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ABSTRACT

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

Ali, Muhammad
Doctor of Philosophy, Electrical and Electronic Engineering
Supervisor: Prof. Dr. Tayfun Akin

November 2022, 161 pages

This study proposes a new digital control loop-based compact readout circuit for a
resonant MEMS accelerometer providing high performance with reduced
temperature and power supply dependence while utilizing low processing power.
The readout circuit utilizes a charge-sensing pre-amplifier stage that converts the
small motional current to readable voltage, which is then converted to the digital
domain using a 16-bit ADC to perform the amplitude and frequency extraction in the
digital domain. A Proportional Integral (PI) controller is used to maintain the sensor
output at a stable value. The frequency tracking is performed by implementing a
Phase-Locked-Loop (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 transfer the signal to the resonators.

Chip-level characterization of several resonant MEMS accelerometer sensors is
performed with a dynamic signal analyzer (DSA). A lock-in-amplifier is used to
characterize different sensor parameters. The frequency-sweeping tests are

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



Pl controllers, available in the lock-in-amplifier software, are used to operate the
sensors in a closed loop.

The digital PCB realization is performed using one of the characterized resonant
MEMS accelerometers. A frequency-sweeping 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 resonance frequency
of the resonators is approximately 16485Hz and 16720Hz. 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-
sweeping tests also show that a high value of excitation voltage drives the resonators
in the non-linear 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 for Resonator 1 and 50Hz/g for Resonator 2. This
configuration achieves a bias instability of 9.7ug, which can be further reduced with
a better MEMS accelerometer design, and this value is very close to the bias
instability obtained using a lock-in-amplifier setup. Testing with a pure sine
generator shows that this readout circuit can achieve a 0.3ug/VHz noise level. The
system's bandwidth is approximately 68Hz, which can be improved by sacrificing
the noise performance. The temperature compensation improves the bias instability
of the sensor by 3 times. The 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.
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DIJITAL KONTROL DONGULERI KULLANARAK MEMS TiTRESEN
YAY TiPi IVMEOLCER iCIN YUKSEK PERFORMANSLI OKUMA
DEVRESI GELISTIRILMESI

Ali, Muhammad
Doktora, Elektrik ve Elektronik Miihendisligi
Tez Yoneticisi: Prof. Dr. Tayfun Akin

Kasim 2022, 161 sayfa

Bu calisma, diisiik sicaklik ve gii¢c kaynagi bagimliligina sahip yliksek performansh
bir rezonant ivmedlger icin yeni bir diisiik gii¢ tiiketimine sahip dijital tabanli okuma
devresi 6nermektedir. Okuma devresi, kii¢iik hareket akimini okunabilir voltaja
doniistiiren, daha sonra dijital alanda genlik ve frekans ¢ikarimini gergeklestirmek
icin 16 bitlik bir ADC kullanilarak dijital alana doniistiiriilen bir sarj algilayici 6n
amplifikator agsamasi kullanir. Sensor ¢ikigini sabit bir degerde tutmak i¢in Oransal-
Integral (PI) denetleyici kullanilir. Frekans izleme, dijital alanda bir Faz-Kilitli-
Dongii (PLL) uygulanarak gergeklestirilir. Bu ¢alismada kullanilan zaman ayarli bir
referans sinyal teknigi, PLL uygulamasi i¢in hesaplama gereksinimlerini azaltir.
Demodiile edilmis frekans ve genlige dayali olarak bir siiriis sinyali tiretilir ve sinyali

rezonatorlere aktarmak i¢in bir dijitalden analoga ¢evirici (DAC) kullanilir.

Birkac ivmedlcer sensorinin ¢ip duzeyinde karakterizasyonu, bir dinamik sinyal
analizorli (DSA) ile gergeklestirilir. Farkli sensor parametrelerini karakterize etmek
icin bir kilitli yiikseltici cihazi kullanilir. Rezonatorlerin rezonans frekansini ve
kazancini elde etmek i¢in frekans tarama testleri yapilir. Kilitli yiikseltici cithaz
yaziliminda bulunan PLL ve PI kontrolciileri, sensorleri kapali bir dongiide

calistirmak i¢in kullanilir.
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Dijital PCB iizerindeki testler, karakterize edilen rezonansli MEMS ivmedlcerden
biri kullanilarak gergeklestirilir. Farkli 6n gerilim kosullar1 altinda rezonatorlerin
rezonans frekansini elde etmek igin bir frekans siipiirme algoritmasi kullanilir: 3V
ila 10V arasi ataletsel kiitle voltaji ve 0.1mV ila I1mV uyarma voltaji. Rezonatdrlerin
rezonans frekansi yaklasik olarak 16485Hz ve 16720Hz'dir. Okuma devresi,
rezonatorlerin rezonans frekansini dogru ve tekrar eden sekilde dlger ve sonuglar,
sensOr karakterizasyon sonuglariyla tutarhidir. Frekans tarama testleri ayrica yiiksek
bir uyarma gerilimi degerinin dogrusal olmayan bolgede rezonatorleri tahrik ettigini
gosterir. Okuma devresi ile hesaplanan 6lgek faktorii, tim 6n gerilim kosullari
altinda kararli olan 95Hz/g'dir. Her bir rezonatoriin Sl¢lim hassasiyeti farklidir:
rezonator 1 icin 45Hz/g ve rezonator 2 icin 50Hz/g. Bu konfigirasyon ile, daha iyi
bir MEMS ivmedlger tasarimi ile daha da azaltilabilecek olan 9.7ug'lik bir sapma
kararsizlig1 degerine ulasilir ve bu deger kilitli yiikseltici cihazi ile elde edilen degere
yakindir. Disaridan uygulanan temiz siniis sinyali ile elde edilen giiriiltii degeri
0.3ug/NHz’dir. Sistemin bant genisligi 68Hz’dir ve bu deger giiriiltii
performansindan feragat ederek iyilestirilebilir. Sicaklik kompanzasyonu, sensoriin
sabit kayma hatas1 kararsizligin1 3 kat iyilestirir. Diferansiyel rezonatdr tasarimi
ideal olarak sicakliga karsi bagisiktir, ancak iiretimde yasanan sorunlar nedeniyle

rezonatOrlerin duyarliligindaki fark, sensor verilerini sicakliga bagimli hale getirir.

Anahtar Kelimeler: MEMS, Rezonans Tabanli I[vmedlger, Dijital Kontrol Déngiisii,

Okuma Devresi
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CHAPTER 1

INTRODUCTION

Micro Electro Mechanical Systems (MEMS) based sensors are used in a number of
applications ranging from commercial devices to high-performance inertial
applications [1-3] for sensing pressure, acceleration, angular rotation, temperature,
sound signals, infrared radiation, etc. MEMS sensors also have applications in
medical areas, including surgical instruments, portable test equipment, miniature
labs, and monitoring devices [4]. The MEMS market is growing at 13% annually [1],
and this increase results from many advantages in the practical applications of
MEMS sensors. The miniature size of a MEMS device is the first advantage that
attracts space-constraint applications, as several sensors can be incorporated into a
tiny space to achieve high performance. Multiple MEMS sensors have started to be
included in mobile phones or intelligent gadgets for adding various capabilities to
these devices. The second advantage of MEMS sensors is their cost-effectiveness,
making them desirable for many commercial applications. Cost-effectiveness comes
from the fact that MEMS sensors are produced at the wafer level in batches, where
a single wafer can contain many MEMS devices, significantly reducing the
fabrication cost of a single device. With the advancement of the fabrication
techniques and the improvements in the designs, the MEMS sensors started to
achieve higher and higher performances in higher operation temperature ranges,
allowing their use in high-performance applications, like inertial grade MEMS
accelerometers and gyroscopes [5].

Extensive research has been carried out in the last few decades to improve the
performance of MEMS inertial sensors, especially on MEMS accelerometers;

various high-performance MEMS accelerometers are reported with performances



satisfying inertial-grade applications [6, 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 accelerometers. Resonant MEMS
accelerometers are one of the several types of MEMS accelerometers, which have
been developed since the 1990s[8, 9] due to their advantages compared to other
MEMS accelerometer types. Resonant MEMS accelerometers are distinguished due
to their advantages, such as quasi-digital output simplifying digitization, high
sensitivity, improved dynamic range, insensitivity to temperature and power supply
variations, and low electronic noise.

Many readout schemes are used to operate a resonant MEMS accelerometer. All
readout circuits have three essential components: a pre-amplifier stage to convert the
motional current to voltage, an oscillation-sustaining part that keeps the resonators
operating in a closed loop, 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 frequency-friendly interfacing, flexibility to
change parameters, multiple algorithms without increasing hardware complexity, an
easy debugging process, and modification of performance parameters. This study
proposes a new digital control loop-based compact readout circuit for a resonant
MEMS accelerometer providing high performance with reduced temperature and
power supply dependence while utilizing 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.
Section 1.1 overviews different types of MEMS accelerometers available in the
literature. Section 1.2 mentions a few advantages of resonant MEMS accelerometers
that make them an attractive choice for many applications. Section 1.3 overviews
some distinguished literature on the sensor and the readout circuit design. Section
1.4 explains the motivation for this study. Section 1.5 describes the aims of this

research. Section 1.6 outlines 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
accelerometers. The applied acceleration affects a sensing element in different ways,
changing various parameters like capacitance, resistance, temperature, or resonance
frequency due to acceleration. There are other MEMS accelerometer types, such as
tunneling and electromagnetic accelerometers, but they are rarely used due to their
disadvantages. This section presents a brief introduction to the most popular types of
MEMS accelerometers, including piezoresistive, piezoelectric, thermal, optical,

capacitive, and resonance-based accelerometers.

1.1.1 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 changes with applied acceleration. The stress in the
piezoresistive material changes under acceleration, causing a change in its resistance.
Different techniques can measure this resistance change. A commonly used
technique is to use a Wheatstone bridge circuit for measuring the resistance variation.
The drawback of this technique is the dependence of resistance on temperature [10,
11], i.e., the resistance change due to temperature is inseparable from resistance
change due to applied 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
elements, where the applied acceleration introduces stress in a sensing element that
generates a charge. This charge is converted to voltage and translated to

corresponding acceleration [12]. There are a few disadvantages of MEMS



piezoelectric accelerometers. Mainly, the sensitivity of the piezoelectric
accelerometer is unstable near its resonance frequency. These 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 micro-heater 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. The change 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

much power. They are also sensitive to environmental temperature.

1.14 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
acceleration [14]. The difference in intensity relates to input acceleration. These
sensors have high power consumption. Intensity noise, due to gquantum noise,
vibrations of cavity mirrors, and thermal fluctuations in the gain medium, limit the

performance of these sensors.

115 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 mass; this displacement results in a change of capacitance which then converts
to charge and voltage. The sensed voltage can be mapped to applied acceleration

[15]. Equation 1.1 shows the relation between input acceleration and output voltage:

V (AC (xg (a))) 1.1

Where a is the input acceleration, x: is the displacement caused by this acceleration,
AC is the change in capacitance due to displacement of electrodes, and V is the output

voltage.

Capacitive sensors have high sensitivity, extensive range, low power consumption,
and low-temperature dependence; therefore, they dominate accelerometer types in
the market, and they are highly studied in the literature. However, their performance
is not enough for very high-performance applications due to drifts caused by their
temperature dependence.

1.1.6 Resonant Accelerometer

Resonating or vibrating beam MEMS accelerometers are becoming popular for high-
performance applications. They work on the principle that the resonance frequency
of a resonating beam changes with applied acceleration [8], where the applied
acceleration causes compression or tension in the vibrating beam resulting in a
decrease or increase in its resonance frequency [8, 16]. This change in resonance
frequency can be translated into an applied acceleration. Equation 1.2 shows the

relation between the input acceleration and output frequency:

f(v(Ac(x(a)))) 1.2

Where a is the input acceleration, x is the displacement caused by this acceleration,
AC is the change in capacitance, V is the voltage obtained from motion current, and

f is the output frequency.



The resonant MEMS accelerometers are becoming increasingly popular for
applications requiring very high performance without being affected by temperature
variations. The focus of the current study is the development of a digital control loop-
based readout circuit for resonant MEMS accelerometers. The following section

presents the advantages of resonant MEMS accelerometers.

1.2 Advantages of Resonating MEMS Accelerometers

Resonant MEMS accelerometers have several advantages when compared to other
types of MEMS accelerometers. The following sub-sections provide brief

information on these advantages.

1.2.1 Quasi-digital Output

The output of the resonant MEMS accelerometer is a frequency that easily converts
to a digital domain. The resonant MEMS accelerometers with analog closed loops
also have a frequency output that requires a frequency reading interface [8, 17-19].
Conversion of frequency or acceleration information to the digital domain has
several advantages; more specifically, (i) signal conditioning improves the quality of
the signal, and (ii) several noise sources can be suppressed by signal conditioning.

1.2.2 Sensitivity

The sensitivity of a resonant MEMS accelerometer can be increased by increasing
the size of the proof mass. However, a lever system introduced in some resonant
MEMS accelerometer designs can increase the sensitivity even without increasing
the size of the proof mass [19-22]. The purpose of 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 structure [23]. The proof-mass size should be chosen,

considering the system's desired level of Brownian noise.

123 Dynamic Range

The dynamic range of a resonant MEMS accelerometer is improved because the
applied acceleration is along the vibrating beam axis. The dynamic range is limited
if the direction of sensitivity is lateral to the beam axis [3, 8, 9, 17, 19]. In a resonant
MEMS accelerometer, the range of linear operation is increased due to the axial
loading (compression or tension) of the beam.

1.24 Immunity to Temperature

Temperature is one of the main factors that degrade the performance of MEMS
sensors [5, 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 accelerometers [26]. Current designs include two
resonators placed on the sense axis such that one of 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 resonators [3, 17, 19, 27, 28]. This structure eliminates the
temperature effect as a common-mode error, and acceleration impact doubles
because of differential reading. The differential design makes the resonant MEMS

accelerometers more immune to temperature.

1.2.5 Low Electronic Noise

Resonant MEMS accelerometers have low electronic noise because the output is in
the form of frequency [19]. The noise added due to the readout circuit reduces in the
resonant MEMS accelerometer designs as the transfer of acceleration to output is



performed by frequency reading compared to capacitive voltage readings [28-30].
This low electronic noise advantage can be enhanced further by implementing a
digital control loop and eliminating some analog components that generate electronic
noise, which is the main focus of this thesis, i.e., the implementation of a digital

control loop for resonant MEMS accelerometers.

1.2.6 Power Supply Fluctuations

Temperature change causes power supply fluctuations, a severe problem with
capacitance-based sensors. Resonant MEMS accelerometers are more immune to

power supply fluctuations because the output of these sensors is frequency [26].

1.3 Literature Review of Resonant MEMS Accelerometers

The idea of a surface micromachined resonant MEMS accelerometer was first
presented in 1997 [8]. 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 design of pre-amplifiers 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 present different 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 introduced by [8],
where differential oscillating beams obtained first-order temperature compensation.
The lever mechanism enhanced the sensor sensitivity, and a double-ended tuning
fork (DETF) served as the resonator. They reported a sensitivity of 45Hz/g, but the
bias instability was around 12mg. To isolate any interference between the resonators,

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



5.2ug. The work presented by [30] used PLL to track the individual resonant
frequency of two resonators, and they used an FPGA-based readout circuit to
measure the output frequency and reported a bias instability of 6upg. Research
published by [6] reports a bias instability of 0.4pg and a noise floor of 1.2ug/NHz
after eliminating noise in the post-processing stage. They used an integrator-
differentiator type pre-amplifier with amplitude control implemented in CMOS and
an independent PLL loop for frequency measurement. They discussed a frequency-
to-digital (FDC) circuit that converts the output of a PLL to the frequency to interface
with a digital system [19]. However, PLL has a drawback, as 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 scheme, sacrificing the immunity to temperature dependence. In
contrast to other popular methods, they used a single resonator between two proof
mass structures. The drive voltage is applied 180° out of phase at two ends of the
resonating beam. The paper did not provide any information about temperature
dependency. However, temperature dependency must be high due to the absence of

a differential reading.

It is shown by [31] that by employing a lever mechanism, the sensor sensitivity is
increased by 30%, even after lowering the proof mass by 40%. The reduced size of
the proof mass adds Brownian noise to the sensor output. Another design by [32]
showed a bias instability of 0.16ug owing to an environmentally robust design,
which is realized by reducing the number of anchors to isolate the sensing element
from environmental effects. This group also showed in another work [33] that bias
instability and scale factor can be made more stable by maintaining the temperature
of the sensing element by using an on-chip micro-oven. However, the micro-oven

significantly increases the power consumption of the system.

