MEMS accelerometers.

1.1.2 Piezoelectric Accelerometer

This type of MEMS accelerometer uses the piezoelectric property of sensing
elementswhere the pplied acceleration introduces stress in a sensing element that
generates a charge. This charge is converted to voltage and translated to

corresponding acceleratiofii2]. There are a few disadvantage§ MEMS



piezoelectric accelerometar Mainly, the sensitivity of the piezoelectric
accelerometer is unstable near its resonance frequEmESe sensors are not suitable

for low-frequency measurements.

1.1.3 Thermal Accelerometer

Thermal accelerometers work on the heat flow principle between a heater and a sink
due to applied acceleration. A mieneater acts as a heat source and generates a
bubble of heated air that acts as the proof mass of the sensor. Two temperature
sensors measure temperature at the opposite sides of this heater. Acceleration can
either increase or decrease the heat flow between the heater and the temperature
sensors. Thehange in the measured temperatures determines the direction and
intensity of the applied acceleration. The main drawback of this type of sensor is low
sensitivity [13]. The sensors suffer from low bandwidth, and drift exists in their
output. They are unsuitable for power constraint applications because they consume

muchpower. They are also setige to environmental temperature.

1.1.4 Optical Accelerometer

Optical accelerometers work on the principle that the light intensity of two light
waves traveling in the core and cladding of an optical fiber changes with applied
acceleration14]. The difference in intensity relates to input acceleration. These
sensors have high power consumption. Intensity noise, due to quantum noise,
vibrations of cavity mirrors, and thermal fluations in the gain medium, limit the

performance of these sensors.

1.15 Capacitive Accelerometer

Capacitive accelerometers are the most commonly fabricated type of MEMS
accelerometers. The capacitance between the proof mass and electrodes becomes a



function of acceleration. An applied acceleration generates a force displacing the
proof massthis displacement results in a change of capacitance which then converts
to charge and voltage. The sensed voltage can be mapped to applied acceleration

[15]. Equationp® shows the relation between input acceleration and output voltage:
W Yo @ & P&
Wherea is the input acceleration; is the displacement caused by this acceleration,

g s the change in capacitance due to displacement of electrod&ssahd output

voltage.

Capacitive sensors have high sensitivity, extensive range, low power consumption,
and lowtemperature dependendberefore, theydominateaccelerometer tygsdan

the market, and they are highly studied in the literatdosvever their performance

is not enough for very higberformance applications due to drifts caused by their
temperature dependence.

1.1.6 Resonant Accelerometer

Resonating or vibrating beam MEMS acceleronssies becoming popular for high
performance applications. Theyork on the prigiple that the resonance frequency

of a resonating beam changes with applied accelerf@ipnwhere the pplied
acceleration causes compression or tension in the vibrating beam resulting in a
decrease or increase in its resonance frequehcd6]. This change in resonance
frequency can é translated into an applied acceleration. Equagt@nshows the

relation between the input acceleration and output frequency:
Mo Y6 o 6 P
Wherea is the input acceleration,is the displacement caused by this acceleration,

p ds the change in capacitand&éis the voltage obtained from motion current, and

fis the output frequency.



The resonant MEMS accelerometer are becoming increasinglypopular for
applications requiring very higherformanceavithout being affectetly temperature
variations The focus of the current studytiee development of a digitebntrol loop

based readout circuit foesonant MEMS accelerometeilhe following section

presents the advantages of resonant MEMS accelerometers

1.2  Advantages of Resonating MEMS Accelerometers

Resonant MEMS accelerometers have several advantages arhpared to other
types of MEMS accelerometers. The following ssbctions provide brief

information on these advantages.

1.2.1 Quastdigital Output

The output of the resonant MEMS accelerometer is a frequency that easily converts
to a digital domain. The resamaMEMS accelerometers with analog closed loops
also have a frequency outghiat requires &requency reading interfad8, 17-19].
Conversion of frequency or acceleration information to the digital domain has
seeral advantagesnore specifically(i) signal conditioning improves the quality of

the signaland (ii) ®veral noise sources can be suppressed by signal conditioning.

1.2.2 Sensitivity

The sensitivity of a resonant MEMS accelerometer be increased by ireasing

the size of the proof masklowever, a lever system introduced in some resonant
MEMS accelerometer desigeanincreasethe sensitivity evenwithout increasing

the size of the proof ma$$9-22]. The purposef the lever system is to transfer
more force to the vibrating beams when the proof mass displaces as a result of

applied acceleration. However, the size of the proof mass is inversely proportional



to the Brownian noise of the structy&3]. The proofmass size should be chosen,

considering the system's desired level of Brownian noise.

1.2.3 Dynamic Range

The dynamic range of a&sonant MEMS accelerometer is improved because the
applied acceleration is along the vibrating beam &tis. d/namic range is limited

if the direction of sensitivity is lateral to the beam 48is8, 9, 17, 19]In aresonant
MEMS accelerometerthe range of linear operation is increased due to the axial
loading(compression or tensionf the beam.

1.2.4 Immunity to Temperature

Temperature is one of the main factors that degrade the performance of MEMS
sensor$b, 24, 25] The performance of MEMS sensors degrades because of the drift
caused by temperature changes. Resonant MEMS accelerometers are more immune
to temperature effects than other accelerom¢®&is Current designs include two
resonators placed on the sense axis suclotigadf the resonators is in compression

and the other is in tension when acceleration is applied. Temperature changes the
resonance frequency in the same direction, whereas the change due to acceleration
is opposite in the two resonatd® 17, 19, 27, 28]This structure eliminates the
temperature effect as a commmode error, and acceleration impact doubles
because of differential reading. The differential design makes the resonant MEMS

accelerometers more immeito temperature.

1.2.5 Low Electronic Noise

Resonant MEMS accelerometers have low electronic noise because the output is in
the form of frequencfl9]. The noise added due to the readout circuit reducégin t

resonant MEMS accelerometer designs as the transfer of acceleration to output is



performed by frequency reading compared to capacitive voltage reda8igs].

This low electronic noise advantage can be entthfeegher by implementing a
digital control loop and eliminating some analog components that generate electronic
noise which is the main focus of thibesis, i.e., the implementation of a digital

control loop for resonant MEMS accelerometers

1.2.6 Power Suppgy Fluctuations

Temperature change causes power supply fluctuations, a severe problem with
capacitanc#ased sensors. Resonant MEMS accelerometers are more immune to

power supply fluctuations because the output of these sensors is fref2@ncy

1.3 Literature Review of Resonant MEMS Accelerometers

The idea of a wface micromachined resonant MEMS accelerometer was first
presented in 199[B]. Different designs have been published since then to improve
the performance of resonant MEMS accelerometers. Most of these research works
focus on improving the mechanical design of resonant MEMS accelerometers. Some
literature is available on the sign of preamplifiers stages for these sensors. Analog
circuits to sustain oscillations and obtain amplitude stabilization are also in the
literature. The output of resonant MEMS accelerometers is in the form of frequency.
Therefore, some papers preseiffedent frequency reading techniques. This section
shows a summary of some distinguished articles to understand the motivation of this

study.

Surface micromachined resonant MEMS accelerometers were introdud&gl, by
where differential oscillating beams obtained fwstler temperature compensation.
The lever mechanism enhancé tsenar sensitivity, and aoubleended tuning
fork (DETF) served as the resonator. They reported a sensitivity of 43bi#/the
bias instability was around 12mifp isolate any interference between the resonators,

[3] used two independent proof masses and resonators and reported bias stability of



5.2ug. The wdk presented by30] used PLL totrack the individual reonant

frequency of two resonators, and they usedF®GAbased readout circutb

measurethe output frequencynd reported a bias instability of 6pg. Research

published by[6] reports a bias instability of.04 Og and a noise fl ool
after eliminating noise in the peptocessing stageThey used anintegratof

differentiator type preamplifier with amplitude control implemented in CMG&d
anindependent PLL loofor frequency measuremenithey discgsed drequency

to-digital (FDC) circuitthatconverts the output of a PLL to the frequeteinterface

with a digital systenj19]. However,PLL has a drawbagclas it requires a startup

circuit to start tracking a resonant frequency.

Work done by[7] reports a bias instability of 56ng using a single resonator and a
differential sensing schemgacrificing the immunity to temperature dependeite
contrast to other gmular methods, they used a single resonator between two proof
mass structures. The drive voltage is appli8@° out of phasat two ends of the
resonating beam. The paper did not provide any information about temperature
dependency. However, temperatuependency must be high due to the absence of

a differential reading.

It is shown by[31] thatby employing a lever mechanism, thensr sensitivityis
increased by 30%even after lowering the proof mass by 40Pke reduced size of

the proof mass adds Brownian noise to the sensor odtpather design by32]
showed a bias instability of 0.16pg owing to an environmentally robust design
which is realized by reducing the number of anchors to isolateetigng element

from environmental effectshis group also showed in another w{BR] that bias
instability and scale factor can be made more stable by maintaining the temperature
of the sensing element by using anchip micro-oven.However, the micraven

significantly increases the power consumption of the system.

A piezoekctric resonant MEMS accelerometer is show{28ywith a 140dB linear
dynamic range. Variation in resonance freguemesults from a change in the

overlapping area between a proof mass and a resonating beam. Applied acceleration



in the direction of the sense axis causes a shift in the overlapAdtleaugh they
achieved a wide dymaic range, their noise values are wéigh: 85qug/a H white

noise and 3mg bias instability

The electrostatic spring softening effect is usefd #j to increase the sensitivity of

a sensor by 60%. Additional parallel plate actuators are used to create the softening
effect. A similar concept with slight modification has been use@4pto achieve a
sensitivity of 297Hz/g. The sensitivighhancement electrode changes the stiffness

of the sensing structure under the effect of input acceleration. This ctimeckty

changes the resonance frequency of the resonant beam.

Some research on the resonant MEMS accelerometer focuses on-dmepfifier

stage desigii6, 16, 19, 3839]. These types include singdtage resttve trans
impedance amplifiers (TIA), twetage resistive TIA, capacitive feedbduksed

TIA, chargesensing TIA, and integratalifferentiatorbased TIA. Noise, gain,
stability, and bandwidth are the leading performance parameters that show the
efficiency of a preamplifier stage. The literature shows that there is always a tradeoff

between gain, bandwidth, stability, and noise of agonglifier stage.

The readout circuit of most published work employs an analog control loop for the
closedloop operatia of the resonant MEMS accelerometers. Some papera us
network analyzer to acquire the output frequency of the resorfaibrs4, 36]
which is not practical to use imactwal application The work done b7, 30]uses

an externalock-in-amplifier systento read the frequengwhich is also not practical

to use in a actwal application[19]s h o ws a FE to-digialeapweren(EDC)
implemented in a PLLwhere the closed loop operation is achiewethe analog
domain while an FPGA measwes the digital output of the FDC using comparators.
A drawback of this approach is an additional requirement of a startup circuit for the
proper operation of the PLL. Another wofkO] uses 1&it analogto-digital
converter (ADC) to convert the oscillator output into the digital domalirere a

PLL is implemented in an FPGA to track the frequency and perform processing.

However, no feedback from the digital domain goes bacthéocircuit, which
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operates in the analog domai., the advantage of having a digital control loop is
not achieved even though a digipabcessois implementedThis type of readout

circuit is suitable only for data acquisition in a lab environment.

A study on the digital control loop of a resonant MEMS accelerometer is presented
by [41]. This reseatt uses only theory and simulation results, and no
implementation of an actual sensor is present in the pEperactual implementation

uses some digital processors, andlegigital conversion, and digitab-analog
conversion component§.hese electromi components have limitations, such as
speed and accuracy, that must be considered in the simulatioerwise, such a
simulation demonstrates only the operation of an ideal system with no representation
of actual hardware.

Another work[42] shows a lockn-amplifier type implementation of gital control

of a MEMSresonator, but it is not a complete accelerometer system. The size of this
implementatiordoes not make guitable for real application¥hey used an FPGA

to implement the digital control loop for the developed sensor. Howewr, th
implementation uses powebnsuming components focusing only on frequency
acquisition The closed loop operation is achieved using an amplitude tracking
method, which idgnefficient The drive signal is in the form of pulses due to the
absence of a digl-to-analog converter (DAC). The sensor performance degrades

with this type of drive signal compared to a sinusoidal drive signal.

A study by[43] reports a digital @ntrol loopbased readout circuit for a resonant
MEMS accelerometer, but due to its size, it is not suitable for real applications. The
reported bias instability is high (18~4d), and there is no amplitude stabilization
algorithm or a temperature compeinsa method. The frequency tracking algorithm

also consumes more processing power.

Tablel.1 summarizesome of the resonant MEMS accelerometer designs published
in the literatureThe analog readout circtliased designs show betparformance
in terms of bias instability. However, these reported values of bias instability are

after postprocessing of the data.
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Table 1.1: Summary of some major contributiors to the resonant MEMS
accderometer field

Readout Bias Scale
Work type | Instability* | factor Remarks
[8] Analog 12mg 45Hz/g Dual resonators

Dual resonators

[3] | Analog | 5.2ug | 128Hz/g Dual proofmass

[30] | Analog 6ug 4.4Hz/g FPGAbased frequency reading
[6] A(‘:nl\?gg’ 0.4ug 280Hz/g Digital frequency reading
Single resonator
Temperaturelependent
[7] Analog S6ng 2752Hzlg Frequency reading by loak-
amplifier
Frequency reading by lodk-
[32] | Analog 0.16ug 427Hz/g amplifier
Single anchor design
FPGA based
[43] | Digital 18-40ug 75Hz/g No amplitude control

Nonintegrated érm
*Some papers only report the bias instability values aftergrosessing the data.

Some studies implement a digital control loop fdresquencymodulatedMEMS
gyroscope. The drive loop of an FM gyroscope resembles the operation of a resonant
MEMS accelerometer. A study used synchronous demodulation for input signals to
extract frequency information from MEMS gyroscope oufgdf. In some of the
studies[45, 46] least mearsquares (LMS) adaptive filter is used for frequency

demodulation to achieve low compigxand better noise tolerance.

1.4 Motivation

Implementinga digital control loop for resonant MEMS accelerometers has many
advantages that can bendfieindustry and a@demia. The following sections show

some significant motivational aspecfsthis thesis study
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1.4.1 Digitalization

The first motivation for this study is digitizing the resonant MEMS accelerometer.
This type of sensor has frequency as its output aeguires arequency reading
methodto measurets outputfrequency Therefore, grocessor is already present in
most designs for frequency measuremewen in analog implementatiod$e same

processor can be used for frequency measurement and sustainingaszillat

1.4.2 Reduction in Analog Electronics

Analog electronics add noise and power consumption to any readout aincuit
requires omplex circuitry toachieve high performance If some of the logic
implemented in the analog domain transfers to the digitabgdgmoise and power
consumptionwill reduce significantly. In @ analog readout circuit of @sonant
MEMS accelerometer, amplitude stabilization and oscillatgustaining are
performed by analog modules. These functionalities transfer to the digitalrdom

a digital control loop implementatiaesulting in a reduction of analog components
in the readout circuitSomeof the readout circuit schemes in the literature U2kla

for frequency tracking, whicrequires a startup circuit tdeginthe oscilldions.The
PLL implemented in the digital domain does not require an external startup circuit.
Therefore a digital control loopmplementatiorcan reduce analog electroniosa

readout circuitwhich also results in the reduction of electronic noise

1.4.3 Configurable Parameters

The digital control loopmplementatiorallows configuring someensor parameters,
which isimpossible in an analog circuit withootaking changes in theardware

For example le time constant of filters implemented in softwarelmachange by
modifying a line of code in contrast to changing capacitance or resistance in an

analog circuit. Similarly, the gain is another parameter that can be controlled easily
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with software without modifying anything in the hardware. This reconflgjlitg

feature is critical in a design process atgbhas applications in a final product.

1.4.4 Testability

Testability is another advantageaddligital controktbased readout circuiifferent
functional tests can monitor the health of a seasdidetect dfferent malfunctions
present in a sensor. For example, the functional test for the frequency tracking
capability of each resonator can showthe individual resonator isscillating
correctly.

1.4.5 Debugging and Data Acquisition

Another motivation for transfring the logic to the digital domain is easy debugging
and data acquisitigrwhich is very beneficial in thdesign phase or understanding
the behavior of a sensbecause it giveaccess t@ensordata at different points of
operation. Input data, demaldted data, input tohe PI controller, Pl controller
output, and frequency of resonators can be monitored and analyzed. This flexibility

makes the debugging process simple, highlighting the exact point of a problem.

1.4.6 Multiple Algorithms

The digital cortrol-based readout circuit i€apable of performing multiple
functionalities. Maintaining oscillations is one of the functions that is achievable
with a digital control loop.Other functionalities such as healthmonitoring
frequency sweeping, and scaleasuremest are also implemented in the digital
domain Implementation of multiple algorithms enhances the performance of a
sensor. For example,”d controller for amplitude stabilization, PLL for frequency
tracking, and temperature compensation cansigrultaneously to achieve better

performance. With each algorithm, the performance of a sensor improves without
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adding additional circuit componentdowever, he number and complexity of the

algorithms implemented in a digital processor are limitetidspeed and capability.

1.4.7 Iterative Design Process

Previous sections show that digital design allows changing parameters or
implementing multiple algorithms simultaneously. Another essential feature is its
capability to accommodate iteration in the desigocpss. Any algorithm

implemented in the digital domain can be replaced with an entirely different
algorithm without making any changes to the hardware. For example, sine wave
generation can be achieved by the trigonometric functions available in a prpcesso

a CORDIC module available in a processwryith the help of a lookup table.

1.4.8 Direct Access to Sensor Parameters

The last motivation is inspired by the author's expertise in the development of
embedded system&£ommercially available digital accelerotaes do not give
access to the sensor parametersirTdigital interface mainly performs frequency
counting and signal conditioning only. In some applications, the bandwidth is more
important than the noise performance and vice versa. With a digitabcérip
implemented and a processor controlling the sensor directly, it is possible to change
different parameters according to application requirements. This feature makes a
sensowuseful formany applications. Another critical parameter that can be reddif

is the sensitivity of a sensor. The electrostatic softening effect can change the
sensitivity of a resonator. The biasing voltage applied to the senséitgncing

electrodes determines the sensitivity of a resonator.
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1.5 Aims

The published literatuer showsno compact system implementing a digital control
loop for a resonant MEMS accelerometéhe first objective of this thesis is to
design and developa@mpact readout circuit that implements a digital control loop

using readily available ofthe-shelf electronic components.

In the digital domain, multiple algorithms can run in parallel without making changes
to the hardwarein contrast tcanalog circuitswhere complexityincreases with
sensor performandd7]. The second objective is to implement multiple algorithms
in the digital domain to improve performance and increase the testabilibe of
sensor. The performance improves witidgorithms such as temperature
compensation, and the testability improves vditferent selftests and functional

tests

The third motivation of the study is to implement a technique that requires fewer
processig resources. This feature allows the use low powered processors and

accommodates other performararghancing algorithms.