A piezoelectric resonant MEMS accelerometer is shown by [29] with a 140dB linear
dynamic range. Variation in resonance frequency results 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 overlap area. Although they
achieved a wide dynamic range, their noise values are very high: 850ug/vHz white

noise and 3mg bias instability.

The electrostatic spring softening effect is used in [17] 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 used by [34] to achieve a
sensitivity of 297Hz/g. The sensitivity-enhancement electrode changes the stiffness
of the sensing structure under the effect of input acceleration. This change directly

changes the resonance frequency of the resonant beam.

Some research on the resonant MEMS accelerometer focuses on the pre-amplifier
stage design [6, 16, 19, 35-39]. These types include single-stage resistive trans-
impedance amplifiers (TIA), two-stage resistive TIA, capacitive feedback-based
TIA, charge-sensing TIA, and integrator-differentiator-based TIA. Noise, gain,
stability, and bandwidth are the leading performance parameters that show the
efficiency of a pre-amplifier stage. The literature shows that there is always a tradeoff

between gain, bandwidth, stability, and noise of a pre-amplifier stage.

The readout circuit of most published work employs an analog control loop for the
closed-loop operation of the resonant MEMS accelerometers. Some papers use a
network analyzer to acquire the output frequency of the resonators [17, 34, 36],
which is not practical to use in an actual application. The work done by [7, 30] uses
an external lock-in-amplifier system to read the frequency, which is also not practical
to use in an actual application. [19] shows a XA frequency-to-digital converter (FDC)
implemented in a PLL, where the closed loop operation is achieved in the analog
domain, while an FPGA measures 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 work [40] uses 18-bit analog-to-digital
converter (ADC) to convert the oscillator output into the digital domain, where a
PLL is implemented in an FPGA to track the frequency and perform processing.

However, no feedback from the digital domain goes back to the circuit, which

10



operates in the analog domain, i.e., the advantage of having a digital control loop is
not achieved even though a digital processor is implemented. This 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 research uses only theory and simulation results, and no
implementation of an actual sensor is present in the paper. The actual implementation
uses some digital processors, analog-to-digital conversion, and digital-to-analog
conversion components. These electronic components have limitations, such as
speed and accuracy, that must be considered in the simulation. Otherwise, such a
simulation demonstrates only the operation of an ideal system with no representation
of actual hardware.

Another work [42] shows a lock-in-amplifier type implementation of digital control
of a MEMS resonator, but it is not a complete accelerometer system. The size of this
implementation does not make it suitable for real applications. They used an FPGA
to implement the digital control loop for the developed sensor. However, their
implementation uses power-consuming components focusing only on frequency
acquisition. The closed loop operation is achieved using an amplitude tracking
method, which is inefficient. The drive signal is in the form of pulses due to the
absence of a digital-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 control loop-based 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 (18~40ug), and there is no amplitude stabilization
algorithm or a temperature compensation method. The frequency tracking algorithm

also consumes more processing power.

Table 1.1 summarizes some of the resonant MEMS accelerometer designs published
in the literature. The analog readout circuit-based designs show better performance
in terms of bias instability. However, these reported values of bias instability are

after post-processing of the data.
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Table 1.1: Summary of some major contributions to the resonant MEMS
accelerometer field.

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

Dual resonators

Dual proof-mass

[30] | Analog 6g 4.4Hz/g FPGA-based frequency reading
Analog,

[6] CMOS

[3] Analog 5.2ug 128Hz/g

0.4ug 280Hz/g Digital frequency reading

Single resonator
Temperature-dependent
Frequency reading by lock-in-
amplifier
Frequency reading by lock-in-

[32] | Analog 0.16ug 427Hz/g amplifier
Single anchor design
FPGA based
[43] | Digital 18-40pg 75Hz/g No amplitude control
Non-integrated form
*Some papers only report the bias instability values after post-processing the data.

[7] | Analog 56ng 2752Hz/g

Some studies implement a digital control loop for a frequency-modulated MEMS
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 output [44]. In some of the
studies [45, 46] least mean squares (LMS) adaptive filter is used for frequency

demodulation to achieve low complexity and better noise tolerance.

1.4 Motivation

Implementing a digital control loop for resonant MEMS accelerometers has many
advantages that can benefit the industry and academia. The following sections show

some significant motivational aspects of this 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 and requires a frequency reading
method to measure its output frequency. Therefore, a processor is already present in
most designs for frequency measurement, even in analog implementations. The same

processor can be used for frequency measurement and sustaining oscillations.

1.4.2 Reduction in Analog Electronics

Analog electronics add noise and power consumption to any readout circuit and
requires complex circuitry to achieve high performance. If some of the logic
implemented in the analog domain transfers to the digital domain, noise and power
consumption will reduce significantly. In an analog readout circuit of a resonant
MEMS accelerometer, amplitude stabilization and oscillation sustaining are
performed by analog modules. These functionalities transfer to the digital domain in
a digital control loop implementation resulting in a reduction of analog components
in the readout circuit. Some of the readout circuit schemes in the literature use a PLL
for frequency tracking, which requires a startup circuit to begin the oscillations. The
PLL implemented in the digital domain does not require an external startup circuit.
Therefore, a digital control loop implementation can reduce analog electronics in a

readout circuit, which also results in the reduction of electronic noise.

143 Configurable Parameters

The digital control loop implementation allows configuring some sensor parameters,
which is impossible in an analog circuit without making changes in the hardware.
For example, the time constant of filters implemented in software can be changed 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 reconfigurability

feature is critical in a design process and also has applications in a final product.

1.44 Testability

Testability is another advantage of a digital control-based readout circuit. Different
functional tests can monitor the health of a sensor and detect different malfunctions
present in a sensor. For example, the functional test for the frequency tracking
capability of each resonator can show if the individual resonator is oscillating

correctly.

145 Debugging and Data Acquisition

Another motivation for transferring the logic to the digital domain is easy debugging
and data acquisition, which is very beneficial in the design phase or understanding
the behavior of a sensor because it gives access to sensor data at different points of
operation. Input data, demodulated data, input to the 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 control-based readout circuit is capable of performing multiple
functionalities. Maintaining oscillations is one of the functions that is achievable
with a digital control loop. Other functionalities, such as health monitoring,
frequency sweeping, and scale measurements, are also implemented in the digital
domain. Implementation of multiple algorithms enhances the performance of a
sensor. For example, a PI controller for amplitude stabilization, PLL for frequency
tracking, and temperature compensation can run simultaneously to achieve better

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

algorithms implemented in a digital processor are limited by its speed and capability.

147 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 design process. 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 processor,

a CORDIC module available in a processor, or with 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 systems. Commercially available digital accelerometers do not give
access to the sensor parameters. Their digital 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 digital control loop
implemented and a processor controlling the sensor directly, it is possible to change
different parameters according to application requirements. This feature makes a
sensor useful for many applications. Another critical parameter that can be modified
is the sensitivity of a sensor. The electrostatic softening effect can change the
sensitivity of a resonator. The biasing voltage applied to the sensitivity-enhancing

electrodes determines the sensitivity of a resonator.

15



15 Aims

The published literature shows no compact system implementing a digital control
loop for a resonant MEMS accelerometer. The first objective of this thesis is to
design and develop a compact readout circuit that implements a digital control loop

using readily available off-the-shelf electronic components.

In the digital domain, multiple algorithms can run in parallel without making changes
to the hardware, in contrast to analog circuits, where complexity increases with
sensor performance [47]. The second objective is to implement multiple algorithms
in the digital domain to improve performance and increase the testability of the
sensor. The performance improves with algorithms such as temperature
compensation, and the testability improves with different self-tests and functional

tests.

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

accommodates other performance-enhancing algorithms.

1.6 Thesis Outline

Chapter 2 of this thesis presents the working principle of a general resonant MEMS
accelerometer. The chapter also shows different 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 this study. It also
provides results of the sensor characterization using a dynamic signal analyzer

(DSA) and a lock-in-amplifier.

Chapter 4 focuses on implementing digital control for a resonant MEMS
accelerometer. It explains several components of a typical readout 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 the microcontroller-based digital control
PCB. The chapter discusses the results to understand the effect of different

parameters on sensor performance.

Chapter 7 concludes this thesis and suggests possible future works related to the

digital control loop-based readout circuit of 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
accelerometer and reviews some amplitude and frequency demodulation techniques
that can be implemented in the digital domain. Section 2.1 explains the operating
principle of a typical differential resonant MEMS accelerometer. Section 2.2 shows
the major components of a typical readout circuit: (i) the pre-amplifier stage, (ii) the
oscillation sustaining part, and (iii) the frequency reading part. Section 2.3 details
different pre-amplifier topologies available in the literature and focuses on their gain,
bandwidth, stability, and noise performance. Section 2.4 briefly explains different
schemes used for oscillation sustaining and highlights the importance of a stable
output amplitude of a resonant MEMS accelerometer. Section 2.5 summarizes a few
popular frequency demodulation techniques that are present in the literature.
Similarly, Section 2.6 presents the amplitude demodulation techniques that can be
implemented in the digital domain. Finally, Section 2.7 summarizes the essential

points of this chapter.

2.1  Theory of Operation

This section explains the theory of the most generic resonant MEMS accelerometer,
which comprises a proof mass, two resonating beams (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 connects to 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 compared 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 the sensitive axis. Also, both resonating beams

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

when one resonator beam is in tension, the second is in compressive stress. Drive

electrodes are at one end of the resonators, and sense electrodes are at the other. An

electrode is also present for applying any desired voltage to the proof mass.
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Figure 2.1: 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 resonators, whereas the sense
electrodes sense the frequency of the oscillators at the other end. A feedback system
sustains the oscillations, and the resonator oscillates at its resonance frequency.
There are different methods to operate the resonators in a closed loop. Equation 2.1
shows the mathematical model of a single resonator expressed by the second-order

differential equation using a mass-spring-damper model.

d?x dx

fD(t)sz_*_bE-l'kx(t) 2.1

Where fp is the force acting on the proof mass as a result of input acceleration, m is
the mass of the structure, including beams, and proof mass, x(t) is the displacement
of the beam, b is the damping factor, and k is the spring constant of the beam. The
Laplace transform of Equation 2.1 gives the frequency domain representation as

follows:

Fp(s) = ms?X(s) + b sX(s) + k X(s) 2.2

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

Equation 2.3 as follows:

X(s) 1
Fp(s) m (52 + % s+ wrz) 2.3

Where wy is the resonator's resonance frequency, and Q is the resonator's quality
factor. The quality factor and the resonance frequency in terms of mass, damping

factor, and spring constant are defined as follows:

k
W, = [— 2.4
m
vk
Q= _bm 2.5

At the resonance frequency, Equation 2.3 can be re-written as follows:
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X(w) 1

F(fa))_ m ( (jw)? + a)%)-i- w?) 2.6

X(jw) 1

F(jw)_m(—w2+j%2+ w?) 2.7
X(jw) Q -

F(jw) jmw?
The resonance frequency is a function of stress in the resonator. Therefore, when the
proof mass displaces due to applied acceleration in the direction of the sense axis, it
results in tension in one of the resonators and compression in the other. The
resonance frequency increases in the resonator with tension and decreases in the
resonator with compression. The feedback loop follows the resonance frequency 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 resonator. A dominant factor
is temperature, which results in shifting the natural frequency of the resonators in the
same direction resulting in a common mode error. A differential reading eliminates
this error, and only the effect of the applied acceleration remains. Figure 2.2 shows
a conceptual diagram of how differential reading gives information about input

acceleration.
f1 = resonance frequency of resonator 1
f2 = resonance frequency of resonator 2
fo = natural resonance frequency of resonator 1 & 2
Afr = Change in resonance frequency due to temperature change

Af, = Change in resonance frequency due to input acceleration
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Figure 2.2: The conceptual diagram of the differential reading of a resonating MEMS
accelerometer under applied acceleration and varying temperature shows how a
differential reading cancels the first-order temperature effect.

The temperature cancellation effect due to differential reading has limitations
because only 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 differently when temperature changes and the
differential value remains temperature-dependent. However, this dependency is
much lower than a single resonator’s dependency. This temperature dependency can
be compensated using simple temperature compensation [5]. 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
analog readout circuit for resonant MEMS accelerometers. The first part of the
circuit has two components: a sensor and a pre-amplifier stage. The sensor is a
resonant MEMS accelerometer with motional current output, and the pre-amplifier

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

Figure 2.3: A conceptual diagram of a typical analog readout circuit for resonating
MEMS accelerometers, showing this circuit's three main components: pre-amplifier,
oscillation sustaining, and frequency counting.

The next major part of a typical readout circuit is its ability to sustain 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 demodulation 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 value and ensures that the resonators oscillate without going into a non-linear
region. This part of the circuit also performs frequency extraction. The circuit uses
this frequency and amplitude information to generate the drive signal to close the
loop for resonators. Therefore, amplitude and frequency extraction are essential
functionalities of the oscillation-sustaining circuit for maintaining stable output

amplitude and supplying the 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 Types of pre-amplifier stages

The output of a resonant MEMS accelerometer is a weak motional current converted
to voltage using a pre-amplifier stage. Equation 2.9 gives the capacitance of the sense

electrode:

x5(t)
g
Csense IS the capacitance of the sense electrodes, Cstatic IS the capacitance of the sense

2.9

Csense (t) = Cstatic T2 % Ne * € * h *

electrodes under static conditions, ne is the number of the sense electrode, h is the

height of the sense electrodes, g is the gap between electrodes, and xs is the

displacement of the sense electrodes. Equation 2.10 gives the relation for the

generated motional current.

Cstatic . dx
Ly dt

Here Vpm denotes the proof mass voltage, and Ls is the length of sense electrodes.

2.10

I(t) = me *

This equation shows that the motional current generated by resonant MEMS

accelerometers is directly proportional to the proof mass voltage. A higher proof
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mass voltage gives a higher motional current. This current goes to a pre-amplifier

that converts it to a voltage signal.

There are three features of a sound pre-amplifier stage. First is a significant gain to
sustain oscillation [36]. The loop gain of a resonant MEMS accelerometer must be
greater than one to sustain oscillations. The second desirable feature in a pre-
amplifier is wide bandwidth. This feature is essential for high-frequency applications
to avoid phase shifts. As a general rule of thumb, the bandwidth of a pre-amplifier
stage should be ten times larger than the resonance frequency of a sensor [21]. Low
input referred noise is the third and most critical feature [48]. The pre-amplifier is
the first stage of amplification 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 pre-amplifier scheme with low input referred noise is suitable for high
noise performance. The input referred noise of the pre-amplifier 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 trans-impedance amplifier (TI1A)

Figure 2.4 shows a simplified schematic of a single-stage resistive trans-impedance
amplifier [15, 35]. Cin is the parasitic capacitance seen at the inverting node of the
amplifier, Rt is the feedback resistance, and Cc is the compensation capacitance for

stability. Equation 2.11 gives the trans-impedance of this circuit.

H(s) = ———— 2.11

The values of feedback resistance and compensation capacitor determine the type of
TIA. The amplifier becomes resistive if R:C. s < 1. This 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 amplifier. The relation of bandwidth is given
by Equation 2.12:
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B i R
andwidth > . 2.12

The bandwidth increases with a decrease in the feedback resistance and the
compensation capacitor. Therefore, a tradeoff exists between the bandwidth and the

stability of the pre-amplifier stage.

Cc

=

Rf

| _input

Y

~ £ in

Figure 2.4: The single-stage resistive trans-impedance amplifier (TIA). The values
of the feedback resistor and compensation capacitor determine this amplifier
scheme's bandwidth, gain, and noise.

The pre-amplifier is the first amplification stage, and it is essential to have a small
value of input-referred noise. Equation 2.13 gives the relation for the input-referred

noise of the single-stage resistive pre-amplifier.

2.13

, 4kT { , [1+st (Cin + C) 2}
. Vn *
Ry
Where lin is the input-referred current noise, Vn? is the amplifier's voltage noise, and
Cin is the parasitic input capacitance. This equation shows that the input-referred
noise is inversely proportional to the feedback resistance. There is a tradeoff between
noise and bandwidth of the amplifier. Increasing feedback resistance reduces the
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input-referred noise and limits the amplifier's bandwidth. The first term in this
equation is the dominant noise term at low frequencies, and the second term
dominates 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 pre-amplifier due to the value of the compensation
capacitance. The bandwidth 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 increases the gain of a TIA but limits the
amplifier's bandwidth. A two-stage resistive TI1A approach increases the gain without
sacrificing the amplifier's bandwidth [36]. Figure 2.5 gives a schematic of a two-
stage resistive TIA. Equation 2.14 gives the trans-impedance of the two-stage

resistive pre-amplifier as follows:
R,
Reg= Rpx(1+ =) 2.14
Ry

Where R: and R> are the gain-setting resistors of the second stage, and Rt is the
feedback resistance of the first stage. This scheme allows a large trans-impedance by
using a small feedback resistance value. The smaller value of the feedback resistance
increases the bandwidth of the pre-amplifier. Equation 2.15 gives the input-referred
noise of the two-stage resistive feedback pre-amplifier stage.

RN\4KT 1+5sR; (Cn+ €)Y
I.% = <1 —) V2
m + Rl Req + { n * Rf 2. 15

This configuration has the benefit of improved gain and bandwidth, but noise
performance degrades when compared to single-stage resistive TIA. The addition of
resistors increases the input-referred noise. The frequency-dependent term of the
two-stage resistive pre-amplifier term is similar to the single-stage resistive pre-

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

can limit the dynamic range of the amplifier [36].

Lc

Rl

Linput T " \ Y oout

|

~ Cin

Figure 2.5: A schematic of a two-stage trans-impedance amplifier. The 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 charge-sensing trans-impedance amplifier. The
schematic is the same as a single resistive TIA. The difference is the value of the
feedback capacitor and the biasing resistor. The amplifier acts as capacitive if
R,Cr s > 1. The value of Ry 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 this pre-amplifier.
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Figure 2.6: A schematic of a charge-sensing TIA, which provides a high gain and
inherent stability.

The noise equation of the charge-sensing preamplifier is similar to that of the single-

stage resistive TIA. Equation 2.16 gives the relation for input-referred noise:

2.16

o _ AKT {VZ . l1+st (Cin + cf)r}
in R, n R,
However, the noise performance is better than single-stage resistive TIA because the
value of biasing resistor is very high. This pre-amplifier 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° phase lagged from the input. Therefore, a phase shift is required to meet

the self-oscillating condition [16, 37].

234 T-Network resistive TIA

Another approach to increase the gain of the amplifier without sacrificing the
bandwidth is to use T-network resistors in the amplifier [38]. Figure 2.7 shows a
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schematic of a T-network resistive TIA. Equation 2.17 gives the gain with the

resistive network scheme:

R,
Req = Rf*<1+R—>+ R, 2.17
1

V_out

J_input ﬁl
\

~——~ C in

Figure 2.7: A schematic of a T-network resistive TIA.

The bandwidth is independent of the resistors R1 and R2. The noise performance is
similar to two-stage resistive TIA as the number of resistors is the same. The size is
smaller than the two-stage resistive TIA because of a single opamp. In summary, the
T-network resistor performs similarly to a two-stage resistive pre-amplifier in terms
of noise, bandwidth, and gain but is smaller. The amplification of the DC offset is

also present in this scheme of the pre-amplifier.

2.3.5 Capacitive feedback pre-amplifier

Another approach to reducing the noise of an amplifier is to use a capacitive feedback
pre-amplifier [26, 39]. The capacitive feedback pre-amplifier is a shunt-series

amplifier with current as its output, which is converted to a voltage using another
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current-to-voltage conversion stage. Equation 2.18 shows the input-referred noise of
the capacitive feedback TIA.

4kT
I = ————+ {V* * [s (Cin + CDI?}

Ry (1+ %)

2.18

Where Ry is the output resistance of the output amplifier that converts the current to
the voltage form, and C: and C; 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 problem is solved with this method, but the circuit

lacks DC feedback, and a biasing circuit is required for the practical implementation.

2.3.6 Integrator-Differentiator based TIA

Figure 2.8 shows another implementation method of the pre-amplifier stage
presented by [16]. 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 2.19 gives the overall transfer relation:

H(s) = Ry Ry Ca s 2.19
(RpCis+1)*x (R Ccs+ 1) '

The transfer function is directly proportional to the velocity, which easily satisfies
the oscillation condition. The topology acts as a bandpass, with the first opamp
defining the lower cut-off frequency and the second opamp defining the upper cut-

off frequency. Equation 2.20 gives the trans-impedance:

Rog = Ry % — 2.20

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

input, and the current noise due to the feedback resistor Rf appears at the input after
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division by the factor of C»/C1. The other two noise sources are the voltage noise of

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

Equation 2.21 gives the relation of the input-referred noise of the integrator-

differentiator pre-amplifier scheme [19].
G
Iin2 = nb2 + IinZ(C_)Z + Vn12 [S (Cin + Cl)]z + Vnz2 [S C1]2 2.21
2

Where Inp is the current noise of the biasing resistor, Inf is the current noise of the
feedback resistor, Vn1 is the voltage noise of the first opamp, and Vi is the voltage
noise of the second opamp. The bandwidth and the trans-impedance are not
dependent on each other. The noise performance is excellent compared to other
topologies. The values of capacitors C,/C; attenuate noise from the second stage.
The transfer function is directly proportional to the velocity, and the scheme is
inherently stable. The integrator-differentiator-based TIA can also be implemented
in a discrete-time configuration [49]. The choice between continuous or discrete time

amplifiers depends on the interfacing circuit.
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2.3.7 Comparison of pre-amplifier topologies

Table 2.1 shows a comparison of different pre-amplifier stage schemes present in the
literature. The comparison is based on the amplifier schemes' gain, bandwidth,
stability, and noise performance. The different schemes are compared to the first

scheme, i.e., the single-stage resistive pre-amplifier.

Table 2.1: Comparison of different pre-amplifier stage topologies for a resonant
MEMS accelerometer

Scheme Pros Cons

. This amplifier scheme will There is a trade-off between
Single-Stage . . .

. be used as a reference for gain, bandwidth, and noise
Resistive TIA .
comparison performance

Two-stage Degraded noise performance
resistive TIA Better gain and bandwidth and larger footprint

DC noise amplfication.

Charge Sensing
TIA

Better gain, bandwidth, and
noise performance

90° phase shift in the output

feedback TIA

performance

Resistive T- . ’ DC noise amplification

Network TIA Better gain and bandwidth Degraded noise performance
.. . . No DC biasi

Capacitive Better gain and noise 0 DC biasing

Additional amplification stage
required

Integrator-
Differentiator
TIA

Better gain, noise, and
bandwidth

Output suitable for
oscillation

Larger footprint

2.4  Oscillation sustaining topologies

The oscillation sustaining stage of an analog readout circuit of a resonant MEMS
accelerometer performs amplitude and frequency demodulation and provides
feedback to the drive electrode to sustain the oscillations of the resonators. The
resonators oscillate when they satisfy the Barkhausen stability criterion, and different
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approaches are used to self-oscillate the circuit depending on the type of pre-

amplifier stage.

In the digital implementation of the control loop, the functionalities of this stage
transfer to the digital domain. The functionalities such as frequency demodulation,
amplitude demodulation, amplitude stabilization, and frequency tracking transfer to

the digital environment.

This section briefly explains some major topologies from the literature used to
sustain the oscillations of the resonators of a resonant MEMS accelerometer.
However, firstly it is crucial to explain the effect of resonator displacement on the
resonance frequency because it affects the resonance frequency of a resonator.
Equation 2.22 shows the dependence of the resonance frequency of a resonator on

its displacement:

f f(1+3K3 2 2.22
= P o0 :
0 4K1 S

f = ef fective resonance frequency
fo = ideal resonance frequency
K, = spring constant of resonator
K; = non — linearity stif fness constant
xs = displacement of resonator beam

The equation shows that the resonance frequency of a resonant MEMS accelerometer
shifts with a change in the displacement of the beam. Therefore, it is imperative to

keep this displacement constant to obtain a stable resonance frequency.

All the oscillation circuit schemes of the resonant MEMS accelerometers ensure that
the resonator operation is in a linear region by maintaining the displacement of the
resonators at a fixed set point value. The first topology is 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 fluctuates. 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 non-linear region. Another important topology is presented by [49],
in which a variable gain amplifier (VGA) controls 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 amplitude is calculated based on the difference

between the set point voltage and TIA output amplitude.

Another topology for oscillation-sustaining circuits is shown by [30], where the
amplitude is not controlled based on an external set point voltage, buta PLL is used
to extract frequency information. An automatic gain 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 oscillations of the
resonators of a resonant MEMS accelerometer, but they differ slightly from the
topologies mentioned above. However, the main objective is the same in all the
methods, i.e., to keep the output amplitude of the sensor stable and oscillate the

resonator at its resonance frequency.

2.5  Frequency Demodulation

Frequency demodulation is one of the main functions performed in a readout circuit
of a resonant MEMS accelerometer that uses the frequency information for the
generation of the drive signals. The frequency information is also used for mapping
the input acceleration, i.e., calculating the input acceleration based on the measured
resonance frequency. This section briefly discusses some frequency demodulation

techniques implemented in the digital domain.
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25.1 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 by the number of
zero-crossings, gives the input signal frequency. Figure 2.9 shows a simple algorithm
for the direct frequency counting method. This method is straightforward but only

suitable for low frequencies because of low resolution.
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Count =0
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Frequency = Count
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Figure 2.9: The flow diagram of the algorithm used for the direct frequency counting
method. This method is simple but has low resolution.

2.5.2 Interval-based frequency counting

The interval-based frequency counting 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 samples. Figure 2.10 shows a
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conceptual diagram for this technique. This method is simple to implement and has
better resolution than the direct frequency counting method. The drawback of this
technique is that only a very high sampling rate can provide high resolution, and
therefore not suitable for high-frequency applications. Also, this technique requires
a comparator design for time period measurement, resulting in a square wave that
loses the amplitude information. This technique is also unsuitable for an analog-to-
digital converter (ADC).

Zero crossings
\

\
Y

time interval, T
f=1+/T

Figure 2.10: The interval-based frequency counting method measures the time
between zero crossings. The resolution of this method improves by using a higher
sampling rate and taking an average of the measured values.

2.5.3 PLL-based frequency counting

A phase-locked loop (PLL) approach is commonly used in many applications to track
the input frequency, and it can be implemented in the analog and digital domains. A
typical PLL has three main parts: (i) a phase detector, (ii) a loop filter, (iii) and a
voltage control oscillator (VCO). The phase detector determines the phase difference
between the input signal and a reference signal, and the VCO generates a reference
signal based on the phase difference between the input and the reference 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 the digital domain implementation of a PLL,
where a digitally-controlled oscillator (DCO) replaces the VCO to generate the
reference frequency. The phase between the input and the reference signal is
calculated in the digital domain, and the loop filter is also implemented in the digital
environment. The performance of the digital PLL depends upon factors such as phase
detection technique, loop filter, and signal generator method. Figure 2.11 shows a
conceptual diagram of the different components of an analog and a digital PLL. In
both cases, phase detection is performed between an input and a reference signal.
The loop filter is implemented in the analog and digital domains, and its output drives
the oscillator. The signal from the loop filter 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

A

Ref_erence DCO |«
signal Control word

Figure 2.11: A conceptual diagram of an analog and a digital PLL. The functional
blocks are the same in the 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 performance. The
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.

25.4 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 signal and
then passing the product through a low-pass filter to remove the high-frequency
components. The filter output is zero if the phase difference between the input and
the reference signal is 90° and the frequencies are identical. A proportional-integral
(PI) controller is used to track the outcome of the low-pass filter, and this controller
generates a control signal to update the reference signal until both frequencies are
90° phase-shifted. Figure 2.12 shows a simplified schematic of the synchronous

demodulation technique.

input = cos (Wt ) LPF
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Figure 2.12: A schematic diagram showing the synchronous demodulation method.
The mean of the multiplication between two signals is zero if they are 90° phase-
shifted and have the same frequency.
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The reference generator shown in the figure is a digitally controlled oscillator or any
other mechanism that can generate a sine signal. This demodulation technique
depends significantly on the phase difference between the input, and the reference
signal, which must be 90°.

255 CORDIC-based frequency demodulation

Another commonly used method for frequency and amplitude demodulation is the
CORDIC-based method. The input signal is converted to its in-phase and quadrature
signals. Figure 2.13 shows the ‘7’ and ‘Q’ components of a signal with an ‘A’

magnitude.
In — phase component = [ = Acos ¢

Quadrature component = Q = Asing

0 = Asin(9)

0 1 =]4 cos( )

Figure 2.13: In-phase (1) and quadrature (Q) components of a signal. 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 ‘Q’ and ‘I’ at any instant.
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¢ =tan' (/) 2.23
A= /12 + Q2 2.24

Different methods can calculate a signal’'s quadrature and in-phase components. The
most common practice is multiplying the input signal with two reference signals,
which are 90° phase shifted. Figure 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
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o e L
g
cos(w2t) LPF §-
o

Figure 2.14: A simplified schematic of frequency demodulation using the CORDIC
functions.

Another approach for 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 for systems with high processing power.

2.5.6 The least mean squares (LMS) based frequency demodulation

The LMS adaptive filter is another technique that can extract frequency information

from an input signal. The following equations show the LMS algorithm [45]:
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N
y(k) = z w;(k) x; (k —1) 2.25
i=0

e(k) = d(k) —y(k) 2.26

w(k+1) =w(k) +2uelk) x(k) 2.27

Where x is the input signal, w is the weight vector, d(k) is the reference signal, y(k)
is the filter output, e(k) is the error signal, and p determines the stepsize for updating
the weight vector. The filter keeps the error signal as small as possible by adjusting
the u factor.

2.6  Amplitude demodulation

Amplitude demodulation is another critical function performed in the analog readout
circuit of a resonant MEMS accelerometer. The amplitude information is used to
maintain a stable displacement of the resonators by 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 rectification is the simplest method that can be implemented in the digital
domain. In this method, the absolute value of all the input samples is passed through
a low-pass filter to estimate the amplitude of the input signal. Equation 2.28 shows

the relation to finding the input signal's amplitude using N last samples.

N
1
mean value = Xxqp,5 = N lenl 2.28
n=1

N = length of low pass filter
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The performance of this method improves by using cascaded filters with a smaller
number of taps. 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) is another simple method that can be implemented in the
digital domain. Equation 2.29 gives the relation to calculate the RMS value of the

input signal.

2.29

Where x is the input signal sample and N is the number of samples used to calculate
the RMS value. The accuracy of this method also improves 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 explained the CORDIC-based method to perform frequency
demodulation. However, the CORDIC method also provides the amplitude
information using the Pythagoras theorem, as shown in Equation 2.31. The
advantage of using the CORDIC-based method is that a single method calculates
both frequency and amplitude of the input signal.

¢ =tan"2(Y/) 2.30

A= /12+ Q2 2.31
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2.7 Summary

The typical readout circuit of a resonant MEMS accelerometer can be divided into
three parts: a pre-amplifier stage, an oscillation-sustaining part, and a frequency
reading part. Different topologies for the pre-amplifier stage differ in their
performance concerning gain, bandwidth, stability, and noise. The oscillation-
sustaining part ensures a correct closed-loop operation of the resonators; however,
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 frequency of the resonant MEMS

accelerometer output signal.
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CHAPTER 3

SENSOR DESIGN AND CHARACTERIZATION

This chapter briefly introduces the design and characteristics of the resonating
MEMS accelerometer sensors used to develop the digital control loop-based readout
circuit in this study, where these sensors are developed in the framework of another
ongoing thesis study!. Section 3.1 presents the salient design features of the resonant
MEMS accelerometer sensors available throughout this study. Section 3.2 reviews
the results of chip-level characterization of the resonant MEMS accelerometer
sensors, which is achieved using a Dynamic-Signal-Analyzer (DSA) and a Lock-in-
Amplifier. Section 3.3 discusses the detailed characterization of the resonant MEMS
accelerometer sensors using a lock-in-amplifier setup to obtain the sensor's
resonance frequency, gain, scale factor, and bias instability. Section 0 briefly
mentions the problems encountered in operating the resonant MEMS accelerometers
in a closed loop using a lock-in-amplifier setup. Finally, Section 3.5 summarizes the

main observations of this chapter.