1.6 Thesis Outline

Chapter 2 of this thesis presents the working principle of a general resonant MEMS
accelerometer. The chapter also shdifferent readout circuit topologies used with
resonant MEMS accelerometers. It also mentions different techniques available in

the literature for amplitude and frequency demodulation.

Chapter 3 gives information about the available sensors for thily.slualso
provides results of the sensor characterization using a dynamic signal analyzer

(DSA) and a lockn-amplifier.

Chapter 4 focuses on implementing digital control for a resonant MEMS
accelerometer. It explains several components of a typiealow¢ circuit of a

resonant MEMS accelerometer. This chapter provides a noise analysis for the circuit
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used for the digital control loop. The chapter also provides a Simulink model for the

implemented method.

Chapter 5 presents results obtained from tieraoontrollerbased digital control
PCB. The chapter discusses the results to understand the effect of different

parameters on sensor performance.

Chapter 7 concludes this thesisd suggestgossible futurewvorks related to the

digital control loopbasel readout circuibf a resonant MEMS accelerometer.
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CHAPTER 2

RESONATING MEMS ACCELEROMETER READOUT METHODS

This chapter presents various critical components of a typical resonant MEMS
accelerometeandreviews some amplitude and frequency demodulagohrtiques

that can be implemented in the digital domain. Secidrexplains the operating
principle of atypical differential resonant MEMS accelerometer. Secfdhshows

the major components of a typlaeadout circuit: (i) the pramplifier stage, (ii) the
oscillation sustaining part, and (iii) the frequency reading part. Se2i®details
different preamplifier topologies available in the literature and focuses on their ga
bandwidth, stability, and noise performance. SecBighbriefly explains different
schemes used for oscillation sustaining and highlights the importance of a stable
output amplitude o resonant MEMS acceleromet8ection2.5summarizes a few
popular frequency demodulation techniques that are present in the literature.
Similarly, Sectior2.6 presents the amplitude demodulation techniques that can be
implemented in the digitalomain. Finally, Sectio2.7 summarizes the essential

points of this chapter.

2.1  Theory of Operation

This section explainde theory of the most generic resonant MEMS accelerometer,
which comprises a proof mass, two resonatiegms (typically DETF), and a lever
mechanism[8]. Figure 2.1 shows a conceptual schematic of a resonant MEMS
accelerometer. The proof mass is the sensing element of a resonant MEMS
accelerometer, which is flexible in the direction of the sensitive axis and rigid in all
other directions. The proof mass coats&o vibrating beams via a lever mechanism.

The lever is a unique structure that transfers amplified force from the proof mass to
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the beams. If the beams are connected directly to a proof mass, they experience less

force for an input acceleration as caangd to the beams connected via a lever

mechanism. An anchor is at one end of the beams, and a proof mass at the other. The

direction of the vibrating beams is such that they only experience axial loading under

the effect of acceleration applied to thestwe axis. Also, botlesonating beams

are placed such that the direction of the applied stress is opposite to each other, i.e.

when oneresonatotbeam is in tension, the second is in compressive stress. Drive

electrodes are at one end of the resonadmi sense electrodes are at the other. An

electrode is also present for applying any desired voltage to the proof mass.

-
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~

Levers

>

Drive electronics |

Closed loop operation

Closed loop operation

- Sense electronics
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Frequency
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—f1-2-
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Figure2.1: A schematic of a generic differential resonant MEMS accelerometer
showing its main components and interfacing with a typical readout circuit.
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The function of the drive electrodes is to oscillate both resonatbeseas theemse
electrodes sense the frequency ofdkeillatorsat the other end. A feedback system
sustans the oscillations, and theesonatoroscillates at its resonance frequency.
There are different methods to operate the resonators in a closed loop. Eg@ation
shows the mathematical model of a single resonator expressed bgdhdaeler
differential equation using a maspringdamper model.

Qo «a Q_u) (I)gw o P

(@] Qo

Wherefp is the force acting on the proof mass as a result of input accelerati®n,
the mass of the structure, including beams, and prastx(t) is the displacement
of the beamb is the damping factor, arldis the spring constant of the beam. The
Laplace transform of Equatiogg gives the frequency domain representation as

follows:
Vi ai i Qf @ Qi &

The relation between applied force and resulting displacement can be represented by

Equation¢® as follows:

Wi P
O i & i T_l,)_i 1 ¢

Wherew; is the resonator's resonance frequency, @ns the resonator's quality
factor. The quality factor and the resonance frequency in terms of mass, damping

factor, and sprig constant are defined as follows:
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At the resonance frequency, Equatqa can be rewritten as follows:

21



CE R c8p
o Q 0
a ] e 1
o Q 0
nO 7'(2_' 'rm _| Ca,IJ

The resonance frequency is a function of stress in the resofiagoefore whenthe

proof mass displacehue to appliecdcceleration in thdirection of the sense axis

results in tension in one of the resonators and compression in the Tiieer.
resonanceréquency increases in the resonator with tension and decreases in the
resonator with compression. The feedback loop follows the reserisaguency of

each resonator. The difference between the frequencies of the two resonators gives

information about the input acceleration.

Other factors also affect the resonance frequency of a resofatominant factor

is temperaturgwhich resultsn shiftingthe natural frequency of the resonatarthe
same directiomesulting in a common mode erréy differential reading eliminates
this error,and only the effect of the applied acceleration remé&iigaire2.2 shows

a coneptual diagram of how differential reading gives information about input

acceleration.
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Figure2.2: The conceptual diagram thfedifferential readingf a resonatinlEMS
accelerometeunder applied acceleration and varying temperature shows how a
differential reading cancels the firstder temperature effect.

The temperature cancellation effect dige differential reading has limitations

because nly first-order temperature effects cancel out. The scale factor of both the
resonators has to be identical to have a similar temperature effect. Resonators with
different sensitivity values change differgntvhen temperature changes and the
differential valueremainstemperaturelependent. However, this dependency is

much | ower than a si Mydteanperatie dependeocydars d e p ¢
be compensated using simpégnperature compensatif]. These algorithms can

be applied efficiently if the readout scheme is implemented with a digital control

loop with the resonant MEMS accelerometers, as demonstrated in this thesis.
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2.2 Blocks of a readout circuit

Figure 2.3 shows a conceptual block diagram of different components of a typical
analogreadout circuit for resonant MEMS accelerometers. The first part of the
circuit has two components: a sensor and eaapmplifier stage. The sensor is a
resonant MEMS accelerometer with motional current output, and thenmpkfier

stage amplifies this current and converts it into voltage form.

Sensor + Oscillation Frequency
Preamplifier sustaining counting

r————
|
I
I

1
Frequency |
I
I

———————————

I ." | | Frequency

I A{E]‘_'_ demodulation
I

I _ Amplitude

demodulation

mapping

Controller

Figure2.3: A conceptualdiagram ofatypical analogreadout circuit for resonating
MEMS accelerometer showing this circuit's three main components:gonglifier,
oscillation sustaining, and frequency counting.

The next major part of a typical readout circuit is its abtlitysustain oscillations.

This part of the circuit sustains oscillations to operate the resonators at their
resonance frequency. This circuitry ensures that the correct phase and amplitude
reach the drive electrodes to maintain oscillations. Amplitude delai@h extracts

amplitude information and keeps the resonator displacement in the linear region.
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Typically a controller is present in this circuit to maintain the sensor output at a set
point valueandensures that the resonators oscillate without gait@ga norinear
region. This part of the circuit also performs frequeextyaction The circuit uses

this frequency and amplitude information to generate the drive stignabse the

loop for resonatorsTherefore, amplitude and frequeneytractionare essential
functionalities of the oscillatiesustaining circuitfor maintaning stable output

amplitude and supplyinthe correct phase to the drive electrodes of the sensor

The third main component of the readout circuit for resonant MEMS accelerometers
is frequency counting and mapping. This component is not directly part of the sensor
operation but is critical for data analysis. This part converts the demodulated
frequency to a digital form that can be analyzed and mapped to input acceleration.

2.3  Typesof pre-amplifier stages

The output of a resonant MEMS accelerometer is a weak motional current converted
to voltage using a pramplifier stage. Equatiogogives the capacitance of the sense
electrode:

. L ‘ vy @O

o] 0O O qzZe Z-ZQZ—,.Q ()
CsenselS the capacitance of the sense electrdOesicis the capacitance of the sense
electrodes under static conditioms,is the number of the sense electrdtés the
height of the sense electrodes,s the gap between electrodes, ands the
displacement of the sense electrodegquation¢® mgives the relation for the
generated motional current.

0 , Qo &

~ — Tt
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Here Vpm denotes the proof mass voltage, ands the length of sense electrodes.

00 &

This equation shows that the motional curreenheyated by resonant MEMS

accelerometers is directly proportional to the proof mass voltage. A higher proof
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mass voltage gives a higher mo@bourrent. This current goes to a faplifier

that converts it to a voltage signal.

There are three featureasound preamplifier stage. First is a significant gain to
sustain oscillatiori36]. The loop gain of a resonant MEMS accelerometer must be
greater than one teustain oscillationsThe second desirable feature a pre
amplifier is wide bandwidth. This feature is essential for firgquency applications

to avoid phase shifts. As a general rule of thumb, the bandwidth ofaarmidier

stage should be ten times larger than the resonance frequency of d2Hn&ow

input referred noise is the third and most criticaltdee[48]. The preamplifier is

the first stage of amplificedn and the most dominant source of noise in the system.
Noise added by any later amplifier stage is not as important as the first stage.
Therefore, a pramplifier scheme with low input referred noise is suitable for high
noise performance. The input refed noise of the pramplifier stage should be,
ideally, less than the Brownian noise of the resonator. Some major topologies of pre

amplifier stages available in the literature are discussed here.

2.3.1 Single-stage resistive tranampedance amplifier (TIA)

Figure2.4 shows a simplified schematic of a singkage resistive trarimpedance
amplifier [15, 35] Cin is the parasitic capacitance seen at the inverting node of the
amplifier, Rs is the feedback resistance, &dglis the compensation capacitance for
stability. Equatiorg® pives the trasimpedance of this circuit.

Oi —Y P p

Yol p

The values of feedback resistance and compensation capacitor determine the type of
TIA. The amplifier becomes resistive ¥ 0 i L p8This condition reduces the
transfer function equal to the feedback resistance. The gain becomes independent of
the capacitance and the frequency. The compensation capacitor improves the
stability but limits the bandwidth of the amplifiihe relation of bandwidth is given

by Equationc® ¢
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The bandwidth increases with a decrease in the feedback resistance and the
compasation capacitor. Therefore, a tradeoff exists between the bandwidth and the

stability of the preamplifier stage.

| _input

Y

~ £ in

Figure2.4: The sngle-stage resistive trarmpedance amplifier (TIA)The values
of the feedback resistor and compensation capacitor determine this amplifier
scheme's bandwidth, gain, and noise.

The preamplifier is the first amplification stage, and it is essential to have a small
value of inputreferred noise. Equatiarp aives the relation for the inpuéferred

noise of the singkstage resistive pramplifier.

0 TQY L p iY O 0
N W .Y P o

Wherelin is the inputreferred current nois&/,? is the amplifier's voltage noise, and

Cin is the parasitic input capacitance. This equation shows thahgbereferred
noiseis inversely proportional to tHeedback resistanc&here is a tradébbetween

noise and bandwidth of the amplifier. Increasing feedback resistance reduces the

27



inputreferred noise and limits the amplifier's bandwidth. The first tarnthis
equationis the dominant noise term at low frequencies, and the second term
domindes the noise at higher frequencies. Parasitic capacitance seen at the input of
the amplifier increases the noise. Another tradeoff exists between bandwidth,
stability, and noise of the pwmplifier due to the value of the compensation
capacitance. The hdwidth decreases, and the noise increases with an increase in
the compensation capacitance. The stability, however, increases with an increase in
the compensation capacitor value.

2.3.2 Two-stage resistive TIA

A significant value of feedback resistance incesathe gain of a TlAutlimits the
amplifier's bandwidthA two-stage resistive TIA approach increases the gain without
sacrificing the amplifier's bandwid{l36]. Figure 2.5 gives a schematic of a two
stage resistive TIA. Equatiog® tgives the trangmpedance of the twetage
resistive preamplifier as follows:

Yo YrIp & P T
WhereR; and R, are thegain-setting resistors of the second stage, Bn the
feedback resistance of the first stage. This scheme allows a largertpatance by
using a small feedbacksistance value. The smaller value of the feedback resistance
increases the bandwidth of the fam@aplifier. Equation¢® ugives the inputeferred

noise of the twestage resistive feedback pmrenplifier stage.
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w ? ;

° P Ty v &

This configuration has the benefit of improved gain and bandwidth, but noise
performance degradegen compared to singktage resistive TIA. The addition of
resistors increases the inpeferred noise. The frequendgpendent term of the
two-stage resistive pramplifier term is similar to the singltage resistive pre

amplifier, but the first terndiffers. The second gain stage amplifies the constant
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noise of this premplifier stage and any DC offset present in the signal. This feature

can limit the dynamic range of the amplif[86].

Lc

Rl

Linput T " \ Y oout

|

~ Cin

Figure2.5: A schematic of a twsstage trangmpedance amplifielThe second gain
stage increases the gain, but noise performance is degraded.

2.3.3 Charge sensing amplifier (CSA)

Figure 2.6 give a schematic of a chargensing trangmpedance amplifier. The
schematic is the same as a single resistive TIA. The difference is the value of the
feedback capacitor and the biasing resisithe amplifier acts as capacitive if
YO il p. The value ofR, is selected to be very large. These values allow a
considerable gain required to amplify the weak sensor current. The feedback

capacitance and the biasing resistor govern the bandwidth of thasnpidier.
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Figure2.6: A schematic of achargesensing TIA which provides a high gain and
inherent stability.

The noise equation of tlelhargesensing preamplifier is similar to that of the single

stage resistive TIA. Equatia;® gives the relation for inpueferred noise:

0o @ —— w? . P @

However, the noise performance is better than sisiglge resistive TIA because the

value of biasingesistor is very high. This p@mplifier is more stable than the

resistive type TIA. The parasitic capacitance at the amplifier input degrades the noise

performance but does not affect the stability. The CSA acts as an integrator, and the

output is 90° pase lagged from the input. Therefore, a phase shift is required to meet

the selfoscillating conditior[16, 37]

234 T-Network resistive TIA

Another approach to increase the gain of the amplifier without sacrifitiag
bandwidth is to use -hietwork resistors in the amplifi¢B8]. Figure2.7 shows a
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schematic of a -hetwork resistive TIA. Equatioq® xgives the gain with the

resistive network scheme:
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Figure2.7: A schematic of a Inetwork resistive TIA

The bandwidth is independent of the resis®isand R2. The noise performance is
similar to twostage resistive TIA as the number of resistors is the same. The size is
smaller than the twatage resistive TIA because of a single opamp. In summary, the
T-network resistor performs similarly to a tv8@ge resistive pramplifier in terms

of noise, bandwidth, and gain but is smaller. The amplification of the DC offset is

also present in this schemetbé pre-amplifier.

2.3.5 Capacitive feedbackpre-amplifier

Another approach to reducing the noise of an dmapls to useacapacitive feedback
pre-amplifier [26, 39] The capacitive feedbacfre-amplifier is a shuntseries

amplifier with current asts output which is converted to a voltage usiagother
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currentto-voltage conversion stage. Equatigp yshows the inputeferred noise of

the capacitive feedback TIA.

0 Y

Y p 96_ P Y
Where Ry is the output resistance of the output amplifier that converts the current to
the voltagge form, andC; andC; are the feedback network capacitances. The noise
from the resistor reduces significantly, with a factor controllable by the values of the
feedback capacitors. The noise problisrsolvel with this method, but the circuit

lacks DC fedback and abiasing circuit is required for the practical implementation.

2.3.6 Integrator -Differentiator based TIA

Figure 2.8 shows another implementation method of the-gmplifier stage
presented by16]. The first opamp acts as an integrator, and the second opamp acts
as a differentiator. The second opamp compensates for the phase lag caused by the
first stage. Equation® wgives the overall transfer relation:

Y'Y O i
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The transfer function is directly proportional to the velocity, which easily satisfies
the oscillation condition. The topology acts adandpass, with the first opamp
defining the lower cubff frequency and the second opamp defining the upper cut
off frequency. Equatioq® Tgives the trangmpedance:

Y Y z (.),— & T

0

The equation shows that the gain of this amplifier sets by setting the value of
capacitorsCy; and C,. There are four primary noise sources at the input in this
configuration. The current noise due to the biasing redtstappears directly at the

input, and the current noise due to the feedback regtstmpears at the input after
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division by the factor o€>/C:1. The other two noise sources are the voltage noise of

the two amplifiers.
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Figure 2.8: A schematic of an integratatifferentiatorbased TIA This scheme
provides high gain and noise performance.

Equation ¢® pgives the relation of the inpuéferred noise of the integrator
differentiator preamplifier schemg19].

© © "Ob,— w {0 o] w i0 & p
Whereln, is the current noise of the biasing resistaris the current noise of the
feedback resistol/n1 is the voltage noise of the first opamp, afdis the voltage
noise of the second opamp. The bandwidth and the-irgredance are not
dependent on each other. The noise performance is excellent compatbdrto o
topologies. The values of capacit@sg/C: attenuate noise from the second stage.
The transfer function is directly proportional to the velocity, and the scheme is
inherently stable. The integratdifferentiatorbased TIA can also be implemented
in adiscretetime configuratiorj49]. The choice between continuous or discrete time
amplifiers depends athe interfacing circuit.
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2.3.7 Comparison of pre-amplifier topologies

Table2.1 shows a comparison of different paenplifier stage schemes present in the
literature. The comparison is based on the amplifier schemes' gain, bandwidth,
stablity, and noise performance. The different schemes are compared to the first

scheme, i.e., the singtgage resistive pramplifier.

Table2.1: Comparison of different pramplifier stage topologies for a oegant
MEMS accelerometer

Scheme Pros Cons
. This amplifier scheme will | There is a tradeff between
Single Stage . . .
- be used as a reference for | gain, bandwidth, and noise
Resistive TIA .
comparison performance
Two-stage Degraded noise performance
- g Better gain and bandwidth | and larger footprint
resistive TIA

DC noise amplfication.

Charge Sensing
TIA

Better gain, bandwidth, anc
noise performance

90° phase shift in the output

Differentiator
TIA

Resistive T . . DC noise amplification
Network TIA Better gain and bandwidth Degraded noise p®rmance
" . . No DC biasin
Capacitive Better gain and noise 0 . C biasing e
Additional amplification stagg
feedback TIA performance .
required
Better gain, noise, and
Integrator

bandwidth
Output suitable for

oscillation

Larger footprint

2.4

Oscillation sustaning topologies

The oscillation sustaining stage of an analog readout circuit of a resonant MEMS
accelerometermperforms amplitude and frequency demodulation and pravide
feedback to the drive electrode sustain the oscillations of the resonatdrke
resonators oscillate when they satisfy the Barkhausen stability critandrdifferent
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approaches are used to sedtillate the circuit épending on thaype of pre

amplifier stage

In the digital implementation of the control loop, the functionalitieshs stage
transfer to the digital domaihe functionalities such asefjuency demodulation,
amplitude demodulation, amplitude stabilization, and frequency tratkingfer to

the digital environment.