3.1  Sensor Design

Three resonant 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 Dogan is doing his Ph.D. on development of a high performance resonant MEMS
accelerometer, and the sensors used in this study are developed as a part of his ongoing study.
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the second, also 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 double-ended tuning fork (DETF)
resonators that allow differential reading, which helps compensate for first-order
temperature effects by subtracting the common drift in the resonance frequencies.
The DETF beams are 4um x 4um x 792um in dimension, where each DEFT is
connected to an anchor at one end and to the proof mass at the other via a lever
mechanism. The size of the proof mass is small to reduce the sensor footprint, but
the smaller proof mass comes with a few disadvantages; higher Brownian noise due
to smaller proof mass and reduced sensitivity because a smaller proof mass generates
a smaller force. The sensitivity reduction problem can be solved by introducing a
lever mechanism, which transfers higher force from the proof mass to the DETF
resonators. The lever mechanism can be single-stage or multi-stage, but only a
single-stage lever 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 electrode has 76 fingers with a 2um gap
between the electrode fingers and the 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.
Equation 3.1 gives the relation for the force induced on the proof mass.

1 -
Fe: EC(EONEV 3.1

Where Fe is the electrostatic forcing applied on the parallel plates, a is the correction
factor for the fringing fields, N is the number of fingers, | is the overlapping length,
d is the gap between the plates, and V is the applied voltage between the plates.

Another electrode is also present to provide DC biasing to the proof mass. The force
generated between 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

environmental 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 anchors. Therefore, the
number of anchors is reduced to two to minimize frequency fluctuations caused by
external factors and internally generated stress. The sensors are vacuum packaged to
achieve more robustness against environmental effects, such as temperature. Table

3.1 gives different parameters for the sensor design.

Table 3.1: The salient design parameters of the sensor

Parameter Value Unit
DEFT beam length 792 pHm
DEFT beam width 4 pum
DEFT beam mass 2.58e-10 kg
Mass of proof-mass, m 3.7e-7 kg
Number of fingers, N 76 -
Sensing gap, d 2 pm
Overlapping length, | 1 pHm
Sense capacitance, C 11.8 pF
Sensitivity, dC/dX 1.18e-08 F/m

3.2 Chip-level sensor characterization

The chip-level testing ascertains the health of a sensor chip before connecting it to a
PCB. Figure 3.1 shows a probe station setup that can access the electrodes of the
sensor chips to perform chip-level testing. All the designs have the same pad
configuration: Pin-1 is used to supply the voltage to the wafer cap, which is either
tied to the proof-mass voltage or the ground level. The wafer cap is grounded for all
the tests performed except for the leakage testing. Pin-4 is used to supply the proof-
mas voltage to the proof mass of the sensor. The proof mass can get any voltage
value depending on the test requirement. Pin-2 and Pin-3 are used to supply
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excitation voltage to the resonators of a sensor. The output of the sensor is a current

read at Pin-6 and Pin-7 (coming from the two resonators).

W !

Cap Vol

Figure 3.1: Probe station to perform chip-level testing of the sensor chips with a
close conceptual view of a sensor chip showing different input and output signals of
the sensor.

The input and output signals of the sensor can be connected to a dynamic signal
analyzer (DSA) or a lock-in-amplifier using an interface PCB to perform chip-level
tests. The interface PCB has a pre-amplifier stage for each resonator that converts
the current into voltage. An additional gain stage is also present on this interface
PCB to adjust the level of the sensor output signal.

The chip-level testing consists of three types of tests: (i) the first test checks for any
current leakage between the wafer cap and the sensor structure, (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 resonators, (iii) and the third is the frequency sweep test to
find the exact resonance frequency value. Figure 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 setup used for chip-level testing of 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 ammeter. Initially,
The proof-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 voltage is also raised to 15V. Any short between the wafer cap
and other conducting parts results in an increased current drawn by the sensor. If
there is no abnormal current in both biasing conditions, it can be said there is no
leakage in the sensor. Both the resonators of each sensor must pass the leakage test

for a qualified sensor.
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3.2.2 FFT Test

FFT test can obtain an approximate resonance frequency value for any resonator.
The sweep-frequency 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 of a chip-level characterization of the sensors selected
from the final design (R2B-type). The resonance frequency lies in the region between
16kHz and 17kHz. The two resonators of any chip have different resonance
frequencies, which also vary from chip to chip. Also, the difference between the
resonance frequencies of the two resonators of a single sensor is not constant for all
chips. This difference varies between 43Hz and 187Hz in different sensors and
results from fabrication imperfections. The resonance frequency of the resonators

also changes with time.

3.21 Frequency Sweep

After obtaining an approximate resonance frequency of each sensor chip, the
frequency sweep test in a 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 excitation voltage 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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Table 3.2: The chip level sensor characterization of the R2B-type resonant MEMS
accelerometers showing resonance frequency under different biasing conditions.

Sensor | Proof mass Resonance Resonance Difference
No voltage frequency 1 (Hz) | frequency 2 (Hz) [f1-f2|
10V 16428.4 16240.8 187.6
N4N4 oV 16424.3 16236.5 187.8
3V 16423.4 16235.5 187.9
10V 16604.1 16540 64.1
N4N2 oV 16601.4 16537 64.4
3V 16600.7 16536.5 64.2
10V 16924.7 17018 93.3
N4P3 SV 16921.8 17015.5 93.7
3V 16921.1 17014.9 93.8
10V 16997.5 17044.7 47.2
N3N7 SV 16993 17040.9 47.9
3V 16991.7 17040.1 48.4

3.3 Sensor Characterization with lock-in-amplifier

The resonant MEMS accelerometer sensors qualified in the chip-level testing are
selected and soldered to a pre-amplifier PCB module, which is suitable for testing
with a lock-in-amplifier and a digital control PCB to implement a digital control loop
for the resonant MEMS accelerometer. The output of this amplifier module is signals
from the sensor amplified by the pre-amplifier, and the input to this PCB is the drive

signals to oscillate the resonators. Figure 3.3 shows a conceptual connection diagram
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for the test setup employing the lock-in-amplifier, which converts the analog signal
to the digital domain using an ADC and then generates the drive signals usinga DAC
after processing in the digital domain.

The sensor characterization is carried out systematically to get an in-depth
understanding of the sensor behavior. Different parameters, such as proof-mass
voltage, excitation voltage, and PLL parameters, affect the performance of these

sensors, and their effect can be observed in the sensor output data.

Lock-In Amplifier module

Figure 3.3: The setup diagram for testing the resonant MEMS accelerometers with a
lock-in-amplifier showing major components of the testing scheme.

331 Frequency Sweep

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

their new configuration is essential. The 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 on the biasing conditions. It is, therefore, necessary to perform the

sweep test at different biasing conditions. The test settings are as follows:
Proof mass voltage: 3V~15V
Excitation voltage: 0.1mV~5mV

The biasing conditions determine the sensor's region of operation. Too high
excitation voltage levels can push the sensor into a non-linear region. Therefore, it is
also essential to know the limits of the excitation voltage level that should be applied
to excite the sensor. The frequency sweeping is carried out at different values of
proof mass voltage and excitation voltage, and their effects on the resonance

frequency, gain, and region of operation are recorded for later use.

Figure 3.4 shows the result of the frequency sweep of Resonator 1 of sensor N4N2
at different proof mass voltages using a lock-in-amplifier, using 0.1mV excitation
voltage. The plot shows that the resonance frequency of this resonator changes only
a few Hz when the proof mass voltage is changed. The figure also shows an increase
in the gain of the resonator as the proof-mass 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 frequency. The
resonance frequency of Resonator 1 is approximately 16763Hz at 5V proof-mass

voltage, which increases to 16766Hz at 15V proof-mass voltage.
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Figure 3.4: The frequency response of Resonator 1 of sensor N4N2 at different proof
voltages with excitation voltage set to 0.1mV, showing approximately
16763Hz resonance frequency.

Figure 3.5 shows the frequency response of Resonator 2 of sensor N4N2 at different
proof-mass voltage values while the excitation voltage is set to 0.1mV. The
resonance frequency of Resonator 2 is approximately 16480Hz at 5V proof-mass
voltage, which increases to 16483Hz at 15V proof-mass voltage. The plot shows an
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increase in the gain as the proof mass voltage is increased from 5V to 15V. The
figure also shows the phase response of the resonator, where the phase changes
sharply at the resonance frequency point. The resonance frequency of Resonator 2 is
approximately 187Hz lower than the resonance frequency of Resonator 1.
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Figure 3.5: The frequency response of Resonator 2 of sensor-N4N2 at 0.1mV
excitation voltage under different values of proof-mass voltage. The resonance
frequency is approximately 16480Hz.
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Figure 3.6 shows the frequency sweep response Resonator 2, demonstrating the
linear and non-linear behavior of the resonator at 5V proof-mass voltage. The gain
and phase response at 2mV excitation voltage indicates a non-linear behavior. A

higher value of excitation voltage must be avoided for a linear operation.
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Figure 3.6: Frequency response of Resonator 2 of sensor-N4N2 at 5V proof mass
voltage showing non-linearity at higher values of excitation voltage.
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Figure 3.7 summarizes the resonance frequency behavior of the Resonator 1 of the
sensor N4N2 under different biasing conditions. The x-axis shows the biasing
conditions as a set of the proof mass voltage and the excitation voltage. The first
number shows the proof mass voltage in volts, and the number after ‘+’ shows the
excitation voltage in mV. The plot shows that the resonance frequency of Resonator
1 is not much affected by the change in the proof mass voltage or the excitation

voltage.
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Figure 3.7: Summary of the resonance frequency of Resonator 1 of sensor-N4N2 at
different biasing conditions. There is not much change in the resonance frequency of
Resonator 1 due to a change in the biasing conditions.

Figure 3.8 summarizes the resonance frequency behavior of Resonator 2 of the
sensor N4N2 under different biasing conditions. The x-axis shows the biasing
conditions as a set of the proof mass voltage and the excitation voltage. The first
number shows the proof mass voltage in volts, and the number after ‘+* shows the
excitation voltage in mV. The plot shows that the resonance frequency of Resonator
2 also is not much affected by the change 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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Figure 3.8: Summary of the resonance frequency of Resonator 2 of sensor-N4N2 at
different biasing conditions. There is not much change in the resonance frequency of
Resonator 2 due to a change in the biasing conditions.

The frequency sweep tests performed on other resonant MEMS accelerometer
sensors with similar biasing conditions show similar behavior. This section has
presented detailed results for all the possible biasing conditions applied to the sensor-
N4N2. However, for brevity, one plot each from sensors N4N1 and N4P3 to
understand the general trend of the R2B-type sensors is shown here. Figure 3.9
shows the frequency sweep response of Resonator 1 of sensor-N4N1 at 5V proof
mass voltage under different values of excitation voltage. The resonance value of
this resonator is around 16922Hz, which is approximately 400Hz higher than the
Resonator 1 of the sensor-N4N2. The resonator shows a linear behavior for 0.1mV,
0.3mV, 0.5mV, and 1mV excitation voltage. Increasing the excitation voltage shifts
the resonance frequency, and the sensor goes into nonlinearity. Compared to sensor

N4NZ2, this resonator does not go into the non-linear region at 1 mV. It shows that
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the nonlinearity threshold is different for different sensors, and it is critical to

perform sweeping frequency tests to find the limits of non-linearity.
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Figure 3.9: The frequency response of Resonator 1 of sensor-N4N1 at a 5V proof
mass voltage shows 16922Hz resonance frequency. A non-linear behavior is present
at excitation voltage values higher than 1ImV.

Figure 3.10 shows the frequency sweep response of Resonator 2 of sensor-N4P3,
showing a resonance frequency of approximately 16975Hz. This resonance
frequency value is different from the values of sensors N4N2 and N4N1. This
observation was also noted during the chip-level testing that the resonance frequency
of the sensor varies from chip to chip. The plot in the Figure 3.10 shows that the

sensor goes into a non-linear region at 2mV for 5V proof mass voltage.
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Figure 3.10: The frequency response of Resonator 2 of sensor-N4P3 at a 5V proof
mass voltage, showing a non-linear behavior at 2mV and higher excitation voltage
values.

The results of this section underline the importance of frequency sweep at several
biasing conditions because every sensor has a different threshold for excitation
voltage that drives it into a non-linear region. The general trend is the same for all
the sensors: the excitation voltage threshold is reduced with an increase in the proof-
mass voltage. Therefore, it can be concluded that the gain depends on the proof-mass
voltage, and the linearity of the response is dependent on the excitation value. The
correct proof mass and excitation voltage combination operate the resonators at the

desired gain value without going into the non-linear region.
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3.3.2 Closed loop testing with the lock-in-amplifier

There are two essential requirements to operate the resonator in a closed-loop form:
(1) the first is frequency tracking, (ii) and the second requirement is maintaining a
stable output amplitude. The frequency tracking of the resonators of a resonant
MEMS accelerometer can be performed using a proportional-integrator (PI)
controller-based phase-locked loop (PLL) block present in the lock-in-amplifier,

whereas another PI controller block performs the amplitude stabilization.

3.3.21  PLL for frequency locking

A PLL is used in the lock-in-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 a set-point phase. A numerically
controlled oscillator generates the reference signal according to the PI controller
output. The performance of a Pl controller depends on the values of its parameters.

Figure 3.11 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
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Figure 3.11: The block diagram of the PLL implementation of the lock-in-amplifier
used in this study. The phase is used as a setpoint to track the input signal’s
frequency.
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The phase difference obtained from the input and reference signals is compared with
the set-point phase value. The difference between the actual and desired phase is the
error signal that is used as input of the PI controller. The parameters P (proportional)

and | (integral) are multiplied by the phase-error 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 lock-in-amplifier. The user interface of the lock-in-amplifier accepts
a fixed amplitude point and maintains the output amplitude at that set-point value.
The proportional and integrator parameters control the performance of this Pl
controller. However, the speed of the amplitude stabilization Pl controller does not
require to be as fast as the frequency tracking PLL. Figure 3.12 shows an Allan
variance plot of the data obtained from the sensor N4N2. The plot shows a 34pg/\Hz
noise level and a bias instability of 10ug at 3V proof mass and 0.3mV excitation
voltage. The bias value remains under 20 g even after 200sec showing the inherent

stability of the sensor at room temperature.

T

P ::. i

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 10pg bias instability and 34pg/VHz noise level.
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The data is collected at different values of the proof mass and excitation voltage to
calculate the noise level and bias instability. Table 3.3 summarizes noise values and
bias instability calculated from sensor data at several biasing points. The results show
a bias instability value of 7ug, and a noise level of 10pg/\Hz can be obtained from
this sensor. These values are also dependent on the bandwidth used in the PID
controller, where a higher bandwidth increases the noise in the data and degrades the
bias instability. The data shown in this table is collected at 20Hz bandwidth.
Increasing the bandwidth increases the sensor’s response time and the fluctuation in
the demodulated frequency. The proof mass and excitation voltage also affect the
bias instability and the sensor noise. The increase in the excitation voltage decreases
the noise and bias instability of the sensor: the noise level drops from 109ug/NHz to
26ug/NHz when the excitation voltage increases from 0.1mV to 0.5mV while the
proof-mass voltage is 3V. Similar improvement can be seen with an increase in the
excitation voltage under 5V and 10V proof-mass voltage values. The proof-mass
voltage also affects the noise and bias instability levels, and the results show that the
noise and bias instability improves with the proof-mass voltage increase.

Table 3.3: Summary of noise and bias instability calculated at different biasing
conditions at 20Hz bandwidth (sensor-N4N2 R2B-type).

Proof mass | Excitation voltage Noise (ng/VHz) Bias instability (ug)

0.1mV 109 94
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

65



3.3.3 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 Og, +1g, and -1g positions. Each sensor
has two resonators, so their sensitivity is calculated separately, and then the
differential reading is taken to obtain the total scale factor. The following statements

provide a simple method to calculate the scale factor of the sensors.

Sensitivity of Resonator 1,5z, = HZ/Zg

Sensitivity of Resonator 2,5z, = HZ/Zg

Scale factor,Sp = w Hz/g
Figure 3.13 shows the scale factor calculation with the proof mass voltage set to 3V
and the excitation voltage set to 0.3mV. The sensitivity of Resonator 1 is
approximately 44.8 Hz/g, and the sensitivity of Resonator 2 is approximately 50.15
Hz/g. The differential scale factor of the sensor N4N2-R2B at these biasing
conditions is 95.05 Hz/g.