This section briefly explains sonmaajor topologies from the literature used to
sustain the oscillations of the resonators of a resonant MEMS accelerometer.
Howeverfirstly it is crucial to explain the effect of resonator displacement on the
resonance frequendyecause it affects the resonance frequeofcy resonator
Equation¢& ¢shows the dependence of tlesonance frequency of a restor on
its displacement:
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The equation shows that the resonance frequency of a resonant MEMS accelerometer

shifts with a change in the displacement of the beam. Theré@ftsamperative to

keep this displacement constant to obtastadle resonance frequency

All the oscillation circuit schemes the resonant MEMS accelerometersure that

the resonator operation is in a linear cggby maintaining the displacement of the
resonators at fixed set point valueThe first topologyis shown by[8, 50], where

the TIA gain is tunable and set by the difference between output amplitude and a set
point reference voltage. This method produces a stable output amplitude, but the
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beam displacement fttuates. The reason is that the variable gain controller only
monitors the amplitude coming out of TIA and stabilizes that amplitude by changing
the TIA gain. The excitation signal of the resonator is not changed, and the resonator
can go into the nehinear region.Another important topology is presented[49],

in which a variable gain amplifier (VGA) otrols the amplitude of the drive signal.

The main difference from the first topology is that the VGA controls the drive signal,
not the TIA output. The output of TIA is amplitude demodulated and compared with
a set point voltage. The drive signal ampléus calculated based on the difference

between the set point voltage and TIA output amplitude.

Another topology for oscillatiosustaining circuits is shown H30], where the
amplitude is not controlled based on an external set point vpliagea PLL is used
to extract frequency information. An automatgiain control (AGC)is used to
generate the drive signal based on demodulated frequency and amplitude. The

absence of an external reference is a drawback of this topology.

Some other schemes in the literature are also used to sustain the oscillatiens of
resonatorof a resonant MEMS accelerometer, but they differ slightiyn the
topologies mentioned abovelowever,the main objectiveis the same in all the
methods, k., to keep the output amplitudé the sensor stable and oscillate the

resonator att$ resonance frequency.

2.5 Frequency Demodulation

Frequency demodulation is one of the main functions performed in a readout circuit
of a resonant MEMS accelerometlat uses theréquency informatiorfor the
generation of the drive signalBhe frequencynformation is also used for mapping

the inputaccelerationi.e., calculating the input acceleration based on the measured
resonanceréquency.This section briefly discusses some frequency demodulation

techniques implemented in the digital domain.
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2.5.1 Direct frequency counting

Direct frequency counting is the simplest method used to find the frequency of an
input signal. A sinusoidal signal oscillates around zero, and the number of zero
crossings can be counted in a known period. This period divided muthker of
zerocrossings, gives the input signal frequerkggure2.9 shows a simple algorithm

for the direct frequency counting method. This method is straightforiagranly

suitable for low frequencidsecausef low resolution

( Start )

Y

Count =0
Start time
L 4
Time=T Yes—» Count++ '\
Yes No
v

Frequency = Count

End

Figure2.9: Theflow diagram of thealgorithmusedfor thedirect frequency counting
method. This method is simple but has low resolution.

2.5.2 Interval -based frequency counting

The intervalbased frequency aating method measures the period of one cycle and
finds the frequency by taking the inverse of that time. The resolution of this method

can improve by taking the average of several samplegire 2.10 shows a
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conceptual diagram fdhis technique. This method is simple to implement and has
better resolution than thdirect frequency counting method. The drawback of this
technique is that only a very high sampling rate can provide high resolatdn
thereforenot suitable for highirequency applications. Also, this technique requires
a comparator desigior time period measurement, resulting in a square wave that
loses the amplitude informatiomhis technique is also unsuitable for an andt®g

digital converter (ADC).

Zero crossings
\

\
Y

time interval, T
f=1+/T

Figure 2.10: The ntervatbased frequency counting methotkasures the time
between zero crossingshe resolution of this method improvieg usinga higher
sampling rate anthking an average of the measured values.

2.5.3 PLL -based frequency counting

A phaselocked loop (PLL)approachs commonly used in many applicatidograck
the input frequencgyand it can benplementedn theanalog and digital domainé

typical PLL has three main parts: (i) a phase detectora (Dop filter, (iii) and a
voltage control oscillator (VCO). The phase detector determines the phase difference
between the input signal and a reference signal, and thegé@Gérates a reference

signalbased on the phase difference between the inpuharm@ference signal. The

loop filter takes the average of the phase difference and generates a voltage signal
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for the VCO, which increases or decreases the reference frequency until it matches

the input frequency.

The same concept is also present in thggtali domain implementation af PLL,

where adigitally-controlled oscillator (DCO) replaces the VCO to genethe&e
reference frequency. The phase between the input and the reference signal is
calculated in the digital domaiand thdoop filter is alsamplemented in the digital
environment. Theerformance of the digital PLdepends upon factors such as phase
detection technique, loop filter, and signal generator metkagure2.11 shows a
conceptual diagram of the different cooments of an analog and a digital PLL. In
both casesphase detection is performéétween an input and a reference signal.
The loop filter is implemented in the analoglaligital domains, and its outparives

the oscillator. The signal from the looptdit is a voltage signal in an analog

implementation, whereas it is a control word in a digital PLL.

Input signal R Phase Loop filter Output .

) A

detection

F Y

Re fe rence ®=
signal K-/ Control voltage

Analog to
Digital PLL

Input signal ~ Phase Digital filier Output

Y
Y

detection
r'y

Ref_erence DCO |«
signal Control word

Figure2.11: A conceptual diagram of an analog and a digital .Pllke functional
blocks are the same ihe analog and digital domains.

The digital implementation of a PLL is immune to temperature and power supply

variations when compared to the analog PLL. However, it consumes much
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processing power and works in a narrow bandwidth for high noise perfaniduec
analog implementation has another drawback: it requires a startup circuit to drive the
oscillator near its resonance frequency. The PLL can track the resonance frequency

after the oscillator initially starts oscillating near its resonance frequency.

2.5.4 Synchronous demodulation

Synchronous demodulation can also extract the frequency information from an input
signal. The process starts by multiplying the input signal by a reference aighal

then passing the produtiirough a lowpass filter to removehe highfrequency
components. Thélter outputis zero if the phase difference between the input and
the reference signal is 9@hd the frequencies are identicAl proportionalintegral

(PI) controller is used to track the outcome of the-jmags filteé, and his controller
generates a control signal to update the reference signal until both frequencies are
90° phaseshifted. Figure 2.12 shows a simplified schematic of the slmmous

demodulation technique.

input = cos (Wt ) LPF

PX% PID —

o o
= I
N— -
= g
5 =

I &
W N

[

§ Reference
= generator
1N

Figure2.12: A schematic diagram showirige synchronous demodulationethod.
The mean of the multiplication between two signals is zero if they arpltte
shifted and have the same frequency.
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The reference generator showrthe figure is a digitally controlled oscillator or any
other mechanism that can generate a sine sidias demodulation technique
depends significantly on the phase difference between the input, and the reference
signal, which must be 90

2.5.5 CORDIC -basedfrequency demodulation

Another commonly used method for frequency and amplitude demodulation is the
CORDIGbased method. The input signal is converted to ihese and quadrature
signals.Figure213s hows | @ m&® 6cédmponeh s of a signal Wi

magnitude.
08 A@i @ anée 0@ ®ATO

060 OQI XBLOA ik & ‘D 06 OBI1

0 = Asin(9)

0 1 =]4 cos( )

Figure2.13: In-phasgl) and quadraturéQ) components of a sigl. The amplitude
of the components changes with the phase of the signal.

The following equations calculate the phase and amplitude information for the values
of 0Q6 and o016 at any instant.
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Different methods can calculate a signal's quadrature gpigige components. The
most common practice is multiplying the input signal with two referergreals
which are90° phase shiftedFigure 2.14 shows a simplified block diagram of

frequency demodulation using the CORDIC function.

sin(w2t) l LPF
— XN
input :
—> p=ar’Q—p PID —p 808l
I generator
o
>N
o e L
g
cos(w2t) LPF §-
o

Figure2.14: A simplified schematic of frequendemodulation using the CORDIC
functiors.

Another approackor finding an input signal's quadrature component is the Hilbert
transform. Implementing the Hilbert transform in the digital domain consumes much
processing power and is only recommended faesys with high processing power.

2.5.6 The least mean squares (LMS) based frequency demodulation

TheLMS adaptive filter is another technique that can extract frequency information

from an input signal. The following equations show the LMS algor[dBh
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Wherex is the input signaty is the weight vector(k) is the reference signal(k)

is the filter outpute(k)is the error signal, angddetermines the stepsize for updating
the weight vector. The filter keeps the error sigisasmall as possible by adjusting
theu factor.

2.6  Amplitude demodulation

Amplitude demodulation is another critical function perfornmethe analogeadout
circuit of a resonant MEMS acceleromet&éhe amplitude information is used to
maintain a stabl@isplacement of the resonatdrg comparing it with a setpoint
value There are a few techniques to calculate the amplitude of a sinusoidal signal.

This section summarizes some of the commonly used methods.

2.6.1 Full wave rectification

Full wave rectifications the simplest method that can be implemented in the digital
domain.In this methodthe absolute value of all the input samps$gsassed through
a low-pass filter to estimate the amplitude of the input signal. Eque&orshows

the relation to finding the input signal's amplitude us\rgst samples.
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The performance of this method improves by using cascaded filters with a smaller
number oftaps. There is a tradeoff between the speed and performance of this
method. Increasing the length of the samples improves the performance but
decreases the method's speed.

2.6.2 Root mean square

Root mean square (RMS) ia@hersimplemethodthat can bemplemented in the
digital domain Equationc® cogives the relation to calculate the RMS value of the
input signal.

Poa & o

0

Wherex is the input signal sample ahbis the number of samples used to calculate
the RMS value. The accuracy of this metlatgbimproves by using a large window

of samples to calculate the mean value. This method also presents a tradeoff between

its performance and speed

2.6.3 CORDIC-based amplitude demodulation

The previous section explaingde CORDIGbased method to perform frequency
demodulation. However, he CQRDIC method also provides the amplitude
information using the Pythagoras theorem, as shown in Equaii®np The
advantage of using the CORDl§ased method is that a single method calculates
both frequency and amplitude of theut signal.

. OATUO C& T

~

0 O 0 & p
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2.7 Summary

The typical readout circuit of a resonant MEMS accelerometer can bedlivitde
three parts: a pramplifier stage, an oscillatiesustaining part, and a frequency
reading part. Different topologies for the gmplifier stage differ in their
performance concerning gain, bandwidth, stability, and noise. The oscilation
sustainng part ensures a correct clodedp operation of the resonatpteowever,

this part is transferred to the digital domain in a digital control loop implementation
Several techniques available in the literature can be implemented in the digital
domain to achieve the amplitude and frequencyf the resonant MEMS

accelerometer output signal
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CHAPTER 3

SENSOR DESIGN AND CHARACTERIZATION

This chapter briefly introduces the design and characteristidheofesonating
MEMS accelerometesensorsisedto develop lhe digital control looghased readout
circuitin this study where these sensors are developed in the framework of another
ongoing thesis studySection3.1presents the salient design features ofdésenant
MEMS accelerometegensors available throughout this study. SecB@reviews
the results of chipevel characterization of theesonant MEMS accelerometer
sensorswhich is achieved usingynamic SignatAnalyzer (DSA) and a Locin-
Amplifier. Section 3.3discusses the detailed characterization ofésenant MEMS
accelerometersensors using a logk-amplifier setupto obtain the sensor's
resonance frequency, gain, scale factor, and bias instability. Sedrtimiefly
mentions the problems encountered in operatinggb@nant MEMS accelerometers
in a closed loop using a logk-amplifier setup. Finally, Sectid®5 summarizes the

main observations of this chapter.

3.1 Sen®r Design

Threeresonant MEMS accelerometers (RMA) designs were available throughout
this study.The first design (R1A) has no lever mechanism, whereas the second

design (R1B) has a lever mechanism. A third design (R2B), an improved version of

! Hassan Dpan is doing his Ph.D. on development of a high performance assdMEMS
accelerometer, and the sensors used in this study are developed as a part of his ongoing study.
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the secondalso has a lever mechanism. The main focus of this study is the third

design, as it is used for digital control realization.

The sensor used in this study has two identical deesdked tuning fork (DETF)
resonators that allow differential readjnghich helps compensate for firstder
temperature effects by subtracting the common drift in the resonance frequencies.
The DETF beams are 4um x 4um x 792um in dimenswhere ach DEFT is
connected to an anchor at one end and to the proof mass at the athdever
mechanism. The size of the proof mass is small to reduce the sensor footprint, but
the smaller proof mass comes with a few disadvantggiserBrownian noisaelue
to smalleproof massnd reduced sensitivity because a smaller proof mass geerat
a smaller force.The sensitivity reduction problem can be solved by introducing a
lever mechanism, whictransfes higher force from the proof mass to the DETF
resonators. The lever mechanism can be sisiglge or multstage, but only a
singlestage éver mechanism is used in the current design to avoid mechanical
complexity. The other important component of a resonant MEMS accelerometer is
the drive and sense electrodes. The drive electrod@thfigers with a 2um gap
between the electrode fingeradathe resonator beams. The overlapping length
between the drive electrode and beam fingers is 1um. The drive and sense electrodes
have a similar structure. The number of fingers of the sense electrodes is also 76.
Equationo® givesthe relation for the force induced on the proof mass.

0 2626 ot

C Q

WhereFe is the electrostatic forcing applied on the parallel pladésthe correction
factor for tre fringing fields,N is the number of fingers,s the overlapping length,
dis the gap between the plates, &hd the applied voltage between the plates.
Anotherelectrode is also present to provide DC biasing to the proof mass. The force
generatedbetween the parallel plates of the capacitor is proportional to the square of
the applied voltage. This voltage is the difference between the voltages applied to
the proof mass and the drive electrodes. The sensor performance also depends on the

environmatal effects. One of the mediums to transfer the disturbances from the
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environment to the sensor structure is the anchor points. The literature shows that
the sensor performance improves by reducing the number of anthersfore, he
number of anchorsireduced to two to minimize frequency fluctuations caused by
external factors and internally generated stresss&hsors areacuum packaged to
achieve more robustness against environmental effaots as temperatur€able

3.1 gives different parameters for the sensor design.

Table3.1: The salient design parameters of the sensor

Parameter Value Unit
DEFT beam length 792 pHm
DEFT beam width 4 pm
DEFT beam mass 2.58e10 kg

Mass ofproofmassm 3.7e7 kg
Number of fingersN 76 -
Sensing gapd 2 Hm
Overlapping length, 1 pHm
Sense capacitanceg, 11.8 pF
Sensitivity,dC/dX 1.18e08 F/m

3.2  Chip-level sensor characterization

The chiplevel testing ascertains the health of a seokir before connecting it to a
PCB. Figure 3.1 shows a probe station setup that can access the electrodes of the
sensor chipgo perform chiglevel testing All the designs have the sanpad
configuration:Pin-1 is used to supply theoltage to the wafer capvhich iseither

tied to the proofnass voltage or the ground level. The wafer cap is grounded for all
the tests performed except for the leakage tedtimg4 is used to supply the preof

mas voltage to the proof mass of the senshe proof mass can get any voltage
value depending on the test requiremd?in-2 and Pin-3 are used tosupply
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excitation voltage to theesonators of aensor. Theutput of the sensor is a current

read atin-6 andPin-7 (coming from the two resonag)r

W !

Cap Vol

Figure3.1: Probe station to perform chipvel testing of the sensor chips with a
close conceptual view of a sensor célifowing different input and output signals of
the sensor

The input and outt signals of the sensor can be connected dgramic signal
analyzer (DSAYr a lockin-amplifier using an interface PC® performchip-level
tests. The interface PCB has a-pmaplifier stage for each resonator that converts
the current into voltage. iadditional gain stage is also presentthis interface

PCBto adjust thdevel of the sensor output signal.

The chiplevel testing consists of three types of te@)ghe first test checks for any
current leakage between the wafer cap and the ssimgoture (ii) the second test is
a fast Fourier transform (FFT) test to check the frequency components present in the
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signals coming from the resonatofid) and te third is the frequency sweep test to
find the exact resonance frequency valbgure 3.2 shows a schematic of the

connections for this test setup.

Drive and Sense
signals

Interface PCB Voltage supply

Power supply signals

Drive and Sense
signals

DSA/
Lock-in-amplifier

Figure 3.2: The schematic of the test setupedfor chip-level testingof the
developed resonant MEMS accelerometers

3.2.1 Leakage Test

The leakage test checks if there are any unwanted shorts between different
conducting components of the sensor. The probes are lowered onto the chip one by
one, and the current drawn by the sensor is monitored using an amnitédiy,

The poof-mass voltage is set to 15V, and the wafer cap is set to OV. If no abnormal
current flows due to touching down the probes under the conditions mentioned
above, the wafer cap voltageaisoraisedto 15V. Any short between the wafer cap

and other condtting parts results in an increased current drawn by the sdhsor.

there is no abnormal current in both biasing conditidnsan be saidhere is no

leakage in the sensor. Both the resonators of each sensor must pass the leakage test
for a qualified sesor.
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3.2.2 FFT Test

FFT test can obtain an approximagsonance frequency valfier any resonator.
The sweepfrequency range is set very large (400~1600 Hz), and the excitation
voltage is also set high (100mV). The proof mass voltage is varied between 3V and

15V to observe any resonance behavior.

Table 3.2 shows the results @ chip-level characterization of the sensors selected
from the final desigiiR2B-type). The resonance frequenass in the region between
16kHz and 1kHz. The two esonators of any chip have different resonance
frequencieswhich also varyfrom chip to chip.Also, the difference between the
resonance frequencies of the two resonaibessingle sensas not constant for all
chips. This difference varies between 48tand 187Hz in different sensors and
resultsfrom fabrication imperfections. The resonance frequency of the resonators

also changes with time.

3.2.1 Frequency Sweep

After obtaining an approximate resonance frequency of each sensor chip, the
frequency sweep testa narrow range is performed to get a more accurate resonance
frequency value. The frequency range is now reduced to 10Hz around the
approximate resonance frequency. A narrow frequency range requires a low
excitation voltage. Therefore, the excitatimitage level is reduced to 0.25mV. The

frequency sweep is performed at different values of proof mass voltage, such as 3V,
5V, and 10V. The results from the frequency sweep are consistent with the results

obtained in the FFT test but with more accuracy.
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Table3.2: The dip level sensor characterizationtbe R2B-type resonant MEMS
accelerometershowing resonance frequency under different biasing conditions.

Sensor| Proof mass Resonance Resonance Difference
No voltage frequency IHz) | frequency 2 (Hz) [f1-f2]
10V 16428.4 16240.8 187.6
N4N4 sV 16424.3 16236.5 187.8
3V 16423.4 16235.5 187.9
10V 16604.1 16540 64.1
N4N2 5V 16601.4 16537 64.4
3V 16600.7 16536.5 64.2
10V 16924.7 17018 93.3
N4P3 5V 169218 17015.5 93.7
3V 16921.1 17014.9 93.8
10V 16997.5 17044.7 47.2
N3N7 5V 16993 17040.9 47.9
3V 16991.7 17040.1 48.4

3.3 Sensor Characterization with lockin-amplifier

The resonant MEMS accelerometer sensguslified in the chigevel testing are
selected and soldered to a paenplifier PCB modulewhichis suitablefor testing
with a lockin-amplifier and a digital control PCi® implement a digital control loop
for the resonant MEMS accelerometEhne output of this amplifier module is signals
from the sensor amplified by the paenplifier, and thanput to this PCB is the drive

signals to oscillate the resonatdfigure3.3 shows a conceptual connection diagram
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for the test setupmploying the lockn-amplifier, which convert¢he analog signal

to the digital domain using an ADC and then generates the drive signals using a DAC
after processing in the digital domain

The sensor characterization is carried out systematically to get -dapih
understanding of the sensor behaviDifferent parameterssuch as proemass
voltage, excitation voltage, and PLL parametaféect the performance of these

sensorsand their effect can be observed in the sensor output data

Lock-In Amplifier module

Figure3.3: The setugliagramfor testingthe resonant MEMS accelerometesith a
lock-in-amplifier showing major components of the testing scheme.

3.3.1 Frequency Sweep

Testing with a lockn-amplifier also starts with frequency sweeping to know the
exact value of resonae. Understanding the resonance behavior of the resonators in

their new configuration is essenti@he resonance frequency and gain of sensors are
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affected by several factors that can be modified. Especially the amplification is very
much dependent ondtbiasing conditions. It is, therefore, necessary to perform the

sweep test at different biasing conditions. The test settings are as follows:
Proof mass voltag&V~15V
Excitation voltage0.1mV~5mV

The biasing conditions determine the sensor's regiompefration. Too high
excitation voltage levels can push the sensor into dinear region. Therefore, it is
also essential to know the limits of the excitation voltage level that should be applied
to excite the sensof.he frequency sweeping is carriedtat different values of
proof mass voltage and excitation voltaged theireffects onthe resonance

frequency, gain, and region of operatamerecorded for later use.

Figure3.4 shows the result of the frequency sweejRe$onato 1 of sensor N4AN2

at different proof massvoltagesusing a lockin-amplifier, using0.1mV excitation
voltage The plot shows that the resonance frequency of this resonator changes only
a few Hz when theroof maswoltage is changed-he figure also showan increase

in the gain of the resonator as the prowdss voltages increases from 5V to 15V.
The figure also shows the phase response of the resonator at different biasing
conditions. The phase changes sharply at the point of the resonance fredency.
resonance frequency &esonator lis approximately 16763Hz at 5V prepfass

voltage, which increases to 16766Hz at 15V pmmaks voltage.
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Resonator 1 (N4N2) @ 0.1mV Excitation voltage
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Figure3.4: The frequency response Besonator bf sensoN4N2 atdifferent proof
mass voltages with excitation voltage set to 0.1nsWpwing approximately
16763Hz resonance frequency

Figure3.5 shows the frequency responsdraisonatof of sensor NAN2 alifferent
proofmass voltagevalues while the excitation voltage is set to 0.lmMhe
resonance frequency &esonator2 is approximately 16480Hz at 5V proeofass
voltage, which increases to 16483Hz at 15V pmmaks voltage. The plot shows an
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increase in the gain as the proof mass veltagincreased from 5V to 15V. The

figure also shows the phase response of the resonator, where the phase changes
sharply at the resonance frequency pdihe resonance frequencyR&sonator 2s
approximately 187Hz lower than the resonance frequenBgsbnator 1

Resonator 2 (N4N2) @ 0.1mV Excitation voltage
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Figure 3.5: The frequency response d&esonator2 of sensoiN4N2 at 0.1mV
excitation voltageunder different values oproofmass voltageThe resonance
frequency is approximatell648MHz.
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Figure 3.6 shows the frequency sweep respoR&sonator 2demonstrating the
linear and no#inear behavior of the resonator at 5V proaéss voltage. The gain
and phase response at 2mV excitation voltage indicates-dnean behaior. A

higher value of excitation voltage must be avoided for a linear operation.
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Figure 3.6: Frequency response Besonator2 of sensoiN4N2 at 5/ proof mass
voltageshowing noHinearity at higher valugof excitation voltage.
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Figure3.7 summarizes the resonance frequency behavitredResonator bf the
sensor N4N2 under different biasing conditions. Thaxis shows the biasing
conditions as a set of the proof mass voltagethadexcitation voltage. The first
numbershows the proof mass voltage in volts, andrthmberafter 6+t6shows the
excitation voltage in mV. The plot shows that the resonance frequeRasohator
1 is not much affected by the change in the proof mastsg® or the excitation
voltage.

Resonator 1 (N4N2)

16766
16765.5
16765

16764.5
16764
16763.5
16763 | 1
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Proof mass (V) + excitation voltage (mV)

Frequency (Hz)

Figure3.7: Summary of the resonance frequencyretonatoil of sensoN4N2 at
different biasing conditions. There is not much change in the resonance frequency of
Reson#or 1 due to a change in the biasing conditions

Figure 3.8 summarizes the resonance frequency behavidResfonator 2of the
sensor N4N2 under different biasing conditions. Thaxis shows the biasing
conditions as a set of@hproof mass voltage and the excitation voltage. The first
numbershows the proof mass voltage in volts, andrtbmberafter 6+6 shows the
excitation voltage in mV. The plot shows that the resonance frequeRasohator

2 alsois not much affected by ¢hchange in the proof mass voltage or the excitation
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voltage. The change in the resonance frequency due to the changes in the biasing

voltages is not more than two or three hertz.
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Figure3.8: Summary of he resonance frequencyRésonato? of senso/N4N2 at
different biasing conditions. There is not much change in the resonance frequency of
Resonator 2lue to a change in the biasing conditions.

The frequency sweep testserformed on other resonant MEM&celerometer
sensors with similar biasing condit®rshow similar behaviorThis section has
presented detailed results for all the possible biasing conditions applied to the sensor
N4N2. However, ér brevity, one plot each from sensors N4N1 and N##3
understand the general trend of the RgBe sensors is shown hefégure 3.9

shows the frequency sweep respons®agonator lof sensoiN4N1 at 5V proof

mass voltageinder dfferent values of excitation voltag&he resonance valusf

this resonator is around 16922Hz, which is approximately 400Hz higher than the
Resonator bf the senseN4N2. The resonator shows a linear behavior for 0.1mV,
0.3mV, 0.5mV, and 1mV excitation voltage. Increasing the excitation voltage shifts
the resoance frequency, and the sensor goes into nonlinearity. Compared to sensor

N4N2, this resonator does not go into the-finear region at InV. It shows that
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the nonlinearity thresholds different for different sensors, and it is critical to

perform sweepig frequency tests to find the limits of nbmearity.

Resonator 1 (N4N1) @ 5V proof-mass voltage
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Figure3.9: The frequency response &esonator Iof sensoiN4N1 ata 5V proof
mass voltagshows 16922Hz resonance frequerfeyon-linear behaviors present
at excitation voltage values higher than 1mV.

Figure 3.10 shows the frequency sweep respons®esonator f sensoiN4P3
showing a resonance frequency of approximately 16975Hz. This resonance
frequency value is differg from the values of sensors N4AN2 and N4N1. This
observation was alswtedduring the chidevel testing that the resonance frequency

of the sensor varies from chip to chiphe plotin the Figure 3.10 shows that the

sensor goemto a nonlinear region at 2mV for 5V proof mass voltage.
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Resonator 2 (N4P3) @ 5V proof-mass voltage
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Figure3.10: The frequency response Bfesonator Df sensoiN4P3 ata 5V proof
mass voltageshowing a no#linear behavior at 2mV and highexagtation voltage
values

The results of this section underline the importance of frequency sweep at several
biasing conditiondbecause eery sensor has a different threshold for excitation
voltage that drives it into a ndmear region. The general tré is the same for all

the sensors: the excitation voltage threshold is reduced with an increase in the proof
mass voltagelherefore, it can be concluded thia gain depends on the praufss
voltage, and the linearity of the response is dependenteoextitation value. The
correct proof mass and excitation voltage combination operate the resonators at the

desired gain value without going into the Horear region.
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3.3.2 Closed loop testingwith the lock-in-amplifier

There arewo essential requirementsaperate the resonator in a clodedp form
(i) the first is frequency trackingii) and the second requirement is maintaining a
stable output amplitudelhe frequency tracking of the resonators of a resonant
MEMS accelerometer can be performed usingoraportionalintegrator (PI)
controllerbased phaskcked loop (PLL)block present in the loek-amplifier,

whereas another Pl controller block performs the amplitude stabilization.

3.3.2.1 PLL for frequency locking

A PLL is used in the loclkn-amplifier for frequency tracking. The frequency
demodulation results in the extraction of phase information and other parameters. A
PI controller compares the calculated phase with -p@et phase. A numerically
controlled oscillator generates the reference signalrdotg to the Pl controller
output. The performance of a Pl controller depends on the values of its parameters.

Figure3.11 shows a conceptual representation of a PLL.

Demodulator PID Controller
Mixer Low Pass Polar P P
Signal Input
u.. Y N\ b_’ Phase f_i:\ I +
- T/ .
Signal Qutput +90°  Order T D T
+@. |Phase Shift D
P Phase S Setpoint
Numerically
Controlled
Oscillator

Figure3.11: The block diagram of the PLL implementatiofithe lockin-amplifier
used in this studyThe phase is used as a setpoint
frequency.
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The phase difference obtained from the irgnd reference signals compared with
the setpoint phase valuerhe difference between the actual and desired phase is the
error signathat is used asputof the Pl controller. The parametétgproportional)

andl (integral)are multiplied by thghaseerror signal.

3.3.2.2 PID for stable output amplitude

The output amplitude of the resonator is maintained at a fixed point using a Pl

controller in the lockn-amplifier. The user interface of the leskamplifier accepts

a fixed amplitude point and maintains the output amplitude at thabgstvalue.

The poportional and integrator parameters control the performance of this Pl

controller. However, the speed of the amplitude stabilization PI controller does not

require to be as fast as the frequency tracking Figure 3.12 shows an Aln

variance plot of the data obtained from the
noise level and a bias instability dfug at 3V proof mass and 0.3mV excitation

voltage. The bias value remains under 20 pg even after 200sec showing the inherent

stablity of the sensor at room temperature.

Allan variance (g)

Integration time (s)

Figure 3.12: Allan variance plot of sensor N4N2 at 3V proof mass and 0.3mV
excitation voltage showing @ bias instability and 3@ g / &bise level
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The data is cdected at different values of the proof mass and excitation voltage to
calculate the noise level and bias instabilltgble 3.3 summarizes noise values and

bias instability calculated from sensor data at several biasing point®stis show

a bias instability value dfjg, and anoise levelofl 0 Og/ @aHz can be obt
this sensor. These values are also dependent on the bandwidth used in the PID
controller, where ehigher bandwidth increases the noise in the data and degrades the

bias instability. The data shown this table is collected ta20Hz bandwidth.

Increasing the bandwidth increases the séasesponse timandthe fluctuation in

the demodulated frequencihe proof mass and excitation voltage also affect the

bias instability and the sensor r@i¥he increase in the excitationltage decreases

the noise and bias instability of the sengore noi se | evel drops fr
260g/ aHz when the excitation voltage inc
proofmass voltage is 3\Similar improvement can be seen with an increase in the
excitation voltage under 5V and 10V praofss voltage vaks.The proofmass

voltage also affects the noise and bias instability leeeld the results show thaet

noise and bias instability improves with the promdss voltage increase.

Table3.3: Summary of nigse and bias instability calculated at different biasing
conditions at 20Hz bandwidtlsg¢nsoiN4N2 R2B-type).

Proof mass | Excitation voltage Noi se ( O Bias instability (ug)

0.1mV 109 9.4
3V 0.3mV 34 9.7
0.5mV 26 9.2
0.1mV 99 10
5V 0.3mV 41 9
0.5mV 25 9
10V 0.1mV 60 8
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3.33 Scale factor

The scale factor shows the sensitivity of a resonant sensor in terms of Hz/g. The scale
factor of these sensors is calculated using 0g, +1g,-dg@ositions. Each sensor

has two resonators, so their sensitivity is calculated separatety then he
differential reading is taken to obtain the total scale fattoe following statements

provide asimple method to calculate the scale factor of the sensors.
YQ& | Q8 Wo0skd gy e 1 0% q
YQE i Q& @D Y € i "Oétc.‘Q

. e, Y Y A
Yo GQoE 0 | —— Oq.‘Q
Figure3.13 shows thescale factor calculation with the proof mass voltage set to 3V
and the excitation voltage set to 0.3mV. The sensitivityRelsonator 1is
approximately 44.8 Hz/g, and the sensitivityResonator 2s approximately 50.15
Hz/g. The differential scale faatoof the sensor NANR2B at these biasing

conditions is 95.05 Hz/g.

168 x10* Scale factor calculation of sensor NAN2 @ 3V
: T T T

Resonator 1
Resonator 2

1.675

)
3
T
|

"o ]

Frequency (Hz)

o2}
>
I
1

1.655 - —

165 ! ! ! | L
-60 -50 -40 -30 -20 -10 0

0-Time (sec)

Figure 3.13. Scale factor calculation for sensor N4AN2 at 3V proof mass voltage
showing a scale factor of 95Hz/g
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The proof mass and exation voltage are changed to measure the scale factor at
different values.Figure 3.14 shows the scale factor calculation at 10V proof mass

voltage. The scale factor value at these conditions is 94.5 Hz/g.

168 % 10* Scale factor calculation of sensor NAN2 @ 10V
: \ \ \ \ \

ion Voltage
Resonator 1
Resonator 2
1.675 =

1.67 - -

ool 19 [ee]  [+e] .

Frequency (Hz)

1.655 -

165 | | I I L | I I |
-50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0
0-Time (sec)

Figure 3.14: Scale factor calculation for sensor N4N2 at 10V proof mass voltage
showing a scale factor of 94.5HzKhe scale factor is stable under different biasing
conditions.

Several proof mass and excitativoltage pairs are ad to measure the scale factor

to understand the effect of biasing conditions on the sensitivity of the séabte.

3.4 presents a summary of these calculati@rsl theresults show that the scale
factor d sensofN4N2 is stable under all the mentioned conditions. There is a total
change of less than one hedso, this change can be the result of a measurement
erroror an actual change in the resonance frequency under the effect of different
biasing condions. The test setup used to rotate the sensor in different positions is
not very accurate; therefore, the measured scale factor change most likely results

from the measurement error.
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Table3.4: Summary of sale factor calculation results at different biasing conditions
for sensoiN4N2 (R2B-type) The results show a stable scale factor (~95Hz) under
different biasing conditions.

Proof mass| Excitation | Sensitivity R1| Sensitivity R2 Scale factor
voltage voltage (Hz/9) (Hz/9) (Hz/9)
0.1mV 45.55 49.6 95.15
3V 0.3mV 44.8 50.15 94.95
0.5mV 44 .45 49.6 94.05
0.1mV 44.3 50.35 94.65
sV 0.3mV 44.3 50.15 94.45
0.5mV 44.5 50.05 94.5
0.1mV 44.55 49.95 94.5
10V 0.3mV 44.3 50.1 94.4
0.5mV 44.3 49.95 94.25

3.4 Problems and observations

Some problems were encountered while implementing the elospdoperation

using the lockn-amplifier. The input of the lockn-amplifier is noisy, and it cannot

read signals witlasmall amplitude (<1mV). Therefore, there wasnwach noise in

the data collected from the sensor. A way around this problem is to introduce a gain
stage between the peanplifier and the lockn-amplifier input. This gain stage
improved the SNR, and there was a significant reduction in the 1S@sently, the
excitation voltage for the drive electrodsalso less than 1mV for a linear operation.

It is critical to generate such a small signal without adding a significant noise from

the readout circuit.
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3.5 Summary and discussion

Theresonant MEMS accelametersensors usei develop the digital control loep

based readout circuih this study are characterized firstthe chip level using a

DSA and a lockn-amplifier setup. Then the detailed characterization is performed
using the lockin-amplifier. Teging with different sensors (typge1A and typeR2B)
reveals that resonatorsdé resonance frequ:i
This difference is 43Hz in some of the sensors and approximately 187Hz in some of
the sensors. Additionally, the resote frequency shifts from sensor to sensor,
indicating an imperfection in the fabrication process. Characterization results show
that the resonance frequency of the sensors does not change much with a change in
the biasing conditions, while the sensorgrage in linear regions. The linearity of

the sensoroperationdependson the value of the proghass voltage and the
excitation voltage. The proehass voltage is directly proportional to the gain and
SNR of the sensor. However, higher values of proafs voltage drive the sensor

into nonlinear regions. A higher excitation voltage value also drives the resonators
into the norlinear region. The threshold of excitation voltage, which keeps a linear
operation, decreases with an increase in the pras vdtage. The resonance
frequencies of the senshidN2 are approximately 16516Hz and 16784Hz during

the presented sensor characterization. The scale factor of this sensor is approximately
95Hz/g. This sensor shows a bias instability jod.7
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CHAPTER 4

IMPLEMENTATION OF DIGITAL CONTROL LOOP-BASED READOUT

This chapteexplairs the implementation athe digital control loopbased readout
circuit using a microcontrollerSection4.1 presents different blocks of a digital
controlloop-based readout circuit and their comparison to a typical analog readout
circuit of a resonant MEMS accelerometer. Secticghexplains the components of
the readout circuit, such as the qamaplifier stage, the gain staghe analogo-
digital conversion, the microcontroller, and the digitaRhnalog conversion.
Section4.3 provides a noise analysis of the proposed readout circuit. Section
reviews the interptation of noise using Allan variance plots. Secddhshows the
simulation results ofhte Smulink modelof the readout circuit. Sectigh6 presents

the technique used to operate the sensordlosed loop using a microcontroller.
Sectiond.7 explains different algorithms used to realize different functionalities of a
closedloop operation in a microcontroller. Sectiér8 summarizes theotal points

of a digital control loop implementation.