168 x10* Scale factor calculation of sensor NAN2 @ 3V
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Figure 3.13: Scale factor calculation for sensor N4N2 at 3V proof mass voltage
showing a scale factor of 95Hz/g.
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The proof mass and excitation 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] .

1.66 -

Frequency (Hz)

1.655 -

165 I | 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 N4AN2 at 10V proof mass voltage
showing a scale factor of 94.5Hz/g. The scale factor is stable under different biasing
conditions.

Several proof mass and excitation voltage pairs are used to measure the scale factor
to understand the effect of biasing conditions on the sensitivity of the sensor. Table
3.4 presents a summary of these calculations, and the results show that the scale
factor of sensor-N4N2 is stable under all the mentioned conditions. There is a total
change of less than one hertz. Also, this change can be the result of a measurement
error or an actual change in the resonance frequency under the effect of different
biasing conditions. 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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Table 3.4: Summary of scale factor calculation results at different biasing conditions
for sensor-N4N2 (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/g) (Hz/g) (Hz/g)
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
5V 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 closed-loop operation
using the lock-in-amplifier. The input of the lock-in-amplifier is noisy, and it cannot
read signals with a small amplitude (<1mV). Therefore, there was too much noise in
the data collected from the sensor. A way around this problem is to introduce a gain
stage between the pre-amplifier and the lock-in-amplifier input. This gain stage
improved the SNR, and there was a significant reduction in the noise. Secondly, the
excitation voltage for the drive electrodes is also 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

The resonant MEMS accelerometer sensors used to develop the digital control loop-
based readout circuit in this study are characterized first at the chip level using a
DSA and a lock-in-amplifier setup. Then the detailed characterization is performed
using the lock-in-amplifier. Testing with different sensors (type-R1A and type-R2B)
reveals that resonators’ resonance frequencies differ, which varies with each sensor.
This difference is 43Hz in some of the sensors and approximately 187Hz in some of
the sensors. Additionally, the resonance 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 sensors operate in linear regions. The linearity of
the sensor operation depends on the value of the proof-mass voltage and the
excitation voltage. The proof-mass voltage is directly proportional to the gain and
SNR of the sensor. However, higher values of proof-mass voltage drive the sensor
into non-linear regions. A higher excitation voltage value also drives the resonators
into the non-linear region. The threshold of excitation voltage, which keeps a linear
operation, decreases with an increase in the proof-mas voltage. The resonance
frequencies of the sensor-N4N2 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 of 7ug.

69






CHAPTER 4

IMPLEMENTATION OF DIGITAL CONTROL LOOP-BASED READOUT

This chapter explains the implementation of the digital control loop-based readout
circuit using a microcontroller. Section 4.1 presents different blocks of a digital
control loop-based readout circuit and their comparison to a typical analog readout
circuit of a resonant MEMS accelerometer. Section 4.2 explains the components of
the readout circuit, such as the pre-amplifier stage, the gain stage, the analog-to-
digital conversion, the microcontroller, and the digital-to-analog conversion.
Section 4.3 provides a noise analysis of the proposed readout circuit. Section 4.4
reviews the interpretation of noise using Allan variance plots. Section 4.5 shows the
simulation results of the Simulink model of the readout circuit. Section 4.6 presents
the technique used to operate the sensor in a closed loop using a microcontroller.
Section 4.7 explains different algorithms used to realize different functionalities of a
closed-loop operation in a microcontroller. Section 4.8 summarizes the focal points

of a digital control loop implementation.

4.1  Blocks of the digital readout circuit

Figure 4.1 shows a block diagram of a digital readout circuit of a resonant MEMS
accelerometer. Some digital readout circuit blocks for a resonant MEMS
accelerometer are similar to an analog readout circuit. As mentioned in Chapter 2,
an analog readout for a resonant MEMS accelerometer has three main components:
the pre-amplifier stage, the oscillation-sustaining circuit, and a frequency reading
mechanism, as shown in Figure 2.3. The preamplifier stage, which converts low-

level current signals to readable voltage values, is also necessary for the digital
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readout circuit, while the functions of the remaining two blocks are achieved 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
T T |_ ____________

I w— | | e Microcontroller
LS e

I Measure Amplitude
| I Measure Frequency

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

I
|
I
| Data processing
I
I

Transmit data

Figure 4.1: Conceptual diagram of the digital implementation of a resonant MEMS
accelerometer. Off-the-shelf components are used to realize the digital control loop.

An ADC converts the analog signals to the digital domain. The quality of this
conversion depends on the number of ADC bits and the sampling rate. Some of the
functionalities previously performed in the analog are transferred to the
microcontroller, such as amplitude and frequency demodulation. A PI controller
inside the processor maintains the output amplitude by comparing the demodulated
amplitude with a set-point value. Another PI controller-based PLL is implemented
in the software to track the resonance frequency. The DAC generates the drive
signals to oscillate both resonators. The excitation signal amplitude is based on the
Pl controller output that controls the output amplitude, whereas the PLL output

controls the excitation signal frequency. A serial port transmits the frequency and
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amplitude information to a computer or a system that will use this output data to

provide the acceleration information.

4.2  Circuit Implementation

The digital control is implemented using discrete off-the-shelf components. The
ADC converts the analog signals to the digital domain, and the DAC converts them
back to the analog domain after processing. Different components 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 stages in the circuit for a smooth operation. The
first amplification stage is the pre-amplifier stage which converts the motional
current into voltage. The characterization results show that an additional gain stage
is required to improve the SNR of the signal at the input of the ADC. The second
amplification stage is used to increase the input signal level. A well-defined input
signal achieves a better result from the product between the input and the reference
signal while extracting the frequency information. Therefore, the input signal is
amplified before reading by the ADC. Amplification is also required to generate DC
voltages for the proof mass and the wafer cap. The DAC can generate signals from
0~2.5V, but the proof mass and the wafer cap may require voltage up to 20V. In
order to control the proof mass and the wafer cap voltage through software, an
amplification stage is present after the DAC. The level of drive signals is small
(typically < 1mV) and falls well within the range of the DAC, and hence does not
need an additional amplification stage.

Figure 4.2 shows the schematic of the first component of the circuit comprising the
sensor module and pre-amplifier stage. The sensor module has four inputs: two drive
signals, cap wafer voltage, and proof mass voltage. There 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 connected to the proof-mass voltage. The sensor's output is a current
signal fed to the pre-amplifier stage. There 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

Figure 4.2: The schematic for the pre-amplifier stage and sensor module. A charge-
sensing pre-amplifier scheme is used to obtain a substantial gain and a good noise
performance.

The amplifier IC shown in the circuit diagram in Figure 4.2 has two amplifiers that
amplify the signals from both resonators of a sensor. The pre-amplifier stage is a
charge-sensing configuration where high resistance is used for DC biasing, and
capacitance is used to achieve a very high gain. This pre-amplifier configuration has
been discussed in a previous chapter. It provides high gain, and its noise performance
is better than some other pre-amplifier configurations. A very high feedback resistor
value limits the input-referred noise, which is critical for noise performance.

Equation 4.1 gives the gain of the charge-sensing amplifier.
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Ry,

R(s)= — b
(s) Ry Crs+1 4.1

Where Ry, is the biasing resistance, and Cs is the feedback capacitance. The biasing
resistor used in the circuit has a value of 470MQ, and the value of the feedback
capacitor is 1pF. The gain of the pre-amplifier stage is approximately 52.28M around
the oscillation frequency.

The gain and phase plot of the pre-amplifier stage is obtained using the Ltspice
software, as shown in Figure 4.3. The parasitic capacitance of 14pF is used in the

simulation as per the amplifier’s datasheet values.
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Figure 4.3: Phase and gain plot of the pre-amplifier stage simulated in Itspice. The
gain at the oscillation frequency (17kHz) is 140dB.

The noise simulation of the pre-amplifier is shown in Figure 4.4 using ltspice
software. The output noise is higher at lower frequencies, whereas its value decreases

as the frequency increases and obtains a stable value after some point. The resonance
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frequency is greater than 16kHz for all types of sensors used in this study. At this

frequency value, the noise value is relatively low.
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Figure 4.4: The output noise of the pre-amplifier stage simulated in Itspice showing
116nV/ VHz output noise voltage around the oscillation frequency of the resonant
MEMS accelerometers used in this study.

Figure 4.5 shows the circuit's next stage, where the pre-amplifier signal goes to the
ADC after passing through an instrumentation amplifier. The amplifier stage
provides gain to the input signal, and a differential signal is fed to the ADC to
eliminate common biasing errors. The characterization results section has already
discussed the importance of this intermediate stage. It provides an amplified signal
to the microcontroller to achieve a useful multiplication product for frequency

demodulation.
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Figure 4.5: The schematic for the gain stage and differential input to ADC. The gain
stage provides the necessary gain to the input signal to obtain a workable level.

Equation 4.2 gives the input/output relation of this amplifier configuration:
Vout = Winy — Vin-) * G 4.2

Where Vot is the output of the amplifier, Vin+ and Vin- are the input and reference
ground signals, and G is the gain of the amplifier. Equation 4.3 gives the gain of the

instrumentation amplifier.

2x Ry

G=1+ 4.3

19

Here it is assumed that R1 and R2 are equal in magnitude. A gain of 41 is achieved
in the actual circuit by setting the resistor values of R1 and R16 to 1kQ and 20k<,
respectively. Another important parameter of this circuit is its bandwidth, which

depends upon resistor and capacitance values.

The resonance frequency of the fabricated sensors (type-R2B) is approximately
around 17 kHz. The bandwidth should be greater than twice this value. The value of

the resistance is adjusted according to the gain required. Therefore, capacitance is
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the only other parameter that can adjust the amplifier's bandwidth. The resistor and
capacitance values are set to achieve a bandwidth of approximately 60 kHz. This
bandwidth value limits the signals that can pass on to ADC and help block high-
frequency noise.

The ADC used in this circuit has the following salient features:

Resolution: 16 bit

Mode: Differential

Sampling rate: 1 M samples/sec
Communication: SPI 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 use of virtual ground, which
facilitates the DAC operation. The DAC used in this study can generate voltage
levels between zero and reference voltage, which is 2.5V in the developed circuit.
The drive signals generated by the ADC are added to the virtual ground, which is
1.25V. The swing of the excitation signals is very small and easily comes within the
range of the DAC,i.e., 1.25V+excitation_voltage falls in the 0~2.5V range. Figure
4.6 shows the DAC configuration used in the circuit. The microcontroller controls
the DAC through an SPI protocol. The DAC provides sinusoidal excitation signals
to the resonators and static voltages to the proof mass and the wafer cap. The proof
mass voltage and the wafer cap voltage can be changed at any time using the
software. An amplifier stage is present between the DAC and the proof-mass voltage
to amplify the DAC output to obtain the desired proof-mass voltage. The amplifier
has a gain of 10, allowing it to generate voltage levels up to 25V. Under normal
conditions, the proof mass and the wafer cap voltages are set at the sensor's power-
up and do not change during the operation. DAC used in this has the following main

features.
Resolution: 16 bit

Communication: SPI up to 100 Mbps
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Refresh rate: 5us
Range: 0 ~ VRer

The drive signal magnitude is typically less than 1mV, which equates to a decimal
value of 26 (out of 2%°) of the DAC, which affects the resolution of the generated
signals. Therefore, a higher-value voltage is generated, and then a voltage divider is

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

DAC
45V 7 | | 2 DRIVE_SIGNAL_1
VDD ouTo
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25V 1 | Rer GND —o-—USS

pap —1f_ WSS

Figure 4.6: The schematic of the DAC, showing its biasing and control signals.
Additional amplification stages are present externally 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. The microcontroller 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 part is the microcontroller. The
microcontroller used in this circuit is STM32 from STMuicroelectronics. It is a 32-bit

microcontroller with 169 MHz speed. Multiple SPI ports control different SP1-based
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components like ADC and DAC ICs. In-built CORDIC functions are available to
generate a sine wave with minimal processing power. This microcontroller collects
data from an ADC, and after processing, drive signals are generated and fed back to
the sensor using a 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 circuit to program the microcontroller and transmit serial
data for logging. Voltage ICs generate different voltage levels required by different
ICs. A temperature sensor, placed close to the sensor chip, acquires temperature data.
Figure 4.7 shows the PCB with different components present on it.

Microcontroller

.

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

4.3  Noise analysis

The noise in a resonant-based MEMS accelerometer is one of the main parameters
determining the performance. The noise in an accelerometer system can be divided

into two main categories: mechanical and electrical noise [51-53]. The mechanical
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noise results from the Brownian motion of the sensor structure. The electrical noise
results from different sources, such as pre-amplifier noise, quantization noise, clock
inaccuracy, and mass residual motion noise [51]. The digital control loop
implementation has a slightly different noise model than the conventional readout
circuit of a resonant MEMS accelerometer. The noise sources due to the automatic
gain control (AGC), variable gain amplitude (VGA), PLL, and other peripheral
analog circuitry are eliminated in the digital control implementation. On the other
hand, some new noise sources, such as quantization noise, clock inaccuracy noise,
and PI controller-generated noise, need to be considered. The following sections will
explain all noise sources in a digital control loop-based resonant MEMS

accelerometer system.

43.1 Brownian noise

The following equation shows the equivalent acceleration noise due to the Brownian
noise [53]:

4K, Th
- Tmz

2

a, 4.4

Where Kj is the Boltzman constant, T is the temperature in Kelvin, b is the damping
factor, and m is the mass of the proof mass. The equation shows that the noise is
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, m
Q

Where wr is the resonance frequency, and Q is the quality factor of the sensor. The

b=

4.5

Brownian noise reduces if the mass of the sensor structure increases or the damping
factor decreases. The damping factor decreases with a decrease in the resonance
frequency or an increase in the quality factor. The value of this noise for a single

resonator is calculated as 0.233pg/VHz using the actual sensor parameters. The
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amplification factor of the lever mechanism increases the noise level with a factor of
5, increasing the actual noise value to 1.16pg/NHz. Since two uncoupled resonators
are present in the sensor, the total noise due to the Brownian motion of the resonators
equals 1.64pg/NHz.

4.3.2 Amplifier Input Referred Noise

The pre-amplifier stage is the first stage of the system that significantly affects the
noise performance. The input-referred noise of all the later stages has a minimal
effect at this stage. The noise propagates back by dividing with the gain of the
previous stage. The pre-amplifier stage used in this study has two sources of
electrical noise. The first source of noise is the feedback resistor, and the second is
the opamp of the pre-amplifier stage. The pre-amplifier output voltage noise is given
as [35]:

R R, C;s
Vnout2 = In2 (—b)z + I/le 1+ i

2
RpCrs + 1 RyCrs + 1 %0

Where Ry is the biasing resistance, Ct is the feedback capacitance, I is the current
noise of the resistor, Vy is the voltage noise of the opamp, and Ci, is the parasitic
input capacitance. The output voltage noise is divided by the gain of the sensor, and
the input-referred noise as a current is given as [35]:

4KT , [1+ sRy(Cr + Cin)]?

Ininputz = _Rb + V, R, 4.7

The input referred noise reduces with an increase in the biasing resistance value. The
noise also depends on the feedback capacitor and the parasitic input capacitance. At

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

The input-referred current noise is calculated for the operational amplifier used in
the readout circuit using the above equations at the resonance frequency. The value

of the input-referred current noise is 5.5fA/\Hz based on the actual parameters of
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the readout circuit. There are now three noise components of the pre-amplifier: (1)
the input-referred current noise, (2) the current noise of the op-amp at the inverting
node, and (3) the voltage noise of the op-amp at the non-inverting node. The output
voltage noise resulting from these three sources of the pre-amplifier is calculated to
be 192nV/VHz.

4.3.3 Mass residual motion equivalent Pl noise

The digital control loop implementation employs a proportional-integral (PI)
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 position, resulting in the
oscillation of the proof mass. This proof-mass motion is inseparable from the motion
that results from the applied acceleration, resulting in noise generation. This type of
noise only exists in closed-loop systems where feedback is continuously updated
based on the sensor output [51, 53]. This noise depends on the parameters of the Pl
controller, which updates the feedback until it reaches the set point value, and the
demodulated frequency oscillates around the actual frequency. The input to the Pl
controller comes from a filter whose fluctuation depends on 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 oscillator's frequency that supplies clock frequency to a microcontroller is not
100% accurate. Although very precise oscillators are available, they still have some
errors in their accuracy. These oscillators affect the frequency of the reference
signals generated by the microcontroller. Therefore, the error in the clock frequency

of a microcontroller adds noise to the demodulated frequency. The crystal oscillator
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used in this study has a stability of 0.2ppm, and the contribution of this noise is not

significant compared to other noise sources.