4.1  Blocks ofthe digital readout circuit

Figure4.1 shows a block diagram of a digital readout circuit of a resonant MEMS
accelerometer.Some digital readout circuit blocks for a senant MEMS
accelerometer argmilar to an analog readout circuiAs mentioned in Chapter 2,
an analog readout for a resonant MEMS accelerorhatethree main components:
the preamplifier stage, the oscillatiesustaining circuit, and a frequency reagli
mechanismas shown irFigure 2.3. The preamplifier stagevhich converts low

level current signals to readable voltage valugslso necessary fothe digital
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readout circuit, while the functigrof the remaining two blocks aeehieved for the
digital readout circuit in the digital domain with a microcontroller after the analog

signals are converted to the digital domain

MEMS + Pre-amplifier Digital Control Loop
—! I_ A/D

I w— | e Microcontroller
IEI*IT ﬁ Read ADC

| o Measure Amplitude
| I Measure Frequency

I
|
I
|
I
mmm Drive Signal Calculation |
N Write DAC I
I
I
|
|

Vss

Transmit data

I
|
I
| Data processing
I
I

Figure4.1: Conceptual diagram of the digital implematiin of a resonant MEMS
accelerometelOff-the-shelf components are used to realize the digital control loop.

An ADC converts the analog signals to the digital domaime quality of this
conversion depends on the number of ADC bits and the samplengaahe of he
functionalities previously performed in the analog are transferred to the
microcontroller such asamplitude and frequency demodulatigh PI controller
inside the processor maintaithhe output amplitudey comparing the demodulated
amplitude with a sepoint value. Another PI controllebased PLL is implemented

in the software tdrack the resonance frequenchhe DAC generates the drive
signals to oscillate both resonatoféie excitation signal amplitude is based on the
Pl controller oyput that controls the output amplitude, whereas the PLL output

controls the excitatiosignalfrequency. A serialport transmits the frequency and
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amplitude information to a computer a system that will use this output déda

providethe acceleratiomformation

4.2  Circuit Implementation

The digital control is implemented using discrete-tbfshelf componentsThe

ADC converts the analog signals to the digital domain,ta@®AC converts them
back to the analog domain after processifferent compoents require different
voltage levels, such as 1.2V, 2.5V, 4.5V, and 3.3V. A single 5V is the input to this
digital control PCB. The different power supply levels are generated using power

conversion ICs.

Amplification is required at different stagesInmetcircuit for a smooth operation. The
first amplification stage is the pamplifier stagewhich converts the motional
current into voltageThe characterization results show that an additional gain stage
is required to improve the SNR of the signal & itmput of the ADCThe second
amplification stage is used to increase the input signal. l&veell-defined input
signal achieves a better result from the product between the input and the reference
signal while extracting the frequency informatiomherefore, the input signal is
amplified before reading by the AD@mplification is also equiredto generat DC
voltages for the proahass and the wafer cap. The DAC can generate signals from
0~2.5V, but the proomass and the wafer cap may require voltagdo 20V. In
order to control the proofass and the wafer cap voltage through software, an
amplification stage is present after the DAC. The levetlrofe signals issmall
(typically < 1mV) andfalls well within the range of the DAC, arénce does not
needan additionabmplificationstage

Figure4.2 shows theschematic of théirst component of the circugomprisingthe
sensor module and peamplifier stageThe sensor module has four inputgo drive
signals, cap wafer voltge and proof mass voltag&here are two resonators in the

sensor chip, and the two drive signals oscillate the resonators independently. The cap
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wafer voltage provides a DC biasing to the wafer cap. The wafer cap should either
be grounded or connectedttee proofmass voltageThesensor's outpus a current

signal fed tahe pre-amplifier stageThere are two resonators and hence two current
outputs. Two additional pins provide feedback capacitance to the sensor.

PRE-AMPLIFIER

VG ND\J,

Tcml
My My
R20 R22
SENSOR MODULE I{
cz2
CAP_WAFER_VOLTAGE L]
= ouTL
DRIVE_SIGNAL_1 _OUT_1 —
a IC2A
&
DRIVE_SIGNAL_2 _oUT_2 s
IC2B
+
., = ouTz
PROOF_MASS_VOLTAGE _ -
‘(@24
b
R23

Figure4.2: The £hematic forthe preamplifier stage and sensor modulecharge
sensing premplifier scheme is used to obtain a substantial gain and a good noise
performance.

Theamplifier IC shown in the circuit diagrain Figure4.2 has two amplifies that

amplify the signals from both resonators afsensor.The preamplifier stage is a
chargesensing configuration where high resistance is used for DC biasing, and
capacitance is used to achieweery high gain. Tts preamplifier configuration has

been discussed in a previous chapter. It provides high gain, and its noise performance
is better than soma&therpre-amplifier configurations. A very high feedback resistor
value limits the inputeferred noise, which igritical for noise performance.

Equationt ® gives the gain of the chargensing amplifier.
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vi o oY
YOI p (3
WhereR; is the biasing resistance, a@dis the feedback capacitance. The biasing
resistor used in the circuit has a value of 4gQMnd the value of the feedila
capacitor is 1pF. The gain of the fnfifier stage is approximately 52.RBaround
the oscillation frequency.

The gain and phase plot of the fanmplifier stage is obtained using the Ltspice
software as shownn Figure4.3. The parasitic capacitance of 14pF is used in the

simulation as per the amplifierds datash:i
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Figure4.3: Phase and gain plot of the mmplifier stage simulated in Itspic€he
gain at the oscillgon frequency (17kHz) is 140dB.

The noise simulation of the pesmplifier is shown inFigure 4.4 using ltspice
software The output noise is higher at lower frequengordsereas itsaluedecreases

as the frequency increases andchotd a stable value after some point. Tésonance
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frequency is greater thakbkHz for all types of sensors used in this study. At this

frequency value, the noise value is relatively low.

V(onoise) V(r1) V(r2)

3.0uVIHZ~

2.7uVIHzY =
" N

2. 4pNVIHZ Ve
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1.2pVIHZ %
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o
T

— R e
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Figure4.4: The output noise of the piamplifier stage simulated in Itspishowing
116nvV/iaHz out put amudtiesoscMatidn fremugerecy of the resonant
MEMS accelerometers used in this study

Figure4.5 showsthe circuit's next stag, where the pramplifier signalgoesto the

ADC after passing througlan instrumentation amplifierThe amplifier stage
providesgain to the input signaland a differential signal is fed to the ADC to
eliminatecommon biasing errord.he characterizatioresults section has already
discussed the importance of this intermediate stage. It provides an amplified signal
to the microcontroller to achieve wsdul multiplication product for frequency

demodulation.
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Amplification stage
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Figure4.5: The £hematic fothegain stage and differential input to ADThe gain
stage provides the necessary gain to the input signal to obtain a workable level.

Equationt & gives the input/outputlationof this amplifer configuration:
[ W w 20 &

WhereVout is the output of the amplifieNin+ andVin- are the input and reference
ground signals, anés is the gain of the amplifier. Equatia® gives the gain of the
instrumentation amplifier.

czY
Y

O p 1§39

Here it is assumed that R1 and R2 are equaldgnitude A gain of 4l is achieved
in the actual circuit by settig the resistor valuesf R1 and R16o 1kgq and 20k,
respectively Another important parameter of this circuit is its bandwidthich

dependsipon resistor and capacitance values.

P
¢“ YO

0w

The resonance frequency tife fabricated sensor@ype-R2B) is approximately
around 17 kHz. The bandwidth should be greater than twice this Tdleealue of

the resistance is adjusted according to the gain requiteefore, capacitance is
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the only other parameter that can adjust the amplifier's bdtidwhe resistor and
capacitance valuesre setto achieve aandwidthof approximately60 kHz. This
bandwidth valudimits the signals that can masn to ADC and help block high

frequency noise.
The ADC used in this circultas the following salient &ures

Resolution 16 bit

Mode Differential

Sampling ratel M samplesec
CommunicationSPI up to 100 Mbps

The literature shows that an ADC with 12 or higher numbers of bits generates very
low quantization noise. The differential mode allows the usétofal ground, which
facilitates the DAC operation. The DAC used in this study can generate voltage
levels between zero and reference voltageich is 2.5V in the developed circuit
The drive signals generated by the ADC are added to the virtual gnobiradh is
1.25V. The swing of the excitation signals is venyalland easily comes withthe

range of the DAQ.e., 1.25\kexcitation_voltage falls in the 0~2.5V rangeégure

4.6 shows the DAC configurationsed in the circuitThe microcontroller controls

the DACthroughan SPIprotocol The DAC providesinusoidal excitatiosignals

to theresonator&nd satic voltagesto the proof mass anthe wafer cap. The proof
mass voltageand the wafer cap voltagean be changed at any tinusing the
software An amplifier stage is present between the DAC and the ymast voltage

to amplify the DAC output to obtain the desired proudss voltage. The amplifier

has a gain of 10, allowing it to generate voltage levels up to 25V. Under normal
conditions, the proofnass and the wafer cap voltages are set at the sensor's power
up and do not change during the operatidhC used in this hathefollowing main

features
Resolution: 16 bit

Communication: SPI up to 100 Mbps
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Refresh rate: s
Range0 ~ VRrer

The drive signal magnitude is typically less than 1mV, which equates to a decimal
value of 26 (out of ) of the DAC, which affects the resolution of the generated
signals. Therefore, a highealue voltage is generated, and then a voltagelelivs

used to divide that signal to achieve the desired excitation voltage level.

DAC
45V 7 | | 2 DRIVE_SIGNAL_1
VDD ouTo
ouTL .S_DEWE SlGN.ﬁ.L 2
33V_18 | o ouT2 4 CAP WAFER_VOLTAGE
OuT3 | 5 PROOF_MASS_VOLTAGE
SPIMOSL 1| S0k U3 outs (-
= soi ouTs ——
SPI_MISQ ig =00 ALARM ouTs Jlin
CNVST_2 CE_NM oute 3y
25V 1 | Rer GND —o-—USS

pap —1f_ WSS

Figure 4.6: The shematicof the DAC, showing itdbiasing and control signals
Additional amplification stages are preseaxternally where high voltages are
required.

The communication between the microcontroller and the ADC/DAC chips is
performed using the SPI protocol. The ADC and DAC chips allow up to 100Mbps,
but the microcontroller can communicate at 42Mbps. Theaoaertroller can update

the ADC and the DAC chips at 1.3Msps. This speed is higher than the ADC sampling
speed and the DAC refresh rate. Therefore, the SPI communication is not a

bottleneck for the data sampling from the ADC and drive signal generation.

The digital control loop circuit's most crucial pais the microcontroller. The
microcontroller used in this circuit is STM32 from STMicroelectronicks. a 32bit

microcontroller with 169 MHz speeMultiple SPI ports control different SPlased
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componets like ADC and DAC ICsIn-built CORDIC functions are available to
generatea sine wavewith minimal processing powerhis microcontroller collects
data froman ADC, and after processingrive signals are generated and fed back to
the sensor usinga DAC. The algorithms that are implemented inside the

microcontroller to perform different functionalities are discussed in the last section
of this chapter.

Some other peripheral components in the circuit support the main ICs.
Microcontroller debugger circuib progranthe microcontroller and transmit serial
data for logging. Voltage ICs generate different voltage levels required by different
ICs.A temperature sens@iaced close tthesensor chipacquirestemperature data.
Figure4.7 shows the PCB with different components present on it.

Microcontroller

.

Figure 4.7: Digital control PCB showing different componentstioé circuit. The
readout circuit is compact and suitable for commercial products.

4.3  Noise analysis

The noisan aresonanbased MEMS accelerometer is one of the main parameters
determining the performance. The noise in an accelerometer syastebe divided

into two main categories: mechanical and electrical Néis&3]. The mechanical
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noiseresults from the Brownian motion of the sensor structure. The electdrsa
results from different sourcesuch as pramplifier noise, quantization noise, clock
inaccuracy, and mass residual motion @o|S1]. The digital control loop
implementation has a slightly different noise model than the conventional readout
circuit of a resonant MEMS acceleromet&he noise sources due to the automatic
gain control (AGC), variable gain amplitude (VGA), PLL, and otperipheral
analog circuitry are eliminated in the digital control implementation. On the other
hand,some new noise sourgesich as quantization noise, clock inaccuracy noise,
and PI controlleigenerated noise, need to be considérkd following sectns will
explain all noise sourcesin a digital control loopbased resonant MEMS

accelerometer system

4.3.1 Brownian noise

The following equation shows the equivalent acceleration noise due to the Brownian

noise[53]:

& T 0, "YW &
a
WherekKj is the Boltzman constari,is the temperature in Kelvib,is the damping
factor, andm is the mass of the proof mass. The equation shows that the isoi
directly proportional to the damping factor of the sensor and inversely proportional
to the mass of the sensor structure. The following equation gives the damping factor

in terms of resonance frequency:

W a8

Wherew: is the resonance frequency, a@ds the quality factor of the sensor. The
Brownian noise reduces if the mass of the sensor structure increases or the damping
factor decreases. The damping faadecreases with a dease in theresonance
frequency oranincrease in the quality factofhe value of this noise for a single

resonator is calculated as 0.2330g/ aHz
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amplification factor of the lever mechanism increases the noise level with a factor of

5, increasing the act unaetwonurmoupled regoadtorse t o 1. 1
are present in the sensor, the total noise due to the Brownian motion of the resonators
equals 1.6409g/ aHz.

4.3.2 Amplifier Input R eferred Noise

The preamplifier stage is the first stage of the system that significantly affects the
noise performance. The inprdferred noise of all the later stages has a minimal
effect at this stage. The noise propagdtask by dividing with the gain of the
previous stage. The pemplifier stage used in this study has two sources of
electrical nois. The first source of noise is the feedback resistor, and the second is
the opamp of the pramplifier stage. The pramplifier output voltage noise is given
as[35]:

Y , YO i

© Py e P YET
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WhereR, is the biasing resistanc€; is the feedback capacitandejs the current

noise of the resistol is the voltage noise of the opamp, dbdis the parasitic

input capacitance. The output voltage noise is divided by the gain of the sensor, and

the inputreferred noise as a current is giverj3:

TO"Y (Y 56
o P . T8

© Y Y

The input referred noise reduces with an increase in the biasing resistance value. The
noisealsodepend®n the feedback capacitor and gaasitic inputapacitanceAt

low frequencies, the noise from the resistor is the dominant noise source.

The inputreferred current noise is calculated for the operational amplifier used in
the readout circuitising the above equations at the resonance frequency. The value
of theinputreferredc ur r ent n o i $asediorthe dEtuabdaramedets of
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the readout circuitThere are now three noise components of theaprglifier: (1)
the inputreferred current noise, (2) the current noise of tharmp at the inverting
node, and (3) the voltaghoise of the ojamp at the noimverting node. The output
voltage noise resulting from these three sources of tharppdifier is calculated to
be 192nVa H.z

4.3.3 Mass residual motionequivalent Pl noise

The digital control loop implementation employs paoportionatintegral 1)
controller to keep the reference frequency equal to the resonance frequency of the
resonators. Under no external acceleration, the feedback signal applied to the
resonators is not constant and oscillates around the mean pasfidting in the
oscillation of the proof mas3his proofmass motion is inseparable from the motion
that results from the applied acceleraficesulting innoise generatiarThis type of
noiseonly exists in closedoop systemavhere feedback is continudysupdated

based on the sensor outbt, 53] This noisedepend®n the parameters of the PI
controller which updates the feedback until it reaches gbepointvalue and the
demodulated frequency oscillate®and the actual frequencyhe input to the PI
controller comes from a filtawhose fluctuation depends the filter time constant
value.This fluctuation is inevitable and generates a white noise in the demodulated

frequency.

4.3.4 Clock jitter noise

The osdlator's frequency that supplies clock frequency tmiarocontrolleris not
100%accurateAlthough \ery precise oscillators are available, they still have some
errors in their accuracylhese oscillators affect theefjuency of the reference
signals gearated bythe microcontroller Therefore, the error in the clock frequency

of a microcontrolleladds nois¢o the demodulated frequendyhe crystal oscillator
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used in this study has a stability of 0.2pm@nd thecontribution of this noise is not

significant compared to other noise sources.

435 Quantization noise

The continuous analog signals are converted to the digital domain using ar analog
to-digital converter (ADC). The continuous time signals are first converted to
discretetime signals, and then theyeaquantized. Only a fixed number of voltage
steps can be assigned to an input sample caligntization level. The difference
between any two quantization levels is called the quantization step. The quantization
noise arises from rounding off the analagtage to these quantization levels. The
range of quantization error due to rounding is limited as per the following equation
[54]:

Q

N | &
N | &

Wheremis the quantization step, aeglis the quantization error. For an ADC, the

guantization step gends on the number of bits and voltage range:

)

Y —

Wherebi s t he number ofRODbiI $§stlbé anpADCr angd
term in the denominator denotes the number of quantization levels. The ADC in the
circuit used in this studis 16 bits, and its range is 5\2.5V). The quantiation

step of this ADC is 7@94uV.

The following equation gives the mean square power of quantization[&d]se

| <

5 % Q o Qo Tap

=]

C

The quality of an ADC output is measured in a term called sigrgliantization

noise ratid54j:
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This term can be expressed in decibels:
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The signalto-quantization noise ratio (SQNR) increases with the number of bits of
an ADC. For a 18it ADC, the SQNR is 98dB. However, in actual ADC, the SNR
value is nuch lower than the ideal value. The-i ADC used in this study has an
85 dBSNRas mentioned in its datasheet

4.3.6 Phasenoise

The output of a resonattiased MEMS accelerometer is a frequency signal, which
can be defined by Equatia® {g55].

VO wp | O ©EH O <0 P p
Wherev(t) is the outpuwoltage Vo is the amplitude of the signdljs the amplitude
fluctuation, ¥o is the resonancefrequency of the signal, and is the phase
fluctuation.The white noise of an oscillator circuit is equally divided into amplitude
noise and phase noi$g6, 57] Leesonds equation defines
oscillator around a carrier frequency. Equatig cgives a simplified version of
Leesonds equatioi3 giving phase noi se

1
cU

. NNV
0 ¥ pﬂ'@(b—P ¥ ¢

K

Where oy is the offset from the carrier
resonator, and F is an empirical factor related to the noise figure of the resonator.

The equation shows that the phase noise is inversely proportional to tlye faotdr

of the resonator, which is the reason for the fabrication ofQigiscillators.There

are two regions in th equationa flat regiorshowing a frequeneyndependentvhite

phase noise and the region where phase noise drdgf.aEhis 1/f noise region

decreases very fast with high values offguationt® ashows a Nois¢o-Signal
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ratioversioro f L e e s 0 n[66H9]. dhgstequationcsimows that the phase noise
of an oscillatorcircuit can be calculated using thgsteem's signal power and noise
power.

0€ 0 Qi

07 pft'llw 1® 0

U

The quantization of the signals using an ADC also ggas phase noise in the
system The phase noise generated due to quantization can be obtained by calculating
the noise power of the ADC and the signal power. The general relation is given as
Equationt® T1[57].

0 0@ ¢ "Qj &V Qi (VI
00 0 & EAWOH E L QITDZ & jC T

Y

Wherewn,adcis the spot noise of the ADC, aNesis the fullscale range of the ADC.
The noise of the ADC is calculated by dividing the-Bdhle range by its SNRhe
signalpowercance$ out, leaving only the noiggower Also, the sampling frequency
has a direct effect on the noise of the ADC. The SNR of an &ijitoves by 3dB
by doubling the sampling frequendg0]. The relabn for the ADC noise is,
thereforeas follows[57]:
b W
h P U
Tz2p T Q ®
Wherefs is the sampling frequency of the ADC, @@NRis the signato-noise ratio
of the ADC in dB ThereforeEquationt® thecomes afollows:
pmm

e I
R @0 P o

The phase noise can be converted to the frequency noise as frequency is a derivative
of the phaseThe following equation gives theequency equivalent of the phase

noise[57]:
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WhereS is the equivalent frequency noise, whicha n

pmm

Y ——) b

be

P X

converted

dividing it by thescale factor of the resonatorBhe noise added to the system
depends upon the sammdi frequency of the AD@nd the SNR of the systeifihe
increase in the sampling frequency gives a more accurate picture of the input signal.

Figure 4.8 shows the effect of SNR and sampling frequency on the sensor's noise

performance.
%1077 Noise vs Sampling frequency
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Figure4.8: The effect of SNR and sampling frequency on quantization noise. The

noise performance improves with higher sampling frequency and higher SNR.

The SNR of the ADC used in this implementatiagcording to its datasheet, is

85dB. However, thecalculationssuggested by60] (using ADC noise power,
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sampling rate, and noise of input resistarste)w that theisableSNR of the ADC

is approximately 60dB. This SNR value and the sampling frequency used in this
implementation correspond to a frequency noise of 3.Gultzz . The correspondi
noise in g iIs 36ng/aHz theoretically

Figure 4.9 shows different noise sources in the digital control ibaped readout
circuit. Nvems denotes the Brownian noise due to the MEMS structlg,is the
inputreferred noise of the pramplifier stageNon is the quantization noisélpip is
the noise due to PI controller paramet®is.ock is the noisedue to DAC output

voltage noiseandNcLock is the noise due to inaccuracy of the clock.

|
Nmems Nria | A A A . Non
69—/\ $ m ADC

DIGITAL
PROCESSOR

()

NDAC NCLOCK NP]D

Figure 49: The schematic showing noise sources in the digital control
implementation

4.4  Interpretation of noise

Different techniques can analyze the noise present in the data of a frequency source.
The noise in a sinusoidal sighis either due to amplitude variations or phase
fluctuations. The effect of amplitude is minimal when compared to the effect of
phase noise. The instantaneous frequency ispltase derivati®; as shown in
Equationt® Y
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Wheref(t) is the measured frequendy,is the noisdree frequency, and is the
phase noise in the signal. The powaxr noise model shows different slopes of
power spectiadensity (PSD) corresponding to different noise sources. PSD of phase
noise, frequency noise, or relatifrequency noise use the powaw noise model
to show different types of noise sources in the data. Another method to analyze the
data in the time dwoain is plotting the Allan Variance curyél]. Different slope
regions in the Allan Variance plot correspond to different noise souicese4.10
shows different regions of the Allan variance plot corresponding to different noise

types.

A o(7)

F Quantization
L Noise Correlated
noise
White Noise Rate Ramp
(Angular / Velocity Sinusoidal
Random Walk) noise Angular Rate /

Acceleration
Random Walk

Bias Instability

Slope=0

Figure4.10: Interpretation of noise from the Allan Variance gii].

1) Quantization Noise

The quantization noise is the effect of converting the analog data to the digital
domain and losing the information due to a finite step size of an ADC-1T$lepe
in the Allan varance plotcorresponds to the quantization noise present in the

accelerometer data.

89



2) Velocity/Angle Random Walk

The velocity random walk (VRW) applies to an acceleromatet the angle random
walk (ARW) to the gyroscope datdhe VRW comprises the higinequency noise
terms of the data. This type of noise has a slopé/@fat the lefimost part of the
Allan Variance plot. Thel/2 slope line passing through T=1 corresponds to the
VRW co-efficient.

3) Bias Instability

The flat region with zerslope orresponds to the bias instability of the frequency
data. Another term for bias instability is flicker noise. This noise arises from low

frequency fluctuations in the data resulting from different factors.

4) Acceleration/Rate Random Walk ARW/RRW)

The +12 slope on the right side of the Allan Variance plot corresponds foRNg.
The ARW shows the longerm stability of the sensor. Ork@own sourceof the
ARW is the dependency of the sensor data on temperatur& RWeco-efficient is

calculatedrom theAllan variance ploat T=3.

5) Rate Ramp

Rate Ramp (RR) is a deterministic type of error with a +1 slope in the Allan Variance
plot. It represents the slow changes that occur over a long pEnedoefficient of

the RR is present at Ta= 2

Figure4.11shows the Allan Variance plot of the datdaaabed from the N4N2 sensor
using the lockin-amplifier. A line with slope-1 fits the Allan Variance plot

indicating quantization noise in the data.
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Figure4.11: Allan Variance plot of data obtained from N4N&ing lockin-amplifier
showing-1 slope representinghe quantization noise present in the datse bias
instability value is 10pg, and the noise value is aroundy@Hz.

45 SIMULINK Model and Simulation

The control loop implementation can be simulated in MATLAB using a Simulink
model. Synchronous demodulatiomxtracts frequency information and the
rectification method obtainamplitudedata. The resonator is modeldahsed on
experimental databtainedfrom the sensor characterization presented in Chapter 3
This section discussesiffdrent essentialblocks of the Simulink modei the
resonator, the sampling of data, amplitude stabilization, frequency tracking,
referene signal generation, and incorporation of microcontroller paramé&igtse

4.13 showsthecomplete Simulink model fa single resonator of a resonant MEMS
accelerometerA simplerblock diagram of this Simulink model is shownHigure

4.13for easy understanding of the Simulink model.
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a) Resonator

The transfer functionf theresonator using the maspringdamper modeis given

by Equatiom ® w

Qi . o
— (0]

Where m is the mass of the resonator/spring,is the resonator's resonance
frequency A is the DC gaindepending on the proshass voltage and the rate of
capacitance change witlkegpect to displacemerdndQ is the resonator's quality
factor.Xis the displacement as a result of input fdfc&he gain, quality factor, and
resonance frequency are taken framsonant MEMS accelerometesensor
characterization dat&igure4.14 gives a bode plot of the resonator moaehich

shows the resonance frequency at the desired value of 16700Hz.

b) Time delay and sampling

The Simulink model uses time delays at different points of the model. These time
delay and hold blocksimulate signals' discrete nature and sampling. In the actual
microcontrollerbased implementation, data from the input signal is sampled using
an ADC. The data is converted to the digital domain after passing through an ADC.
The delay and hold block sirtates this sampling functionality by holding an input

for a fixed time. The hold and delay times are set according to the actual sampling
rate implemented in the microcontroller. A discrete conversion block is used to
guantize the discrete datafter these blocksthe data is in a 1bits format that
exactly matches the data acquired by a microcontroller. The sampling rate

implemented in the microcontroller and the modelgproximately 1474ps
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Figure4.12: Simulink model ofa resonator of eesonant MEMS accelerometgith amplitude and frequenc
control employing the real sensor parameters and microcontroller environment.
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Figure4.13: A simplified block diagram of the Simulink model showing otiig
main functionalities.
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Figure 4.14: The Bode plot of the Simulink resonator moddlowing resonance
frequency at the valugetermired by the model parameters.
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Figure4.15shows the analog signal conversion to the digital domain in the Simulink

model.

Analog signal
& 0.05
R
£ 205

Digitized word
?31{1[1{1—__.'—._ F— ] o — LI
= ) 1
E 0 |_| L N I L /_I_r —I_| ) 1
Eu ._. = . . —. —
2 -1000 By ! , ! _—

0.579035 0.5791 0.57915 05792
Time (5)

Figure4.15: The conversion ahe analogto-digital domainof the resonator output
signal (16700Hzjn the Simulink modelvith a sampling rate of 147kHz to emulate
the actual microcontroller implementation

c) Amplitude stabilization loop

Two loopswork in parallel for amplitude and frequency contrdhe first lo@
controls the amplitude of the resonator output. This loop implements a wave
rectification method to extract the signal's amplitu@iee rectification method is
used because of its simple implementation in the digital dorirathis method, a
block obtans the absolute value of all the incoming samglesv pass filtering is
implemented in the Simulink model to extract the amplitude information. The output
of the lowpass filteis directly proportional to themplitude of the input signal. The
time consant of the low pass filter determines #peed and accuracy of amplitude
stabilization.The second component of this first loop is a Pl controller that compares
the signal amplitude with a setpoint value. The PI controller generates a control word
that déermines the amplitude of the drive signal to achieve the setpoint amplitude

value.Figure4.16 shows the effect of filter length on the convergence speed to the
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set poinamplitude value. The filter is implemented as two cascadedsfilThe first

plot has a filter with a length of 32x32 taps, and the second plot has a 128x128 length
filter. The filter with a smaller length is faster than the other one. However, this filter
is also noisier compared to the larger filter. There isdetff betweenthe speed

and accuracy of the amplitude stabilization filter. A slow filter implementation is

more stable and accurate.

Effect of filter size on speed of convergence
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Figure 4.16. The dfect of filter length on theamplitude stabilizatin speed of
convergence

d) Frequency tracking loop

The second loop that operates in parallel with amplitude stabilization is the frequency
tracking loop. This loop reads the input signal and multiplies it witieference
signal, and th@roduct passes tbugh a lowpass filter. The output of the low pass
filter is zero if the input signal and the reference signal are 90° shéfsed. A PI
controller compares the filter output with zero and generates a control word. The
control word goes to another blotkat generates the reference frequency. The
reference frequency corrects itself until the output of the demodulation filter is zero.
This point indicates thahe reference frequency is equal to the frequency coming

from the resonator. Two blocks conttbe speed of convergencetbé frequency
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tracking The first block is the filter that takes the average of the produlceofput

and the reference signal, amg tsecond factor that controls the speed of the system

is the values of the and| paramegrs of the Pl controlleHigh values of Pl give a

swift response, and low values give a slow response. Again, there is -@ffrade
between the speed and the noise performance of the system. A fast system is noisier
than a slow system. The Pl parameteessiected such that it meets the speed and

performance criteria at the same time.

e) Fixed-point arithmetic operations

The microcontrolleperforms32-bit operationswith all calculations irfixed-point
numbes. The Q1.31 format is used in the microconanlin which the first bit
indicates the sign of a number, and the remaining 31 bits give the value of the fraction
part of a numberThe CORDIC functions in the microcontroller have Q1.31 format
as input and output. Therefore, all other calculationpar®rmed in the fixegboint
numbers to avoid conversion from fixpdint to decimal and vice versa. The
Simulink model performs all the calculations in Q1.31 format. The flogdoigt

numbers are converted to fix@dint numbers and used in all the cédtions.

A knob control is present in the Simulink model to change the resonance frequency
valueduring simulatiorto testthefrequencytracking capabilityof the algorithm

Figure4.17 shows a simulation resuithere theSimulink model tracks the changes
applied to the resonance frequenduring the simulation.The noise sources
calculatedin the previous section are added to the Simulink model to observe the
effect of noise. The noise due to clock inaccuraayosa dominant noise source.
Therefore, the new model does not use this noise source. The Brownian and the pre
amplifier noise are added to the model. A simulation result for frequency tracking is
shown inFigure4.18. The fluctuationn the demodulated frequency increases five
times with the addition of noise in the moaeimpared to a noiskeee Simulink

model
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Figure4.17: The smulation of the frequency tracking algorithm implemedtén
Simulink. The algorithm successfully follows the resonance frequency when it is
modified during the simulation.
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Figure4.18: Simulation of frequency tracking algorithm with noise sources added in
the Simulink model. The fluctuation in the demodulated frequency increases 5 times
compared to the noifeee model.

4.6 Closed loop implementation

The microcontrollers at the center of the digitellosed loop as it collects data from

the sensor and generatedrive signal after processing. The -araplifier stage
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creates a 90° phase shift in the signal. Thus, there is a 90° phase difference between
the input to ADC and the signal generated by the DAC. This phase shift is used to
track the resonance frequentet S denote the signal input to AD@nd& denote
thegenerated drive signal.

~

‘Y o0 Al© 8T
'Y 6 AT6S 0 & p
The two signals are multiplied by each other.

0O Yz o AT©H& — n o AT©H — n & ¢

This data is passed through a lpass filter. The higfirequency components are
suppressed, and the remaining terms are showreifollowing equation.

0 6 AT©S — o 1& 0
The control loop is timed so that the ADC reads al@&@ree phasshifted version
of the reference signal. For this ldvequency ternto go completely to zero, the
angle of both signals should be nearly equal. These angles are directly proportional
to the input frequency and the generated frequency. When thisdquency term
is passed through a PI controller, with theant equalto zero, the generated

frequency follows the resonator's resonance frequency.

This technique is different from the conventional methods, whephase and
guadrature components are used to calculate the phase of the input signals. The
requirement to calllate the quadrature components is elimindtaglire4.19 shows

the block diagram of the timed refererza@sed frequency tracking algorithifhis
reduction significantly reduces the processing power required in digital
implementatio. The amplitude information is extracted from the input data and
maintained at a set point value using a Pl controller. The absolute value of the input
signal is averaged using a lgyass filter. This averaged value is compared to the set
point value, andPl generates an amplitude control signal. The set point is selected
based on sensor characterization data such that the sensor operates in the linear

region.
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Figure4.19: Theamplitude extraction anfdlequency tracking implementation in the
digital domainusing the timed reference signal

DAC

Table4.1 compares the computations required for implementing the timed reference
based frequency tracking algorithm with the conventional mettssdi in the
literature[42, 43] The timed reference technique uses fewer computations compared
to the conventional method.

Table 4.1: Summary of computations used in the digital domain for frequency

tracking showing that th@umber of blocks and computational power used in this
study is significatly less than the other studies.

Implementation CORDIC based | [42]* | [43]** | This work
Floating point multiplications 2 2 2 1
Filters 2 2 3 1
CORDIC operations 3 2 2 1
P1 Controller 1 2 1 1
NCO 1 2 1 1

*Additional processing units. Amplitude trackimgasperformed.
**Additional processing uniis also present for phase compensation. Amplitude stabilization
iS missing.
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4.6.1 Implementation of Moving Average Filter

The moving average filter (MAF) is a type of Finite Impulse Response (FIR) filter

with all coefficients equal. The general relation for the MAF is given below:
wEe ww Q & T

Wherex is the input to the filtety is the outputN is the number of taps, aids the
co-efficient of the filter. The value df for all the terms is generally themsa and

equal tol/N. The ztransform of this equation is given as follows:
O¢ o « & U

Another way to represent the frequency response of the MAF is givethoags:

o P2

p Q &0
The MAF used in this implementation has 1024 taps, and its magnitude response is
shown inFigure4.20. The MAF is implemented aspower of 2 so that the division

operation can be replaced with a shift operation. The following recursive equation is

used to simplify the computations further.

wE WE p wWweE we O & X
This approach makes the moving average implementation computationally simple
and fast. For each cycle, only three simple operations are performed: (1) one addition

of new samples, (2) subtraction of the oldest sample, and (3) right shift to perform

thedivision operation.
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Figure4.20: The magnitude response of the moving average filter implemented in
the microcontroller with 1024 taps. TH&dB frequency is approximately 60Hz.

4.6.2 Control loop design

There are different components in the control loop of the digital control loop
implementation, namely theesonator the preamplifier, the loop filter, the PI
controller, and the demodulation gain. Each component has its transfer function and
affects the ovell bandwidth of the closelbop systemEquationt& ygives the

transfer function of the resonator.

& Y

Whered is the conversion coefficiefdepends upon the sensor parametsfis the

proofmass voltagey o is the resonance frequen@&ndQ is the quality factor of the
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resonator. Equationg cgives the transfer function of the pmenplifier used in this

digital control implementation.

. Y

(O STV

p LYO & W
WhereR s the feedback resistance adds the feedback capacitance of the circuit.
Equationt & 1gives the transfer function of the lepass filter, wherer is the cut
off frequency of the lowpass filter
1

0 - :
i Qi T8 T

Equationt® pgives the transfer function of the PI controller implemented in the

microcontroller.
0 i —_— 180 p

WhereK; is the coefficient of the integral parameter &rds the coefficient of the
proportional parameter of the Pl controller. The cleleeg transfer function of the
resonator can be written as Equatio®.q

Di0Dididiv

Oi T
p 0iDioiviov

T8 ¢

The constankm stands fothegain of the demodulatiofhe actual parameters from
the microcontroller implementation amducted in this equation, and MATLAB is
used to simplify the obtained relatidfigure4.21 shows the bode plot of this closed
loop systenwith a-3dB frequency equal to approximatély.8Hz.
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Closed Loop Response of the system
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Figure4.21: The bode plot of the closddop system of the sensor shoa sysem
bandwidth of approximately 66-&.

4.6.3 Frequency reading resolution of the developed readout circuit

The frequency reading resolution of the developed digital cdotplbased readout
circuit is calculatedoy measuringhe sine wave generated with different accurate
sources. The sine wave is generated by a Dynamic Signal Analyzeri (BS3Y0A
Keysight Technologies), Zurich Logk-Amplifier (HF2L), and a Signal Genator
(TGF4042), and theligital control readout circuit measures the frequency of the
generated sine waveélable 4.2 gives the critical specifications of the signal
generators available in their datashedtse signal generator has feequency
resolution of 1uHz and a sampling rate of 400MSa/s. However, it has a sine wave
amplitude accuracy of 1.5% and a DC offset amplitude accuracy of 1%. A DC offset
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of 1.25V is used in these tests to make the signals compatible with the digitaltreado
circuit. The lockin-amplifier has a demodulation frequency resolution of 0.7uHz
and a sampling rate of 210MSa/s. The frequency resolution of the generated signal
is not given in its datasheets, but it can be assumed that it must be close to the 0.7uHz
value.The DSA has a frequency reading resolution of 61uHz, and it is assumed that

the frequency generation is performed with a similar resolution.

Table4.2: Specifications of the signal generators.