4.3.5 Quantization noise

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

N >
N >

< eg =<

Where A is the quantization step, and eq is the quantization error. For an ADC, the

quantization step depends on the number of bits and voltage range:

A=2—b

Where b is the number of bits of an ADC, and ‘R’ is the input range of an ADC. The
term in the denominator denotes the number of quantization levels. The ADC in the
circuit used in this study is 16 bits, and its range is 5V (+2.5V). The quantization
step of this ADC is 76.294pV.

The following equation gives the mean square power of quantization noise [54]:

T
2

1 ) A
Pq=;f€q (t) dt = 12 4.8
0

The quality of an ADC output is measured in a term called signal-to-quantization

noise ratio [54]:
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P, 3
SQNR = — = = 2?%b 4.9

P, 2

This term can be expressed in decibels:

SQNR (dB) =1.76 + 6.02 b 4.10
The signal-to-quantization noise ratio (SQNR) increases with the number of bits of
an ADC. For a 16-bit ADC, the SQNR is 98.1dB. However, in actual ADC, the SNR
value is much lower than the ideal value. The 16-bit ADC used in this study has an
85 dB SNR as mentioned in its datasheet.

4.3.6 Phase noise

The output of a resonator-based MEMS accelerometer is a frequency signal, which
can be defined by Equation 4.11 [55].

v(t) = Vo [1+ a()] cos[wet + ¢(t)] 4.11
Where v(t) is the output voltage, Vo is the amplitude of the signal, « is the amplitude
fluctuation, wo is the resonance frequency of the signal, and ¢ is the phase
fluctuation. The white noise of an oscillator circuit is equally divided into amplitude
noise and phase noise [56, 57]. Leeson’s equation defines the phase noise of an
oscillator around a carrier frequency. Equation 4.12 gives a simplified version of

Leeson’s equation, giving phase noise [58].

KT wo ,
— (1+ ——)°) 4.12

2
L(Aw) = 10log( F

Where Ao is the offset from the carrier frequency, Q is the quality factor of the
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 the quality factor
of the resonator, which is the reason for the fabrication of high-Q oscillators. There
are two regions in this equation: a flat region showing a frequency-independent white
phase noise and the region where phase noise drops as 1/f2. This 1/f2 noise region

decreases very fast with high values of Q. Equation 4.13 shows a Noise-to-Signal
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ratio version of Leeson’s equation [56-59]. This equation shows that the phase noise
of an oscillator circuit can be calculated using the system's signal power and noise

power.

Power,pise
L(w) = 10 log(———22%%
(w) og( Pow ersignal) 4.13

The quantization of the signals using an ADC also generates 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
Equation 4.14 [57].

P 2
b ADC noise power Vn ade

S = =
Pade = pyll scale of ADC power 0.5 % (Vg/2)?

4.14

Where vn adc IS the spot noise of the ADC, and Vs is the full-scale range of the ADC.
The noise of the ADC is calculated by dividing the full-scale range by its SNR. The
signal power cancels out, leaving only the noise power. Also, the sampling frequency
has a direct effect on the noise of the ADC. The SNR of an ADC improves by 3dB
by doubling the sampling frequency [60]. The relation for the ADC noise is,
therefore, as follows [57]:

_ Vis®

vn,adcz — T SNR _ 4.15
4 %1010 f;

Where fs is the sampling frequency of the ADC, and SNR is the signal-to-noise ratio
of the ADC in dB. Therefore, Equation 4.14 becomes as follows:

_SNR
, 107710

Spadc” = 05 f,

4.16

The phase noise can be converted to the frequency noise as frequency is a derivative
of the phase. The following equation gives the frequency equivalent of the phase
noise [57]:
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SNR
10 10

S, = Aw? 4.17
©= o055 o

Where S, is the equivalent frequency noise, which can be converted into g’s by
dividing it by the scale factor of the resonators. The noise added to the system
depends upon the sampling frequency of the ADC and the SNR of the system. The
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.
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Figure 4.8: 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 implementation, according to its datasheet, is
85dB. However, the calculations suggested by [60] (using ADC noise power,
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sampling rate, and noise of input resistance) show that the usable SNR of the ADC
is approximately 60dB. This SNR value and the sampling frequency used in this
implementation correspond to a frequency noise of 3.6pHz/VHz. The corresponding

noise in g is 36ng/VHz theoretically.

Figure 4.9 shows different noise sources in the digital control loop-based readout
circuit. Nvewms denotes the Brownian noise due to the MEMS structure, Nria is the
input-referred noise of the pre-amplifier stage, Non is the quantization noise, Npip is
the noise due to PI controller parameters, NciLock is the noise due to DAC output

voltage noise, and NcLock is the noise due to inaccuracy of the clock.
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G_)_ /\ $ TIA ADC
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Figure 4.9: The schematic showing noise sources in the digital control
implementation.
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4.4 Interpretation of noise

Different techniques can analyze the noise present in the data of a frequency source.
The noise in a sinusoidal signal is 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 is the phase derivative, as shown in

Equation 4.18.
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1 do
f@®) = fo+ 7 dt 4.18

Where f(t) is the measured frequency, fo is the noise-free frequency, and @ is the
phase noise in the signal. The power-law noise model shows different slopes of
power spectral density (PSD) corresponding to different noise sources. PSD of phase
noise, frequency noise, or relative-frequency noise use the power-law noise model
to show different types of noise sources in the data. Another method to analyze the
data in the time domain is plotting the Allan Variance curve [61]. Different slope
regions in the Allan Variance plot correspond to different noise sources. Figure 4.10

shows different regions of the Allan variance plot corresponding to different noise

types.
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Figure 4.10: Interpretation of noise from the Allan Variance plot [61].

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. The -1 slope
in the Allan variance plot corresponds to the quantization noise present in the

accelerometer data.
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2) Velocity/Angle Random Walk

The velocity random walk (VRW) applies to an accelerometer, and the angle random
walk (ARW) to the gyroscope data. The VRW comprises the high-frequency noise
terms of the data. This type of noise has a slope of -1/2 at the left-most part of the
Allan Variance plot. The -1/2 slope line passing through T=1 corresponds to the
VRW co-efficient.

3) Bias Instability

The flat region with zero slope corresponds 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 +1/2 slope on the right side of the Allan Variance plot corresponds to the ARW.
The ARW shows the long-term stability of the sensor. One known source of the
ARW is the dependency of the sensor data on temperature. The ARW co-efficient is

calculated from the Allan variance plot at 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 period. The co-efficient of
the RR is present at T= V2.

Figure 4.11 shows the Allan Variance plot of the data obtained from the N4N2 sensor
using the lock-in-amplifier. A line with slope -1 fits the Allan Variance plot

indicating quantization noise in the data.
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Figure 4.11: Allan Variance plot of data obtained from N4N2 using lock-in-amplifier
showing -1 slope, representing the quantization noise present in the data. The bias
instability value is 10pg, and the noise value is around 34pg/\Hz.

45 SIMULINK Model and Simulation

The control loop implementation can be simulated in MATLAB using a Simulink
model. Synchronous demodulation extracts frequency information, and the
rectification method obtains amplitude data. The resonator is modeled based on
experimental data obtained from the sensor characterization presented in Chapter 3.
This section discusses different essential blocks of the Simulink model: the
resonator, the sampling of data, amplitude stabilization, frequency tracking,
reference signal generation, and incorporation of microcontroller parameters. Figure
4.13 shows the complete Simulink model for a single resonator of a resonant MEMS
accelerometer. A simpler block diagram of this Simulink model is shown in Figure

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

The transfer function of the resonator using the mass-spring-damper model is given
by Equation 4.19.

@, 1
F(S) m(sz+%s+a)2)

4.19

Where m is the mass of the resonator/spring, « is the resonator's resonance
frequency, A is the DC gain depending on the proof-mass voltage and the rate of
capacitance change with respect to displacement, and Q is the resonator's quality
factor. X is the displacement as a result of input force F. The gain, quality factor, and
resonance frequency are taken from resonant MEMS accelerometer sensor
characterization data. Figure 4.14 gives a bode plot of the resonator model, which

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 blocks simulate signals' discrete nature and sampling. In the actual
microcontroller-based 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 simulates 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
quantize the discrete data. After these blocks, the data is in a 16-bits format that
exactly matches the data acquired by a microcontroller. The sampling rate

implemented in the microcontroller and the model is approximately 147ksps.
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Figure 4.12: Simulink model of a resonator of a resonant MEMS accelerometer with amplitude and frequency
control, employing the real sensor parameters and microcontroller environment.
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Figure 4.13: A simplified block diagram of the Simulink model showing only the
main functionalities.
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Figure 4.14: The Bode plot of the Simulink resonator model showing resonance
frequency at the value determined by the model parameters.
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Figure 4.15 shows the analog signal conversion to the digital domain in the Simulink

model.

Analog signal
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Figure 4.15: The conversion of the analog-to-digital domain of the resonator output
signal (16700Hz) in the Simulink model with a sampling rate of 147kHz to emulate
the actual microcontroller implementation.

c) Amplitude stabilization loop

Two loops work in parallel for amplitude and frequency control. The first loop
controls the amplitude of the resonator output. This loop implements a wave
rectification method to extract the signal's amplitude. The rectification method is
used because of its simple implementation in the digital domain. In this method, a
block obtains the absolute value of all the incoming samples. Low pass filtering is
implemented in the Simulink model to extract the amplitude information. The output
of the low-pass filter is directly proportional to the amplitude of the input signal. The
time constant of the low pass filter determines the speed 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 determines the amplitude of the drive signal to achieve the setpoint amplitude

value. Figure 4.16 shows the effect of filter length on the convergence speed to the
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set point amplitude value. The filter is implemented as two cascaded filters. The 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 is a trade-off between the speed
and accuracy of the amplitude stabilization filter. A slow filter implementation is

more stable and accurate.
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Figure 4.16: The effect of filter length on the amplitude stabilization 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 with a reference
signal, and the product passes through a low-pass filter. The output of the low pass
filter is zero if the input signal and the reference signal are 90° phase-shifted. A Pl
controller compares the filter output with zero and generates a control word. The
control word goes to another block that generates the reference frequency. The
reference frequency corrects itself until the output of the demodulation filter is zero.
This point indicates that the reference frequency is equal to the frequency coming

from the resonator. Two blocks control the speed of convergence of the frequency
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tracking. The first block is the filter that takes the average of the product of the input
and the reference signal, and the second factor that controls the speed of the system
is the values of the P and | parameters of the PI controller. High values of Pl give a
swift response, and low values give a slow response. Again, there is a trade-off
between the speed and the noise performance of the system. A fast system is noisier
than a slow system. The PI parameters are selected such that it meets the speed and

performance criteria at the same time.

e) Fixed-point arithmetic operations

The microcontroller performs 32-bit operations, with all calculations in fixed-point
numbers. The Q1.31 format is used in the microcontroller, in which the first bit
indicates the sign of a number, and the remaining 31 bits give the value of the fraction
part of a number. The CORDIC functions in the microcontroller have Q1.31 format
as input and output. Therefore, all other calculations are performed in the fixed-point
numbers to avoid conversion from fixed-point to decimal and vice versa. The
Simulink model performs all the calculations in Q1.31 format. The floating-point

numbers are converted to fixed-point numbers and used in all the calculations.

A knob control is present in the Simulink model to change the resonance frequency

value during simulation to test the frequency-tracking capability of the algorithm.

Figure 4.17 shows a simulation result where the Simulink model tracks the changes
applied to the resonance frequency during the simulation. The noise sources
calculated in the previous section are added to the Simulink model to observe the
effect of noise. The noise due to clock inaccuracy is not a 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 in Figure 4.18. The fluctuation in the demodulated frequency increases five
times with the addition of noise in the model compared to a noise-free Simulink

model
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Figure 4.17: The simulation of the frequency tracking algorithm implemented in
Simulink. The algorithm successfully follows the resonance frequency when it is
modified during the simulation.
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Figure 4.18: 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 noise-free model.

4.6  Closed loop implementation

The microcontroller is at the center of the digital closed loop as it collects data from

the sensor and generates a drive signal after processing. The pre-amplifier 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 frequency. Let Si denote the signal input to ADC, and Sq denote
the generated drive signal.

Sd = Ad COS(Qd) 4.20
Si = Ai COS(HL' + @) 4.21

The two signals are multiplied by each other.

M= Sg+S;= Aycos(O;+ 6, + @)+ Aycos(6;,— 6; — @) 4.22

This data is passed through a low-pass filter. The high-frequency components are

suppressed, and the remaining terms are shown in the following equation.

M = Ay cos(6; — 6; — ©) 4.23
The control loop is timed so that the ADC reads a 90-degree phase-shifted version
of the reference signal. For this low-frequency term to 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 this low-frequency term
is passed through a PI controller, with the set-point equal to zero, the generated

frequency follows the resonator's resonance frequency.

This technique is different from the conventional methods, where in-phase and
quadrature components are used to calculate the phase of the input signals. The
requirement to calculate the quadrature components is eliminated. Figure 4.19 shows
the block diagram of the timed reference-based frequency tracking algorithm. This
reduction significantly reduces the processing power required in digital
implementation. 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 low-pass filter. This averaged value is compared to the set
point value, and PI 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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Figure 4.19: The amplitude extraction and frequency tracking implementation in the
digital domain using the timed reference signal.
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Table 4.1 compares the computations required for implementing the timed reference-
based frequency tracking algorithm with the conventional method used 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 the number of blocks and computational power used in this
study is significantly 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 tracking was performed.
**Additional processing unit is 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:

ym = ) bx(k) 424
k=0

Where x is the input to the filter, y is the output, N is the number of taps, and b is the
co-efficient of the filter. The value of b for all the terms is generally the same and

equal to 1/N. The z-transform of this equation is given as follows:

N
r —k
H(Z)—bZZ 4.25

H(w) =b* ————2- 4.26

The MAF used in this implementation has 1024 taps, and its magnitude response is
shown in Figure 4.20. The MAF is implemented as a power 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.

ym) = y(n—1) + b (x(n) — x(n - M)) 4.27

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

the division operation.
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Figure 4.20: The magnitude response of the moving average filter implemented in
the microcontroller with 1024 taps. The -3dB 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 the resonator, the pre-amplifier, the loop filter, the PI
controller, and the demodulation gain. Each component has its transfer function and
affects the overall bandwidth of the closed-loop system. Equation 4.28 gives the

transfer function of the resonator.

s
m (s? + wO/Q S+ wy?) 4.28

M(s) = n?V?

Where 7 is the conversion coefficient (depends upon the sensor parameters), V is the
proof-mass voltage, wo is the resonance frequency, and Q is the quality factor of the
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resonator. Equation 4.29 gives the transfer function of the pre-amplifier used in this

digital control implementation.
A(Ss) = ——— 4.29
S

Where R is the feedback resistance and C is the feedback capacitance of the circuit.
Equation 4.30 gives the transfer function of the low-pass filter, where w. is the cut-

off frequency of the low-pass filter.

w2

L(s) =
(s) S2+2w, s+ w2

4.30

Equation 4.31 gives the transfer function of the PI controller implemented in the
microcontroller.
P(s) = A7 4.31
S
Where K is the coefficient of the integral parameter and Kp is the coefficient of the
proportional parameter of the PI controller. The closed-loop transfer function of the

resonator can be written as Equation .4.32

L(s)M(s)A(s)P(s)Kp,

HE) = T L O M)A POIK,

4.32

The constant K, stands for the gain of the demodulation. The actual parameters from
the microcontroller implementation are inducted in this equation, and MATLAB is
used to simplify the obtained relation. Figure 4.21 shows the bode plot of this closed-
loop system with a -3dB frequency equal to approximately 66.8Hz.
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Figure 4.21: The bode plot of the closed-loop system of the sensor shows a system
bandwidth of approximately 66.8Hz.