Device Specifications

Resolution:1pHz
THD 0.05%
400MSa/s

Sine anplitude accuracy: 1.5%

Signal Generator
(TGF4042)

DC Offset accuracy: 1%

- . 210MSa/s
Lock-in-Amplifier |
(HF2L) Demodulagdfrequency resolutiarD.7puHz
64-bit data

Dynamic Signal Analyzer Sine amplitude accuracy: 4%

(35670A) Frequencyeadingresolution: 6uHz

The value of generated frequency for DSA and the signal generator is 16&00Hz

the value of generated frequenwy the lockin-amplifier is 16647HzFigure4.22

shows the setup for connecting the digital readout circuit with the dynamic signal
analyzer and the signal generator. The data is transferred to the computer using a
serial port at 1 msec. The difference between this and the actual config(satisor

+ digital readout circuit)s that a sine source replaces the sensor plus the pre
amplifier stage. The circuit reads the frequency of a fixed sine source in contrast to

the frequency output of the sensor resonator.
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SA 35670A

(b)

Figure4.22: The setup fofrequency reading from the signal generators (a) Dynamic
Ségnal Analyzer (DSA 35670A) (b) Signal Gen

Figure 4.23 gives the Allan variance plot of the frequency data acquired from the
signal generators. Theninimum (d the three devicesfrequency resolution
measured at one second time is approximdtél§iHz. The differential resolution

is approximatel\22.61Hz. Using the scale factor of the sensor, the expected white
noise in the sensor data is approximately3Ag2d H,zwhich isthe minimum
achievable noise level using this digital readout circuit.
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Figure4.23. The Allan variance plot of data collected using three different signal
generators. The frequency resoluatis approximately18.61Hz, 16.1uHz, and
16.9uHz for the signal generator, logk-amplifier, and the DSA, respectively

4.6.4 Frequency step change response

The bandwidth of frequency reading is measured using the frequency generator
(TFG4042). The frequencgignal is changed instantly, and the response of the
frequency tracking of the readout circuit is observed. The frequency step is changed
with different magnitudes; 10Hz, 20Hz, 40Hz, 50Hz, 80Hz, and 100Hz. The digital
readout circuit can track the frequgnzhange in approximatelgss thar20 msec

Figure 4.24 shows the response of the digital control circuit's frequency tracking
under different frequency steps. Frequency steps larger than 100Hz are also applied
to the circuit, but itook longer to reach that step change. In the actual scenario, such
a step change in the frequency corresponds to a shock. Frequency steps
corresponding to more than 100g of shock are also applied to this circuit. The circuit
fails to follow that high frquency but tracks the frequency as soon as it returns to its

nominal value.
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Figure 4.24: The frequency tracking speed of the digital readout circuit to a
frequency step change (a) 10Hz (b) 20Hz (c) 4050Hz (e) 80 Hz (f) 100Hz.
The bandwidth of frequency tracking is almost 50Hz.

4.6.5 Effect of input on bandwidth

The bandwidth of a digital accelerometer can be defined in various ways.
Commercial manufacturers define a digital sensor's bandwidth as éalétisor's
output data ratfs2]. From this perspective, the bandwidth of the proposed system
is limited by the output data m{ODR) of themicrocontroller The bandwidth is
increased with an increase in the ODR. However, this is only true wheorntrel

loop of thesensor can achieve the ODR/2 bandwidth.
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In the last section, the frequency tracking of the digital readouftasdested when

a step frequency change is applied using a frequency generator. The frequency
change of 100Hz is tracked in 20ms with the developed readout circuit. This
frequency range corresponds tot2ag acceleration. The current settings of the
readaut circuit do not detect very high values of step changes in the frequency. In
another test, by modifying the parameters of the PI controller, a step change of 300Hz
(equivalent tot6g acceleration) is correctly followed by the readout circuit, but the

white noise increases.

The input frequency range is also tested with the digital readout circuit. The circuit
is used to read frequency over a different range of frequencies (5kHz, 10kHz, 15kHz,
and 20kHz).Figure 4.25 shows the frequay tracking capability of the readout

circuit at different values of input frequency. The results show that the readout circuit

works efficiently over this extensive range of frequencies.

The Simulink model is used to observe the frequency trackingfatatif values of
changes in the frequenspown inFigure4.26. It is observed from the simulation

data that the time to reach a stable frequency value increases with an increase in the
frequency step siz&he figure shows thah¢ 1Hz frequency change is tracked in
100ms, whereas the 40Hz frequency change is tracked inThiSsmplies that the
bandwidth of the readout circuit, in terms of frequency tracking, reduces with an

increase in the step change in the input frequency.
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Figure 4.25. The frequency tracking capability of the readout circuit at different
values of resonance frequencies: (a) 5kHz, (b) 10kHz, (c) 15kHz, and (d) 20kHz.
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Figure 4.26. The frequency tracking at different frequency steps applied to the
Simulink model. The time to reach the set frequency increases with an increase in
the step size of the frequency.
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4.7  Algorithms for microcontroller

The microcontrollerperforms different tasks to close the loop and operate two
resonators o& resonant MEMS accelerometéariousalgorithms are programed

in the microcontroller to perform different functions. Some of these algorithms run
in paralle] and someavork in stardalone mode. These algorithms include frequency
sweeping, amplitude stabilization, frequency tracking, temperature compensation
and serial data transmissidgach of the mentioned functionality can be performed
using different methods. These methods hdifferent advantages and drawbacks
when compared to each oth€wo main parameters determining the efficiency of a
methodare peed and performance. The performance of the control loop depends on
the performance of these functionalitie®wever the proessing power of a digital
controller is limited. It is not practical to employ too many algorithms to improve

sensor performance.

Similarly, algorithms that require complex calculations are also not suitable for
implementation in a digital processdrdditionally, the time required to complete
these tasks is short. For example, the time between two interrupts implemented in
the microcontroller is 1.75us. The method that completes the required functionalities
within that time is preferred in the codéherdore, it is very critical to use methods

that employ minimal processing power of the digital processor.

4.7.1 Sine wave generation

There are different methods to genertne wave using a microcontroller. Look
up table can be usgdr sine values can be Icalated using sine functions &
microcontroller. The microcontroller used in this studylnat-in CORDIC support
that quickly calculates sine and cosine withouich processing powePhase is
incremented at every iteration and senth@CORDIC furction. The theory of this

method is explained briefly here.

0i @Qa b YN QEQ ©
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In this equationonly oscillating frequencysi variable and etermines the phase
increment value. The sampling frequency is a controllable variable. The phase
increment value also determines the number of samples in one input signal cycle.
This phase increment value is added to the phase input @@RDIC function
available in the microcontrollefFigure 4.27 showsthe implementation of this

method in MATLAB with actual values.

Sime wawve generation using phase increments
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Figure4.27. A MATLAB simulation of interrupt cycle, ideal sine wayvand sine
wave generated using phase incremerts20kHz sine wave generation is
demonstrated in the simulation.

The same procedure is also verifieding a microcontroller by generating a
sinusoidalsignalwith a microcontroller and logimg the generated signasing an
oscilloscope. Figure 4.28 shows the generation of a 20kHz signal by the
microcontroller using the method explained here. An oscilloscope is used to monitor
this output signalThe noise observed on the generated signal is the noise of the
oscilloscope. In the actual implementation, the clock frequency of the
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microcontroller is 169MHz. The sampling rate of the ADC and the DAC refresh rate
is set t0140.8 kHzmeaning that every 7uthe microcontroller reads the ADC and
writes a voltage to the DAC. The oscillation frequency of the sensor attached to the
PCB is around 16700Hz, and approximately 8 samples are read for each cycle of the
sensor outpufThe number of samples can be inceelsy increasing the sampling

rate, buthe ADC and the microcontroller speed limit the sampling f&te. phase

increment is calculated as 42.738Fusing Equation® o

Moise Filter O

Y T T T ]

Figure 4.28 A 20kHz signal generated ke microcontroller usingthe phase
increment methadThe noise observed in the figure is from coming from the
oscilloscope.

4.7.2 Frequency sweeping

The frequencysweeping functionality isignificant forthe digital control lo@. The
resonance frequency of resonators might shift over tioneseveralreasons.
Therefore, it isvital to know the actual resonance frequency of the sensastatic
position. It is observed from testing that the resonators need to be resonatéal close
theresonance frequency fene Pl controller to track resonance frequencyisTib
becaussensor output amplitudeminima when oscillating at frequencies far away
from the resonance frequenc¥igure 4.29 shows a flowchart fothe frequency

sweep function. The algorithm has some initial settadegmingdifferent parameters
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duringthe sweepsuch asange, increment step, excitation voltaged proof mass

voltage.
| Start
r
Set proof mass voltage
Set drive voliage
Set start frequency
Set step size
No Yes
h
Phase+ = Phase increment
. CORDIC(Phase)
Transmi Write DAC
ransmit to )
UART Read amplitude
Average amplitude
Phase increment+ = Step size
¥ . Count++
— M
end Yes o Save amplitude
Save frequency

Figure4.29: The frequency sweeping algorithm implemented in the microcontroller
to obtain the resonance frequency of the resonant MEMS accelerometers.

The algorithm starts with initial settingshich include the setting of the prewfass
voltage by DAC The exdation voltage is selected and multiplied by the sine
generated by the CORDIC function. The initial frequency of the sweagjusted

by its corresponding phase. The step size determines how much frequency is
increased after one second. The maximum csusgt to limit the upper frequency

of the rangelt is calculated by dividing the range by step size. At each frequency
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value, the sensor oscillates for one second, and amplitude is recorded and averaged.
After amplitude at all points is calculated,gttransmitted via serial port for plotting

and analysis. The frequency sweep is an independent algorithm and does not require
to be run with other algorithms. The same approach is used to test both resonators

which canbe tested simultaneously or sepdsate

4.7.3 Amplitude stabilization

Amplitude is kept at a set point value, and a PI controller is employed to perform
this functionality. The signals coming from resonators are read with an ADC, and a
rectification method is used for amplitude extractibims method is used because it

is simple to implement in the digital domain. The ADC readings are converted to
their absolute values, and a running average obtains amplitude information of the
signal. This value is compared with ajoketermined setpoint amplde valueThe
difference between amplitude and set point value goes to the PI controller as an error
signal. The PI controller generates a control output that will either increment or
decrement the amplitude of the excitation sigriagure 4.30 shows a visual
representation of this algorithm.

The averaging of the amplitude can be implemented with many techniques. The
moving average filter is used in the current implementation. Exponential filter, least
meansquares (LMS) filter, anBiquad filter are a few other averaging techniques.
These techniques have different accuracy and speed performance. The moving
average filter is not a very higterformance method compared to other techniques
but is sufficient for thisimplementation The parameters of the Pl controller
determine the speed and noise level of the extracted amplitude. A fast PI controller
generates more noighan a slower PI controllethe noise and speed are also
affected by the time constant of the averaging filter.l@&rfiwith a significant time
constant collects a large amount of data and averages it, which resultsrioisew

data. The bandwidth of the averaging filter and the PI controller can be adjusted in
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the software. Typically, the bandwidth of amplitude deofation is much slower

than the bandwidth of frequency demodulation

‘ Start '
1
A J No

o

Interrupt ?

Yes
A 4

Read ADC
|Data|
Average Data

Set point

Update
excitation
amplitude

Figure4.30: Flowchart of the algorithm for amplitude stabilizatiohthe resonant
MEMS accelerometer output implemented in the micntradler.

4.7.4 Frequency tracking

Frequency tracking is performed by mew method similar to synchronous
demodulation. The generated drive signal is multipligdhe signal read fronthe
sensoyand theproduct is averaged to firts mean valugwhichshoutl be zero for

90° phase shifted and equal frequencigse 90° phase shift is ensured by adjusting

the time difference between generating a drive signal and reading the sensor output
with an ADC. With an adequately timed loop, the ADC will always read pBése

shifted version of the reference signal. Thus, the average of the multiplication values
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will go to zero if the reference and the input signals have the same fregadnty
controller is used to compare this mean to zero and generate a contrdl toutp
increment or decrement the drive frequen&ygure 4.31 shows a simplified
flowchart of this algorithmwhere he procedure is divided into four casies
efficient implementation with a microcontrolleFhe microcontroller readsignals

from thetwo resonatorand generates the drive signals to operate these resonators
in one complete loop of fowmasesThe first case starts with reading the input signal
from Resonator land multiplying it with the reference signal. Their prodisc
passed through a moving average filter to get the mean. vidligaverage value

acts as the input to the PI controller that compares it with zero to generate an error
signal which the PI controller uses to generate a control word. This control word
incremens or decremerstthe phasgthus increasing or decreasing the drive signal
frequencyusing the CORDIC function. The output of the CORDIC function is in
Q1.31(fixed point)format and is converted #16-bit format compatible with the
DAC. The thid case is used only for writing the calculated DAC value usie§PI
interface. The fourth case interacts with the ADC through the SPI interface to prepare
the dataThe loop repeats itself for readifesonator Jat one end and driving it
from the otheend.Resonator dperates similarly, and its instructions are present in

the same four cases.

The frequency tracking algorithmnsin parallel with amplitude stabilization. This
algorithm sets the drive signal frequency, whereas the amplitude algeetkrthe
amplitude of the drive signal. The drive signals are generated based on the amplitude
and frequency demodulation data.
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Figure4.31: The frequency demodulation and tracking algorithmplemented irthe
microcontroller, showing different operations that are performed to read the resonant
MEMS accelerometer output and generate a corresponding drive signal.

4.75 Temperature compensation

Temperature dependency is one of the major drawbacks of any MEM&.sens
Although the differential resonator design counters the effects of temperature, there
is still an effect of temperature due to the #d@al fabrication of the sensor.
Therefore, temperature compensation is also critical to get better performance from
a sensor. Temperature dependency is not linear for an extensive range, and it is not
efficient to use second or thiatder equations for temperature compensafitme
computations become simple if only fi@tder equations are used for temperature
compeation.Thereforethetemperature has been divided into regioith voughly

linear temperature dependendiyne corresponding compensation factor is selected
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depending on the temperature reading from thehop temperature sensdfigure

4.32 shows a simple algorithm to divide temperature into three linear regions and
apply calibration accordinglylhis algorithm is only for understanding purposes,
assuming that the temperature dependency in the data has three linear regions. The
actual temperature testing of individual chips will show the exact number of linear
regions, and the algorithm will be adjusted accordingly. The temperature
measurement refresh rate is not as fast as data sampling. Temperature changes are

not very fast, and easurements can be taken much slower than data sampling.

Measure
Start <
temperature

&>

No

YESA/ /L
Yes U_pdat_e
calibration
No
Yes U_pdat_e
calibration

&>

Figure4.32: Flowchart ofthealgorithm used for updatingetemperature calibration
factor The temperature range is divided into three regionssitoplify the
compensation equations.

Update
calibration
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4.7.6 Start-up procedure

A digital control loop has the benefit of starting the oscillation without needing an
external starup circuit. The resonance frequency oscillation knowledge is known
before the start of the opéin. In this process, the resonators oscillate
simultaneously at their last know value of resonance frequency, and their amplitude
is measured. The sensor oscillates near the resonance frequency if the measured
amplitude is within 30~40% of the expected@itude. In this case, the operation is
transferred from an open loop to a closed loop. If the amplitude is too low, resonators
are resonating away from their respective resonance frequencies. The correct
resonance frequency value is required to starbpiegation in a closed loop. This
second scenario is rare in stable sensors where resonance frequency does not shift

without changes in external conditions.

4.7.7 Serial data transmission

The data is transmitted tacomputer for monitoring usingserial port Trangerring
thedata througla serial port takesometime. The microcontroller is resonating two
oscillators at approximately 17 kHandthetime for each interrupt is approximately
1.75us. Therefore, it is necessary to transmit serial data withattirtling the
closal-loop operationThe microcontroller used in this study rdiferent methods
to transmit data usinthe serial port.The frst method isa standard transmission
which is serial and blocks a lot of other stateraeiihis method is not gable for
our gplication. The second method is by usthginterrupt ofthe serial port. This
method is faster than the firahd rungarallel with other interrupts. However, this
method isalsolengthycompared to the interrupt cycle duratidine hird method
uses DynamidMemory-Allocation (DMA) with UART, which is asfast as the
interruptbased methoddowever, nterrupt and DMA-based methods are not fast

enoughand they may disturb the closkabp operationA fourth method idirectly
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writing to the serial port registers, which is the fastest and more suitable for high

speed applications.

4.8 Summary

This chapteiprovidesthe scheme for the digital control loop ilmentation of a
resonant MEMS accelerometesing a microcontrollebased digital catrol PCB

The analog part of this implementation includeka noise pre-amplifier stage
(charge sensing pr@mplifier), an intermediate gain stag@nstrumentation
amplifier), and two amplifiers for generating high voltages for proof mass and cap
wafer.A 16-bit ADC converts the signals to the digital domain, andalisequent
processing is performed in the microcontroll@the amplitude extraction is
performed with the rectification method, and the frequency tracking is performed
using a timed refereectechnique, which consumes less computational power
compared to other methadBhe drive signals are calculated in the microcontroller
anda 16bit DAC is used t@eneratéhe excitation signal§.he noise analysis shows
that the preamplifier input refered noise(5.5fA/a H)zis less than the Brownian
noise of the sens@t9.5fA/a H)zA Simulink modeis usedo simulate the operation

of a resonant MEMS accelerometer using actual sensor paramletairsed from
sensor characterizatipeshowing the capality of the proposed design to track the
resonance frequency of the resonators successluily last section of the chapter
gives information about the algorithrtigat perform different functionalities in the
microcontroller, such afrequency sweeping, atitude stabilization, frequency

tracking, and temperature compensation.
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CHAPTER 5

RESULTS AND DISCUSSION

This chapter presentie resultsof a resonant MEMS accelerometer wathligital
control loop implemented usirggmicrocontroller Section5.1 shows the frequency
sweep test results performed under several biasing conddlmased using the
digital control PCB Section5.2 presents the closddop operation of the sensor
using a digital controdop implementation. Secti@3shows the testing to calculate
the scale factor of the sensor and frequency tracking capability of the implemented
algorithmin a microcontroller Sections.4 presents the &dct of temperature on the
sensor data and its compensation to oliaiter immunityto temperature changes.
Section5.5 discusses the effect of filter parameters, proof mass voltage, excitation
voltage, and data rate on thesorant MEMS accelerometefata. Finally, Section

5.7 summarizes the salient results of this chapter.

5.1  Frequency Sweep

The frequency sweep is performed at differdni@ising conditions(proofmass
voltage and excitation voltag) olserve the effect of these biasing conditions while
operating the sensor with the digital control PGBe proof mass voltags set at

3V, 5V, 7V, and 10V whereas the excitation voltage is set to 0.1mV, 0.3mV, 0.5mV,
and 1mVin different tests. A similafirequency sweep test was also performed using
the lockin-amplifier setupandis repeated with the digital control readout circuit to
observe any unwanted results involved with this readout circuit. Also, the discrete
components used in this readout diffierm those that present a legkamplifier.
Therefore, it is essential to perform similar tests with the digital control PCB to

monitor the changes in the performantle frequency sweep gives information
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abouttheresonance frequency of each resonataithe gain oftheresonator. The
gain values may differ from loek-amplifier values as their gain amplifiers have
different configurationsThis section presents frequency sweegultsat different
biasing conditions fothe R2Btype sensorN4N2), which is one of theresonant
MEMS accelerometesensors characterizéy the lockin-amplifier and conneted
with the digital control PCB

Figure5.1 showsthe frequency sweepf Resonator bf sensor N4ANDerformed at
a0.3mV excitation voltagewhereas th@roofmassvoltagevariesfrom 3V through
10V. The resonance behavior is comparable to the results takertHedotk-in-
amplifier, and thesensor operates in the linear regai®.3mV. There is a shift of
approximately Biz in the resonance frequencwhen the proofmass voltage

increases from3V to 10V, which isconsistent with the Idecin-amplifier results.