4.6.3 Frequency reading resolution of the developed readout circuit

The frequency reading resolution of the developed digital control loop-based readout
circuit is calculated by measuring the sine wave generated with different accurate
sources. The sine wave is generated by a Dynamic Signal Analyzer (DSA — 35670A
Keysight Technologies), Zurich Lock-in-Amplifier (HF2L), and a Signal Generator
(TGF4042), and the digital control readout circuit measures the frequency of the
generated sine wave. Table 4.2 gives the critical specifications of the signal
generators available in their datasheets. The signal generator has a frequency
resolution of 1puHz 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 digital readout
circuit. The lock-in-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 0.7pHz
value. The DSA has a frequency reading resolution of 61uHz, and it is assumed that

the frequency generation is performed with a similar resolution.

Table 4.2: Specifications of the signal generators.

Device Specifications

Resolution: 1pHz

THD 0.05%

400MSa/s

Sine amplitude accuracy: 1.5%
DC Offset accuracy: 1%

Signal Generator
(TGF4042)

_ - 210MSa/s
Lock-in-Amplifier \
Demodulated frequency resolution: 0.7uHz
(HF2L) d
64-bit data
Dynamic Signal Analyzer Sine amplitude accuracy: 4%
(35670A) Frequency reading resolution: 61uHz

The value of generated frequency for DSA and the signal generator is 16700Hz, and
the value of generated frequency by the lock-in-amplifier is 16647Hz. Figure 4.22
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 configuration (sensor
+ digital readout circuit) is 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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Figure 4.22: The setup for frequency reading from the signal generators (a) Dynamic
Signal Analyzer (DSA 35670A) (b) Signal Generator (TGF4042)

Figure 4.23 gives the Allan variance plot of the frequency data acquired from the
signal generators. The minimum (of the three devices) frequency resolution
measured at one second time is approximately 16.1uHz. The differential resolution
is approximately 22.6pHz. Using the scale factor of the sensor, the expected white
noise in the sensor data is approximately 0.23pg/\NHz, which is the minimum

achievable noise level using this digital readout circuit.
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Figure 4.23: The Allan variance plot of data collected using three different signal
generators. The frequency resolution is approximately 18.6uHz, 16.1pHz, and
16.9uHz for the signal generator, lock-in-amplifier, and the DSA, respectively.

464 Frequency step change response

The bandwidth of frequency reading is measured using the frequency generator
(TFG4042). The frequency signal 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 frequency change in approximately less than 20 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 it took 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 frequency 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) 40Hz (d) 50Hz (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 half the sensor's
output data rate [62]. From this perspective, the bandwidth of the proposed system
is limited by the output data rate (ODR) of the microcontroller. The bandwidth is
increased with an increase in the ODR. However, this is only true when the control

loop of the sensor can achieve the ODR/2 bandwidth.
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In the last section, the frequency tracking of the digital readout circuit is tested 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 to a +2g acceleration. The current settings of the
readout 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 to +6g 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 frequency 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 tracking at different values of
changes in the frequency shown in Figure 4.26. It is observed from the simulation
data that the time to reach a stable frequency value increases with an increase in the
frequency step size. The figure shows that the 1Hz frequency change is tracked in
100ms, whereas the 40Hz frequency change is tracked in 1.5s. This implies 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 microcontroller performs different tasks to close the loop and operate two
resonators of a resonant MEMS accelerometer. Various algorithms are programmed
in the microcontroller to perform different functions. Some of these algorithms run
in parallel, and some work in standalone mode. These algorithms include frequency
sweeping, amplitude stabilization, frequency tracking, temperature compensation,
and serial data transmission. Each of the mentioned functionality can be performed
using different methods. These methods have different advantages and drawbacks
when compared to each other. Two main parameters determining the efficiency of a
method are speed and performance. The performance of the control loop depends on
the performance of these functionalities. However, the processing 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 processor. Additionally, 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 code. Therefore, 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 generate a sine wave using a microcontroller. Look
up table can be used, or sine values can be calculated using sine functions in a
microcontroller. The microcontroller used in this study has built-in CORDIC support
that quickly calculates sine and cosine without much processing power. Phase is
incremented at every iteration and sent to the CORDIC function. The theory of this

method is explained briefly here.

Oscillating frequency = f,
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Sampling frequency = f
fo

Phase increment,® = 2w — 4.33

fs

In this equation, only oscillating frequency is variable and determines 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 of the CORDIC function
available in the microcontroller. Figure 4.27 shows the implementation of this

method in MATLAB with actual values.
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Figure 4.27: A MATLAB simulation of interrupt cycle, ideal sine wave, and sine
wave generated using phase increments. A 20kHz sine wave generation is
demonstrated in the simulation.

The same procedure is also verified using a microcontroller by generating a
sinusoidal signal with a microcontroller and logging the generated signal using 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 signal. The 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 to 140.8 kHz, meaning that every 7ug, the 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 output. The number of samples can be increased by increasing the sampling
rate, but the ADC and the microcontroller speed limit the sampling rate. The phase

increment is calculated as 42.739° by using Equation 4.33.

Moise Filter O

Flgure 428 A 20kHz sngnalgenrated by the mlcrocontroller usmg the phase
increment method. The noise observed in the figure is from coming from the
oscilloscope.

4.7.2 Frequency sweeping

The frequency sweeping functionality is significant for the digital control loop. The
resonance frequency of resonators might shift over time for several reasons.
Therefore, it is vital to know the actual resonance frequency of the sensor at a static
position. It is observed from testing that the resonators need to be resonated close to
the resonance frequency for the PI controller to track resonance frequency. This is
because sensor output amplitude is minimal when oscillating at frequencies far away
from the resonance frequency. Figure 4.29 shows a flowchart for the frequency

sweep function. The algorithm has some initial settings defining different parameters
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during the sweep, such as range, increment step, excitation voltage, and proof mass
voltage.
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Set proof mass voltage
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Set start frequency
Set step size
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Figure 4.29: The frequency sweeping algorithm implemented in the microcontroller
to obtain the resonance frequency of the resonant MEMS accelerometers.

The algorithm starts with initial settings, which include the setting of the proof-mass
voltage by DAC. The excitation voltage is selected and multiplied by the sine
generated by the CORDIC function. The initial frequency of the sweep is adjusted
by its corresponding phase. The step size determines how much frequency is
increased after one second. The maximum count is set to limit the upper frequency

of the range. It is calculated by dividing the range by step size. At each frequency

114



value, the sensor oscillates for one second, and amplitude is recorded and averaged.
After amplitude at all points is calculated, it is transmitted 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 can be tested simultaneously or separately.

4.7.3 Amplitude stabilization

Amplitude is kept at a set point value, and a Pl 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 extraction. This 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 a pre-determined setpoint amplitude value. The
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 signal. Figure 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-
mean-squares (LMS) filter, and Biquad filter are a few other averaging techniques.
These techniques have different accuracy and speed performance. The moving
average filter is not a very high-performance method compared to other techniques
but is sufficient for this implementation. The parameters of the PI controller
determine the speed and noise level of the extracted amplitude. A fast Pl controller
generates more noise than a slower Pl controller. The noise and speed are also
affected by the time constant of the averaging filter. A filter with a significant time
constant collects a large amount of data and averages it, which results in low-noise

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 demodulation is much slower

than the bandwidth of frequency demodulation.
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Figure 4.30: Flowchart of the algorithm for amplitude stabilization of the resonant
MEMS accelerometer output implemented in the microcontroller.

4.7.4 Frequency tracking

Frequency tracking is performed by a new method similar to synchronous
demodulation. The generated drive signal is multiplied by the signal read from the
sensor, and the product is averaged to find its mean value, which should be zero for
90° phase shifted and equal frequencies. The 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 a 90° phase

shifted version of the reference signal. Thus, the average of the multiplication values

116



will go to zero if the reference and the input signals have the same frequency. A PI
controller is used to compare this mean to zero and generate a control output to
increment or decrement the drive frequency. Figure 4.31 shows a simplified
flowchart of this algorithm where the procedure is divided into four cases for
efficient implementation with a microcontroller. The microcontroller reads signals
from the two resonators and generates the drive signals to operate these resonators
in one complete loop of four cases. The first case starts with reading the input signal
from Resonator 1 and multiplying it with the reference signal. Their product is
passed through a moving average filter to get the mean value. This average 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
increments or decrements the phase, thus increasing or decreasing the drive signal
frequency using the CORDIC function. The output of the CORDIC function is in
Q1.31 (fixed point) format and is converted to a 16-bit format compatible with the
DAC. The third case is used only for writing the calculated DAC value using the SPI
interface. The fourth case interacts with the ADC through the SPI interface to prepare
the data. The loop repeats itself for reading Resonator 1 at one end and driving it
from the other end. Resonator 2 operates similarly, and its instructions are present in

the same four cases.

The frequency tracking algorithm runs in parallel with amplitude stabilization. This
algorithm sets the drive signal frequency, whereas the amplitude algorithm sets the
amplitude of the drive signal. The drive signals are generated based on the amplitude

and frequency demodulation data.
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Figure 4.31: The frequency demodulation and tracking algorithm implemented in the
microcontroller, showing different operations that are performed to read the resonant
MEMS accelerometer output and generate a corresponding drive signal.

475 Temperature compensation

Temperature dependency is one of the major drawbacks of any MEMS sensor.
Although the differential resonator design counters the effects of temperature, there
is still an effect of temperature due to the non-ideal 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 third-order equations for temperature compensation. The
computations become simple if only first-order equations are used for temperature
compensation. Therefore, the temperature has been divided into regions with roughly

linear temperature dependency. The corresponding compensation factor is selected
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depending on the temperature reading from the on-chip temperature sensor. Figure
4.32 shows a simple algorithm to divide temperature into three linear regions and
apply calibration accordingly. This 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 measurements can be taken much slower than data sampling.

Measure
Start <
temperature

/ Update /
Yes calibration
No
Update
Range 2 Yes :7 calibration /
No
Update
Yes :7 calibration /

Figure 4.32: Flowchart of the algorithm used for updating the temperature calibration
factor. The temperature range is divided into three regions to simplify the
compensation equations.
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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 start-up circuit. The resonance frequency oscillation knowledge is known
before the start of the operation. 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 amplitude. 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 start the operation 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 to a computer for monitoring using a serial port. Transferring
the data through a serial port takes some time. The microcontroller is resonating two
oscillators at approximately 17 kHz, and the time for each interrupt is approximately
1.75us. Therefore, it is necessary to transmit serial data without disturbing the
closed-loop operation. The microcontroller used in this study has different methods
to transmit data using the serial port. The first method is a standard transmission
which is serial and blocks a lot of other statements. This method is not suitable for
our application. The second method is by using the interrupt of the serial port. This
method is faster than the first and runs parallel with other interrupts. However, this
method is also lengthy compared to the interrupt cycle duration. The third method
uses Dynamic-Memory-Allocation (DMA) with UART, which is as fast as the
interrupt-based method. However, interrupt, and DMA-based methods are not fast

enough, and they may disturb the closed-loop operation. A fourth method is directly
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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 chapter provides the scheme for the digital control loop implementation of a
resonant MEMS accelerometer using a microcontroller-based digital control PCB.
The analog part of this implementation includes a low noise pre-amplifier stage
(charge sensing pre-amplifier), an intermediate gain stage (instrumentation
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, and all subsequent
processing is performed in the microcontroller. The amplitude extraction is
performed with the rectification method, and the frequency tracking is performed
using a timed reference technique, which consumes less computational power
compared to other methods. The drive signals are calculated in the microcontroller,
and a 16-bit DAC is used to generate the excitation signals. The noise analysis shows
that the pre-amplifier input referred noise (5.5fA/NHz) is less than the Brownian
noise of the sensor (19.5fA/NHz). A Simulink model is used to simulate the operation
of a resonant MEMS accelerometer using actual sensor parameters obtained from
sensor characterization, showing the capability of the proposed design to track the
resonance frequency of the resonators successfully. The last section of the chapter
gives information about the algorithms that perform different functionalities in the
microcontroller, such as frequency sweeping, amplitude stabilization, frequency

tracking, and temperature compensation.
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CHAPTER 5

RESULTS AND DISCUSSION

This chapter presents the results of a resonant MEMS accelerometer with a digital
control loop implemented using a microcontroller. Section 5.1 shows the frequency
sweep test results performed under several biasing conditions obtained using the
digital control PCB. Section 5.2 presents the closed-loop operation of the sensor
using a digital control loop implementation. Section 5.3 shows the testing to calculate
the scale factor of the sensor and frequency tracking capability of the implemented
algorithm in a microcontroller. Section 5.4 presents the effect of temperature on the
sensor data and its compensation to obtain better immunity to temperature changes.
Section 5.5 discusses the effect of filter parameters, proof mass voltage, excitation
voltage, and data rate on the resonant MEMS accelerometer data. Finally, Section
5.7 summarizes the salient results of this chapter.

5.1 Frequency Sweep

The frequency sweep is performed at different biasing conditions (proof-mass
voltage and excitation voltage) to observe the effect of these biasing conditions while
operating the sensor with the digital control PCB. The proof mass voltage is set at
3V, 5V, 7V, and 10V, whereas the excitation voltage is set to 0.1mV, 0.3mV, 0.5mV,
and 1mV in different tests. A similar frequency sweep test was also performed using
the lock-in-amplifier setup and is 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 differ from those that present a lock-in-amplifier.
Therefore, it is essential to perform similar tests with the digital control PCB to

monitor the changes in the performance. The frequency sweep gives information
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about the resonance frequency of each resonator and the gain of the resonator. The
gain values may differ from lock-in-amplifier values as their gain amplifiers have
different configurations. This section presents frequency sweep results at different
biasing conditions for the R2B-type sensor (N4N2), which is one of the resonant
MEMS accelerometer sensors characterized by the lock-in-amplifier and connected
with the digital control PCB.

Figure 5.1 shows the frequency sweep of Resonator 1 of sensor NAN2 performed at
a 0.3mV excitation voltage, whereas the proof-mass voltage varies from 3V through
10V. The resonance behavior is comparable to the results taken from the lock-in-
amplifier, and the sensor operates in the linear region at 0.3mV. There is a shift of
approximately 3Hz in the resonance frequency when the proof-mass voltage

increases from 3V to 10V, which is consistent with the lock-in-amplifier results.
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Figure 5.1: The frequency sweep response of Resonator 1 of sensor N4N2 at 0.3mV
excitation voltage at different proof mass voltage values using digital control PCB.
The resonance frequency of Resonator 1 is around 16716Hz.
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Figure 5.2 shows the frequency response of Resonator 2 of the sensor N4N2 under
different values of proof-mass voltage while excitation voltage is set to 0.3mV. The
plot shows an increase in the gain of the resonator as the proof-mass voltage
increases from 5V to 10V. The frequency shift is approximately 3Hz with this change
in the proof-mass voltage. The resonance frequency is approximately 16485Hz,
which is lower than the resonance frequency of Resonator 1. This result is also

consistent with the findings obtained using a lock-in-amplifier setup.
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Figure 5.2: The frequency sweep response of Resonator 2 of sensor N4N2 at 0.3mV
excitation voltage at different proof mass voltage values using digital control PCB.
The resonance frequency of Resonator 2 is around 16485Hz.

Figure 5.3 shows a frequency response of Resonator 1 of the sensor N4N2 at 5V
proof-mass 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 gain of Resonator 1. The change in the resonance frequency is

approximately 1Hz as the excitation voltage is increased from 0.3mV to 0.5mV.
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Figure 5.3: The frequency sweep response of Resonator 1 of sensor N4N2 at 5V
proof mass using digital control PCB. The resonance frequency is around 16716Hz.

Figure 5.4 shows the frequency sweep response of Resonator 2 of the sensor N4N2
at 7V proof mass, with excitation voltage values of 0.1mV and 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 changes. The results are consistent with the lock-in-

amplifier results.
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Frequency response of resonator 2 (N4N2) @ 7V proof-mass voltage
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Figure 5.4: The frequency sweep response of Resonator 2 of sensor N4N2 at 7V
proof mass using digital control PCB. The resonance frequency is around 16485Hz.

These results emphasize that frequency sweeping at different biasing conditions is
critical for effective sensor operation, and the limits of linear boundaries should be
recorded for each resonator from these tests. These limits are beneficial for closed-
loop operations. The amplitude stabilization is achieved using a PID controller that
drives the output amplitude to a set-point value by changing the excitation voltage
level. Therefore, a limit is required to the excitation voltage level to avoid going into
the non-linear region.