Frequency response of resonator 1 (N4N2) @ 0.3mV excitation voltage
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Figure5.1: The fequency sweep sponse oResonator bf sensor NAN2 &.3mV
excitation voltage at differemroof masssoltage valuesising digital control PCB
The resonance frequencyR®é&sonator is around 16716Hz.
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Figure5.2 shows thdrequency response &esonator 2f the sensor NAN2 under
different values of proefass voltage while excitation voltage is set to 0.3mV. The
plot shows an increase in the gain of the resonator as the-rpessf voltage
increases from 5V to 10Mhe frequency shifsapproximatel\8Hz with this change

in the proofmass voltageThe resonance frequency approximately 16485Hz,
which is lower than the resonance frequencyrResonator 1This result isalso
consistent with the findings obtained using a latlamplifier setup.

Frequency response of resonator 2 (N4N2) @ 0.3mV excitation voltage
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Figure5.2: The frequency sweep responsdresonatof of sensor NAN2 &2.3mV
excitation voltage at differeqroof massvoltage valuesising digital control PCB.
The resonance frequencyRésonatol is around 1685Hz.

Figure 5.3 shows afrequency response &esonator lof the sensor NAN2 at 5V
proofmass voltage when the excitation voltage is changed from 0.3mV to 0.5mV.

The plot shows that this small change in the excitation voltage has no significant
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effect on the gin of Resonator 1 The change in the resonance frequency is

approximately 1Hz as the excitation voltage is increased from 0.3mV to 0.5mV.

Frequency response of resonator 1 (N4N2) @ S5V proof-mass voltage
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Figure5.3: The fequency sweep sponse ofResonator lof sensoMN4N2 at5V
proof mass using digital control PCBhe resonance frequency is around B571

Figure5.4 shows the frequency sweep responsBedgonator Df the sensor N4AN2

at vV proof masswith excitation voltage values 6flmV ard 0.3mV. There is very

little change in the gain as a result of the change in the excitation voltage from 0.1mV
to 0.3mV. The change in the resonance frequency (16485Hz) is approximately 1Hz
as the excitation voltage changd@die results areconsistent wh the lock-in-

amplifier results
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Frequency response of resonator 2 (N4N2) @ 7V proof-mass voltage
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Figure5.4: The fequency sweep sgonse ofResonator 2f sensor N4N2 at\V7
proof mass using digital control PCBhe resonance frequency is around 16485Hz.

Theseresuts emphasize that frequency sweeping at different biasing conditions is
critical for effectivesensor operatigrand thdimits of linear boundaries should be
recordedor each resonatdrom these tests. These limits are beneficial for closed
loop operathns. The amplitude stabilization is achieved using a PID controller that
drives the output amplitude to a geint value by changing the excitation voltage
level. Therefore, a limit is required to the excitation voltage level to avoid going into
the nonlinear region.

These plotalsoprovide information about the shift in the resonance frequency when
the excitation voltage is changed. The shift in the resonance frequency is slight when
the proofmass voltage is small, and this shift increases with aaase in the proef
mass voltage. Therefore, the proovdssand excitation voltageust be selected to

keep the sensor from ndinear regions.
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Figure5.5 summarizes the frequency responseRekonator Jof the sensor N4AN2
performed uder different biasing conditions. The pranass voltage is changed
between 3~10V, and the excitation is varied between 0.1mV and 1mV. The plot
shows that the resonance frequency is not affected much by thenpmesfvoltage

or the excitation voltage ithe given ranges. There is a change -@Hz in the

resonance frequency at higher values of excitation voltage, indicating a shift towards
noninearity.

Resonator 1 (N4N2)
16721
16720
16719
16718

16717
16716 g 1
16715
16714
16713

3+ 3+ 3+ 3+1 5+ 5+ 5+ 5+1 7+ 7+ 10+ 10+ 10+
0.1 0.3 05 0.1 0.3 05 01 03 01 03 05

Proofmass voltage (V) + excitation voltage (mV)

Frequency (Hz)

Figure5.5: The simmary oftheresonance frequenof Resonator bf sensor N4AN2
obtained by frequency sweeping at different biasing valsewy the digital control
PCB. The resonance frequencyR#sonator 1s 16716Hz.

The results of frequency sweep are shown for both the resonators at differest value
of the proof mass and excitation voltage. The response is consistent for all biasing
conditions, but slight differences exist in the data. Therekaeping track of these
values is critical to efficiently operate the sensor in a clsegd configuratn
without going into a noitinear region

Figure5.6 shows a summary of the resonance frequendyesionator2 of sensor

N4N2 at several biasing conditions. The overall behavior is consistent with results

obtained using the loek-amplifier. The change in resonance frequency is minimal
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when the proof mass or excitation voltage is changled resonance frequency does

not change much for this small excitation voltage range.

Resonator 2 (N4N2)

16490
16489
16488
16487

16486 4 ——
16485 B -
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16482

3+ 3+ 3+ 3+15+ 5+ 5+ 5+1 7+ 7+ 10+ 10+ 10+
0.1 03 05 0.1 0.3 05 0.1 03 01 03 05

Proofmass voltage (V) + excitation voltage (mV)

Resonance Frequency (Hz)

Figure5.6: The simmary oftheresonance frequen®f Resonator 2f the sensor
N4N2 obtained by frequency sweeping at different biasing valseyy the digital
control PCB The resonance frequencyRésonator 2s around 16485Hz.

The gain of the resor@ts increases significantly with proof mass voltage.

Figure 5.7 summarizes the gain oésonators of the sensor N4AN2 undédferent
values of the proof mass and excitation voltagee proofmass voltage affects the
resonator gainbut the excitation voltage does not significantly affect the gain.
Resinator land Resonator 2show similar gain values under different biasing

conditions.

5.2  Closed loop operation

The frequency sweep of the resonator gives optimum values of proof mage volta
and excitation voltage to drive the resonators in the linear region. Increasing the
proof-mass voltage near 10V increases nonlinearity in the data, and decreasing the
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proofmass voltage to 3V decreases the gain and, consequently, the SNR of the data.
5V is an optimum value that provides sufficient gain, and the linearity threshold is
better than 10V proefass voltage. The excitation voltage value between 0.3mV
and 0.5mV shows a linear behawat a 5V procimass voltage.

Gain (N4N2)

3+0.13+0.3+053+15+0.15+0.35+055+17+0.17+03 10+ 10+ 10+
01 03 0.5

Proof mass voltage (V) + excitation voltage (mV)

~N @
o

Gain (dB)
PN WAoo
O OO O OO o o

M Resonator 1 ®@Resonator 2

Figure5.7: The simmary of the gain obtained by frequency sweeping at different
biasing valuesising the digital control PCBThe gain of the resonators increases
significantly (from 5@B to 73dB with an increase in the proafass voltge.

Figure5.8 showsthe Allan variance plot of data obtained frahe sensor. The data

is obtained aghe difference of frequencies between two resonators and then
converted to acceleration by dividing witie scale factor. It cabe seen from this
plot that bias instability of 9pf/adHz can be obtainednderthese conditions. The
achieved bias instability value is very close tattbbtained usinghe lock-in-
amplifier setup(7pg). The white noise value is higher compared to the data obtained
using the lockin-amplifier. This higher &lue is expected owing to a lower data rate

and samplingatein this implementation.
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Sensor N4N2 @ 5V proof-mass voltage
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Figureb.8: Allan variance plot of databtained from sensor N4AN2 at 5V proof mass
voltage showing a bias instabilitpf 9.7ug, which is very close to the value
measured with the loeka amplifier (7ug)

The slope of different regions of the Allan variance plot shows the type of noise in
the sensor data he figureshows the Allan variance plot of the N4AN2 data at 5V
proof-massvoltagewith two lines having a slope el and-1/2. The quantization
noise has a slope ef in the Allan Variance plot, whereas the white noise or VRW
has a slope ofl/2. The plot shows that quantization noise initially dominates the
noise inthe data ahigh frequenciesThe VRW dominates the noise around the value

of one second.

Comparing this plot with the plot obtained using the {oelamplifier shows a
difference in the noise in their data. The leskamplifier data shows a slope df

until very close to the bias instability flat region. This plot shows the VRW noise
well before it reaches the flat region. Therefore, the data collected with the digital
control PCB hasigherwhite noise than the loeik-amplifier. The sampling rate in

the lockin-amplifier is 200Msamples/s compared to 147Ksamples/s of the
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microcontroller used in the digital readout circuit. The data rate of theiteck
amplifier is 225Hz compared to the 20Hz data rate of the digital control PCB. The
speed of the microedroller, used in the digital control readout circuit, limits the
sampling and the data ratewing to these limitations, the data collected with the

digital control PCB shows a higher value of white noise.

5.3  Scale factor

The <ale factor is also calculatedldifferent biasing valueln testing with the lock
in-amplifier, it was observethatthe scale factodoes not change with changes in
proof mass voltage and excitation voltage. Similar behavior can also be observed in
testing performed with digital edrol PCB.Figure5.9 shows the test setup used to
calculate the scale factor of this sensor. The sensor is rotatedhiearhg position

to the-1g position.

Figure5.9: Test setupd calcuate scale fetor using digital PCB and retime data
logging on a computeA mechanical structure is used to rotate the@engh some
level of accuracy.
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The scale factor calculations require the readout circuit to efficiently track the
frequency when the position of the sensor changes between different g positions.
Therefore, this test also verifies the frequetregking capability of the algorithm

used in this implementation.

Figure5.10 showsthe scale factor calculat at7V proof mass voltage with 8nV
excitation voltageThe scale factor of the sensor is 95.35Hz/g. The sensitivity of
Resonator 1lis approximately 45Hz/g, and the sensitivity Besonator 2is
approximately 50Hz/g. This difference in the sensitivitiy tbe resonators is

consistent with the results of the leickamplifier.

« 104 Scale Factor calculation N4N2 @ 7V proof mass
1675 1 1 1 1 1 1 1 1 1
@—=
1.67 | Y 16731.5 ,._.p__f—bi
Y 16641.2
’E“ 1.665 pl J
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s 1.66 | .
3 —
3 Y 16581.7
& 1655 F ' .
1.65 / .
o
1 645 Y 16482.1 H H H H H H H
211 2115 2,12 2125 2.13 2135 2.14 2145 2.15 2.155 2.16
Samples @ 50 ms % 10°

Figure5.10: Scale factor calculation at 7V proof mass voltadee scale factor value
is calculated as 95.35Hz/g.

Another plotis presented ifrigure5.11, where the scale factor is calculated at 5V
proof mass voltage and 0.5V excitation voltage. The scale factor of the sensor at

these biasing conditions is 95.2Hz/g.
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The tests with the loek-amplifier showe that the scale factor is stable for various
biasing conditions with a value around 95Hz/g. The results from the digital control
PCB also show that the scale factor of the sensor N4N2 is constant and does not
significantly change with proof mass or exditm voltage. The sensitivity of
Resonator 1lis approximately 45Hz/g, and the sensitivity Besonator 2is

approximately 50Hz/qg.

The scale factor calculation is another feature of the digital control PCB. The digital
control implementatioroperates the ssor in a closed loop angerforms other
essential functionalities. This flexibility to perforseveraloperations is impgsible

in analogbased sensors.

%104 Scale Factor - N4N2 @ 5V proof mass voltage
1 1 1 1 1
—eo
1.67 F | Y 167345 |\ J
N Y 16644.8
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o) 1 0 1 0 lg
§ 1.66 F g g .g g i
g Y 16585.6
=
1.65 / .
——eo
Y 16484.9 ! . ! .
2.1575 2.158 2.1585 2.159 2.1595
Samples @ 50 msec % 10°

Figureb5.11: Scale factor calculation at 5V proofass voltageThe scale factor is
approximately 95.2Hz/qg.

5.4  Temperature compensation

Temperature compensation is ateeressaryo countetheeffects of temperature on
the sensor outputldeally, differential reading should cancel out temperature
dependencyHoweverthe mismatch of 5Hz/g ithe scale factor of two resonators

of the sensoN4N2results in temperature dependency even after differential reading.
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Figure5.12 shows the resonance frequency daitdooth resonators collected a
temperature chamber. The data is collected while the temperature changes from 0°C
to 70°C.The data is collected in this range only because a commercial debugger
circuit is used to obtain the data from the microcontroller. This debugger has a
limited range of operation and malfunctions at temperature values outside the given
range.Therefore, the temperature test is performed between 0°C andTie¥ @lot

shows that both resonators' resonance frequency is inversely proportional to the
temperature in il range. The frequency of both the resonators changes similarly, so
an initial temperature compensation is achieved by differential reading data
plotted in the figure is filtered to observe the different rates of frequency change
Ideally, the chang@ the frequency is equaHowever, he resonance frequency of
Resonator 1changesby approximately 6.5Hz in this temperature ranged
Resonator@s r esonance fby aporaxienatayy6Hzcim then sgpraes
temperature range. The mismatch betweenstiade factor of the two resonators

results in this difference.

The differential frequency data of this plot shows a shift of 5mg in acceleration at a
stationary positionas shown irFigure 5.13. Under no applied acceleratiomet

sensor shows an acceleration of approximately 5mg due to changes in the
temperature. The effect of temperature is minimal (less than 0.1mg/°C) and can be
further improved by applying temperature compensation to the data. The temperature
compensation cahe applied to the individual frequency or differential data. The
compensation performed in this study uses the differential data to map the
temperature changes to the differential frequency changes. The temperature and the

differential frequency relatiohgp is simple m the given temperature range.
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Figure5.12: Temperature dependencythéresonance frequency of two resonators
of sensor N4ANZThe shift in the resonance frequencyrReflsonator 1s 0.093Hz/C,
and the shift in the resonance frequenciResonator 2s 0.086Hz/C.

Acceleration (mg)
(O8]

0 10 20 30 40 50 60 70
Temperature (°C)

Figure5.13: The acceleration data at zero input acceleration using the differential
frequency reading in a temperature teSC(@ 70C), showing less tha®.1mg/°C
shift in the measure acceleration
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Figure 5.14 compares the Allan variance plot with temperatependent and
temperature&eompensated data he figure shows that after compensation, the slope
on the right side of the plot reduces, indicating lower temperature dependency. The
second improvement is the decrease in bias instability. The plot shows that after
temperature compensation, there is a three times improvement in the bias instability

of the data.
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Figure 5.14: Comparison of Allan variance plot for temperatdependent and
compensated datallected in the TC~70°C rangeAfter temperature compensation,
the bias improves significantly (froB¥pug to Bug).

55 Relevance with the literature

Table 5.1 comparesthe developed digital control lodmsed resonant MEMS
accelerometer with the literature dashowing aly a few selected analog readout
based works Other published wds are available, but their performance is
comparable to thosghown in the tabléSomeresonant MEMS accelerometers with
analog readout circuitshow subug bias instabilitywhile obtaining the data using

an external frequency readout method. Howeawest of thevalues areeported after
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thepostprocessing of datavhich removes the effects of temperature and other drift
causing factorsThe biasinstability of the sensor used in this studyobtained as
low as ug using the lockn-amplifier setup ané.7ug using the digital control PCB;
however, these values are limited by the sensor performaheeretically the
digital control implementation used in this study can achieve-aguias instability
value with an improved resonant MEMS accelerometer

Table5.1: Comparison of different features of the proposed systemswoitte otthe

sensors available in thierature. The result of the digl control loop in this work
is very close to the result obtad fromprofessional lab equipment

Readout Bias Temp. | Debug and
. Remarks ; Compact
type Instability comp. testing
[63] Analog, 0.4ug* Digital freq. Post X )
CMOS g reading
High temp.
[7] Analog 56ng depenency Post X
Analog, . Digital freq.
(6] | ‘cpos | OBH9 reading | T OSt X
. Only a
Digital, . .
[42] FPGA - MEMS Possible| Possible X
resonator
Digital, No stable .
[43] FPGA 18~4Qug amplitude Post Possible X
Digital,
Lock-in- | 7ug*** Lab equip. X X X
This | amplifier
work Dlgltal, Speed ) ) )
micro- 9.7ug** e a a a
limitations
controller

*Postprocessed data. The effect of temperature and other drift effectdsemoved. The
difference in the resonators is also matigd by posprocessing.

**The bias instability is limited by the sensor performance as wethasicrocontroller
data rate.

***The bias instability does not go belowd even with a lockn-amplifier setup.
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5.6 Discussion

The results of frequency sweepirsgale factor calculation, closed loop operation,

and temperature compensation are shown irpteeioussectiors. The proof mas

voltage and the excitation are changed to obtain data from the sg¢rditferent

biasing conditionsThe sensor's bandwidthasl s o chang

ed,

performanceThis section provides an-ttepth interpretation of these results.

5.6.1 Effect of filter parameters

affecti

The closed loop implementation in the digital domain uses a PLL implementation in

the microcontroller. Theresia digital filter in the PLL that takes a mean value of the

product of the input signal and the reference signal. The length of the filter controls

its time constant. The second component of the PLL implementation is a Pl controller

whose parameters dicta the sensor's bandwidthHowever, there is a traddf

between the sensor's bandwidth and the noise performance. Aggressive PI

parameters make the tracking fast but cause an increase in the demodulated

frequency fluctuation. If the Pl parameters are gie=i small values, the noise

performance improve3.able5.2 summarizes noise data collecte@@tz and 3Hz

sensor bandwidth.

Table 5.2: The noise level of the sensiAN2 (R2B-type) at 100Hz and 175Hz
bandwidth The noise performance degrades significantly with an increase in the
sensor bandwidth.

~

Proof mass voltage Excitation voltage Noi se, Og/ a
Bandwidth 100 Hz 175 Hz
0.1mV 99 619
5V 0.3mV 41 208
0.5mV 28 154
0.1mV 109 1900
3V 0.3mV 34 578
0.5mV 28 356
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Figure5.15 shows the Allan Variance plot dfta collected from the senggdN2
at 3V proofmass and 0.3mV excitation voltage. There are two plots in this figure.
One of the plots shows the data eotlon at 20Hz bandwidth, and the second plot

shows data collection at 175Hz.

Figure5.15: The Allan Variance plot showinipe effect of bandwidth on the noise
performance The noise degrades from@4 / &d46000 g / &aslthe bandwidth
increases from 20Hz to 175Hz.

This plot aims to understand the effect of sensor bandwidth on the noise present in
the data. Two lines are fitting the data with slogeand-1/2. The slope of the data
collected at 2Bz is-1, which corresponds to the quantization noise. The slope of
the data collected at 175Hz-i5/2, which corresponds to VRW or white noise. The
bias instability level values are close to each other. However, the lower bandwidth
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