These plots also provide information about the shift in the resonance frequency when
the excitation voltage is changed. The shift in the resonance frequency is slight when
the proof-mass voltage is small, and this shift increases with an increase in the proof-
mass voltage. Therefore, the proof mass and excitation voltage must be selected to

keep the sensor from non-linear regions.
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Figure 5.5 summarizes the frequency response of Resonator 1 of the sensor N4N2
performed under different biasing conditions. The proof-mass 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 the proof-mass voltage
or the excitation voltage in the given ranges. There is a change of 2-3Hz in the
resonance frequency at higher values of excitation voltage, indicating a shift towards

non-linearity.
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Figure 5.5: The summary of the resonance frequency of Resonator 1 of sensor N4N2
obtained by frequency sweeping at different biasing values using the digital control
PCB. The resonance frequency of Resonator 1 is 16716Hz.

The results of frequency sweep are shown for both the resonators at different values
of the proof mass and excitation voltage. The response is consistent for all biasing
conditions, but slight differences exist in the data. Therefore, keeping track of these
values is critical to efficiently operate the sensor in a closed-loop configuration
without going into a non-linear region.

Figure 5.6 shows a summary of the resonance frequency of Resonator 2 of sensor
N4N2 at several biasing conditions. The overall behavior is consistent with results

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

not change much for this small excitation voltage range.
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Figure 5.6: The summary of the resonance frequency of Resonator 2 of the sensor
N4NZ2 obtained by frequency sweeping at different biasing values using the digital
control PCB. The resonance frequency of Resonator 2 is around 16485Hz.

The gain of the resonators increases significantly with proof mass voltage.

Figure 5.7 summarizes the gain of resonators of the sensor N4N2 under different
values of the proof mass and excitation voltage. The proof-mass voltage affects the
resonator gain, but the excitation voltage does not significantly affect the gain.
Resinator 1 and Resonator 2 show similar gain values under different biasing

conditions.

5.2  Closed loop operation

The frequency sweep of the resonator gives optimum values of proof mass voltage
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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proof-mass 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 proof-mass voltage. The excitation voltage value between 0.3mV
and 0.5mV shows a linear behavior at a 5V proof-mass voltage.
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Figure 5.7: The summary of the gain obtained by frequency sweeping at different
biasing values using the digital control PCB. The gain of the resonators increases
significantly (from 50dB to 73dB) with an increase in the proof-mass voltage.

Figure 5.8 shows the Allan variance plot of data obtained from the sensor. The data
is obtained as the difference of frequencies between two resonators and then
converted to acceleration by dividing with the scale factor. It can be seen from this
plot that bias instability of 9.7pug/VHz can be obtained under these conditions. The
achieved bias instability value is very close to that obtained using the lock-in-
amplifier setup (7u1g). The white noise value is higher compared to the data obtained
using the lock-in-amplifier. This higher value is expected owing to a lower data rate

and sampling rate in this implementation.
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Figure 5.8: Allan variance plot of data obtained from sensor N4AN2 at 5V proof mass
voltage, showing a bias instability of 9.7ug, which is very close to the value
measured with the lock-in amplifier (7puQ).

The slope of different regions of the Allan variance plot shows the type of noise in
the sensor data. The figure shows the Allan variance plot of the N4N2 data at 5V
proof-mass voltage with two lines having a slope of -1 and -1/2. The gquantization
noise has a slope of -1 in the Allan Variance plot, whereas the white noise or VRW
has a slope of -1/2. The plot shows that quantization noise initially dominates the
noise in the data at high frequencies. The VRW dominates the noise around the value

of one second.

Comparing this plot with the plot obtained using the lock-in-amplifier shows a
difference in the noise in their data. The lock-in-amplifier data shows a slope of -1
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 has higher white noise than the lock-in-amplifier. The sampling rate in

the lock-in-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 the lock-in-
amplifier is 225Hz compared to the 20Hz data rate of the digital control PCB. The
speed of the microcontroller, used in the digital control readout circuit, limits the
sampling and the data rate. Owing to these limitations, the data collected with the

digital control PCB shows a higher value of white noise.

5.3 Scale factor

The scale factor is also calculated at different biasing values. In testing with the lock-
in-amplifier, it was observed that the scale factor does not change with changes in
proof mass voltage and excitation voltage. Similar behavior can also be observed in
testing performed with digital control PCB. Figure 5.9 shows the test setup used to
calculate the scale factor of this sensor. The sensor is rotated from the +1g position

to the -1g position.

Figure 5.9: Test setup to calculate scale factor using digital PCB and real-time data
logging on a computer. A mechanical structure is used to rotate the sensor with 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 frequency-tracking capability of the algorithm

used in this implementation.

Figure 5.10 shows the scale factor calculated at 7V proof mass voltage with 0.3mV
excitation voltage. The scale factor of the sensor is 95.35Hz/g. The sensitivity of
Resonator 1 is approximately 45Hz/g, and the sensitivity of Resonator 2 is
approximately 50Hz/g. This difference in the sensitivity of the resonators is

consistent with the results of the lock-in-amplifier.
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Figure 5.10: Scale factor calculation at 7V proof mass voltage. The scale factor value
is calculated as 95.35Hz/g.

Another plot is presented in Figure 5.11, 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 lock-in-amplifier showed 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 excitation voltage. The sensitivity of
Resonator 1 is approximately 45Hz/g, and the sensitivity of Resonator 2 is

approximately 50Hz/g.

The scale factor calculation is another feature of the digital control PCB. The digital
control implementation operates the sensor in a closed loop and performs other
essential functionalities. This flexibility to perform several operations is impossible

in analog-based sensors.
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Figure 5.11: Scale factor calculation at 5V proof mass voltage. The scale factor is
approximately 95.2Hz/g.

54  Temperature compensation

Temperature compensation is also necessary to counter the effects of temperature on
the sensor output. Ideally, differential reading should cancel out temperature
dependency. However, the mismatch of 5Hz/g in the scale factor of two resonators
of the sensor N4N2 results in temperature dependency even after differential reading.
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Figure 5.12 shows the resonance frequency data of both resonators collected in 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 and 70°C. The plot
shows that both resonators' resonance frequency is inversely proportional to the
temperature in this range. The frequency of both the resonators changes similarly, so
an initial temperature compensation is achieved by differential reading. The data
plotted in the figure is filtered to observe the different rates of frequency change.
Ideally, the change in the frequency is equal. However, the resonance frequency of
Resonator 1 changes by approximately 6.5Hz in this temperature range, and
Resonator 2’s resonance frequency changes by approximately 6Hz in the same
temperature range. The mismatch between the scale 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 position, as shown in Figure 5.13. Under no applied acceleration, the
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 can be 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 relationship is simple in the given temperature range.
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Figure 5.12: Temperature dependency of the resonance frequency of two resonators
of sensor NAN2. The shift in the resonance frequency of Resonator 1 is 0.093Hz/°C,
and the shift in the resonance frequency of Resonator 2 is 0.086Hz/°C.
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Figure 5.13: The acceleration data at zero input acceleration using the differential
frequency reading in a temperature test (0°C to 70°C), showing less than 0.1mg/°C
shift in the measure acceleration.
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Figure 5.14 compares the Allan variance plot with temperature-dependent and
temperature-compensated data. The 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 temperature-dependent and
compensated data collected in the 0°C~70°C range. After temperature compensation,
the bias improves significantly (from 54ug to 18ug).

55 Relevance with the literature

Table 5.1 compares the developed digital control loop-based resonant MEMS
accelerometer with the literature data, showing only a few selected analog readout-
based works. Other published works are available, but their performance is
comparable to those shown in the table. Some resonant MEMS accelerometers with
analog readout circuits show sub-pg bias instability while obtaining the data using

an external frequency readout method. However, most of the values are reported after
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the post-processing of data, which removes the effects of temperature and other drift-
causing factors. The bias-instability of the sensor used in this study is obtained as
low as 7g using the lock-in-amplifier setup and 9.7ug using the digital control PCB;
however, these values are limited by the sensor performance. Theoretically, the
digital control implementation used in this study can achieve a sub-ug bias instability
value with an improved resonant MEMS accelerometer.

Table 5.1: Comparison of different features of the proposed system with some of the

sensors available in the literature. The result of the digital control loop in this work
is very close to the result obtained from professional lab equipment.

Readout Bla_s_ Remarks Temp. Debug and Compact
type Instability comp. testing
Analog, . Digital freq.
[63] CMOS 0.4ug reading Post X
High temp.
[7] Analog 56ng ddBMelency Post X
Analog, . Digital freq.
1161 cmos | OBH9 reading " X
- Only a
Digital, . .
[42] FPGA - MEMS Possible | Possible X
resonator
Digital, No stable .
[43] FPGA 18~40ug amplitude Post Possible X
Digital,
Lock-in- | 7pg*** Lab equip. X X X
This | amplifier
work | Digital,
micro- | 9.7ug** | . Speed \ V V
limitations
controller

*Post-processed data. The effect of temperature and other drift effects were removed. The
difference in the resonators is also mitigated by post-processing.

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

***The bias instability does not go below 7pg even with a lock-in-amplifier setup.
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5.6 Discussion

The results of frequency sweeping, scale factor calculation, closed loop operation,
and temperature compensation are shown in the previous sections. The proof mas
voltage and the excitation are changed to obtain data from the sensor at different
biasing conditions. The sensor's bandwidth is also changed, affecting the sensor’s

performance. This section provides an in-depth interpretation of these results.

56.1 Effect of filter parameters

The closed loop implementation in the digital domain uses a PLL implementation in
the microcontroller. There is a 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 P1 controller
whose parameters dictate the sensor's bandwidth. However, there is a trade-off
between the sensor's bandwidth and the noise performance. Aggressive Pl
parameters make the tracking fast but cause an increase in the demodulated
frequency fluctuation. If the Pl parameters are assigned small values, the noise
performance improves. Table 5.2 summarizes noise data collected at 20Hz and 35Hz
sensor bandwidth.

Table 5.2: The noise level of the sensor-N4N2 (R2B-type) at 100Hz and 175Hz

bandwidth. The noise performance degrades significantly with an increase in the
sensor bandwidth.

Proof mass voltage = Excitation voltage Noise, pg/NHz
Bandwidth 100 Hz 175 Hz
0.1mV 99 619
5V 0.3mV 41 208
0.5mV 28 154
0.lmV 109 1900
3V 0.3mV 34 578
0.5mVv 28 356
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Figure 5.15 shows the Allan Variance plot of data collected from the sensor-N4N2
at 3V proof mass and 0.3mV excitation voltage. There are two plots in this figure.
One of the plots shows the data collection at 20Hz bandwidth, and the second plot

shows data collection at 175Hz.
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Figure 5.15: The Allan Variance plot showing the effect of bandwidth on the noise
performance. The noise degrades from 34pg/NHz to 600ug/NHz as the 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 slopes -1 and -1/2. The slope of the data
collected at 20Hz is -1, which corresponds to the quantization noise. The slope of
the data collected at 175Hz is -1/2, 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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data reaches the bias instability much faster than the 175Hz bandwidth data.
Increasing the bandwidth of the sensor affects the noise performance. The white
noise increases considerably by increasing the bandwidth of the sensor. The -1/2
slope can also be visualized in the 20Hz bandwidth data, but its span is minimal, and

other regions overshadow it.

5.6.2 Effect of proof mass voltage

The gain of the resonators is directly proportional to the proof mass voltage. Figure
5.16 shows the gain of resonators of sensor N4N2 at a fixed value of excitation
voltage. The dependence of gain on the proof mass voltage is clear from the plot, as

both resonators show an increase in the gain with increasing proof-mass voltage.
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Figure 5.16: The effect of proof mass voltage on the gain of the resonators at 0.1mV
excitation voltage using data collected by the digital control PCB. The gain increases
10 times as the proof-mass voltage goes from 3V to 10V.

The proof mass voltage also affects the resonance frequency of the resonators, but

the effect is minimal. Figure 5.17 shows the effect of proof-mass voltage on the
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resonance frequency of the resonators at a constant excitation voltage value.
Resonator 1’s resonance frequency remains constant for 3V, 5V, and 7V proof mass
voltage, increasing only by 3Hz at 10V proof mass voltage. Resonator 2 shows a
similar behavior where resonance frequency changes only 4Hz as the proof mass
voltage increase from 3V to 10V. The proof mass voltage also affects the noise level
of the sensor. Increasing the proof mass voltage increases the sensor's gain,
increasing the SNR. Therefore, the noise performance improves due to high proof-
mass voltage. The selection of proof mass for the closed-loop operation is made
considering these parameters. A lower value is undesired as the gain will be low, and
the input signal will be too noisy. A very high proof mass voltage is also not
recommended as it limits the linear operating range of the resonators. There is a
trade-off between high noise performance and the linearity of the closed-loop

operation.

Frequency @ 0.1mV excitation voltage
16750 16716 16716 16716 16719
16700
16650
16600

16550
16485 16485 16486 16489

3V 5V IAY 10V

H Resonator 1  ®Resonator 2
Figure 5.17: Effect of proof mass voltage on the resonance frequency of the
resonators at 0.1mV excitation voltage. There is no significant change (<4Hz) in the
resonance frequency as the proof-mass voltage changes from 3V to 10V.
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5.6.3 Effect of excitation voltage

The excitation voltage is another parameter that is changed to observe its effect on
the sensor's performance. Figure 5.18 summarizes the effect of the excitation voltage
on the sensor's gain while the proof mass voltage is 5V. The increase in the gain of
resonators 1 and 2 is 7% and 9%, respectively, when the excitation voltage increases
from 0.1mV to ImV. This change is negligible compared to the effect of proof mass

voltage on the sensor gain.
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Figure 5.18: Effect of excitation voltage on the gain of the resonators at 5V proof
mass. The change in the gain due to excitation voltage (9%) is insignificant compared
to the change in the gain due to proof-mass voltage (10 times increase).

Figure 5.19 shows the excitation voltage's effect on the resonators' resonance
frequency. In the mentioned excitation voltage range, the resonators' resonance
frequency changes by approximately <4Hz, showing that the resonance frequency
for this sensor design does not change significantly by a change in the excitation

voltage while operating with the digital control PCB.
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Figure 5.19: Effect of excitation voltage on the resonance frequency of the resonators
at 5V proof mass. The resonance frequency changes <4Hz while the excitation
voltage increases from 0.1mV to 1mV.
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5.6.4 Effect of data rate

The data collection rate also affects the sensor noise. Figure 5.20 shows Allan
Variance plots of data collected at 3V proof mass voltage and 0.3mV excitation
voltage. The data rate in one of the plots is 224Hz, whereas the data rate in the second
plot is 23Hz. The slope of -1/2 is present in the data collected at 224Hz, which
corresponds to white noise. Decreasing the data collection rate to 23Hz degrades the
noise performance. The co-efficient of VRW at T=1 degrades from 300pg/NHz to
1.6mg/\NHz. However, the slope of the data is still -1/2, showing that the existing
white noise in the data is increasing by a reduction in the data collection rate. This
observation is critical in determining the rate at which the digital controller transmits
the data for analysis.
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Figure 5.20: The effect of data rate on the data with dominant white noise. The noise
level degrades from 300ug/VHz to approximately 1600pg/VHz as the data rate is
reduced 10 times (224Hz to 23Hz).

The data rate also affects the sensor noise when the quantization noise is initially
dominant. Figure 5.21 shows the Allan Variance plot of the data with 3V proof-mass
voltage and 0.3mV excitation voltage. The sensor's bandwidth is low, suppressing
the white noise and quantization noise appears with a -1 slope. When the data rate is
reduced from 225Hz to 23Hz, the slope of the data becomes -1/2. This behavior

shows that the white noise has become more prominent at a low data rate.
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Figure 5.21: The effect of data rate on the data with dominant quantization noise.
The noise type changes (quantization to white noise), and the noise performance
degrades (34pg/VHz to 320pg/VHz) as the data rate reduces from 225Hz to 23Hz.

The last two figures (Figure 5.20 and Figure 5.21) show that data rate also affects
the sensor noise. A lower data rate increases the noise level if white noise is present
in the sensor data. If quantization noise is prominent in the sensor data, decreasing
the data rate introduces visual white noise. This explains the higher noise in the data
collected by the digital readout circuit (147K sampling rate and 20Hz data rate)
compared to the data collected by the lock-in-amplifier (200M sampling rate and

225Hz data rate).
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5.7  Summary of discussion

This chapter presents the results of a resonant MEMS accelerometer with a digital
control loop using a microcontroller-based compact readout circuit. This readout
circuit performs all the functions required to operate a resonant MEMS
accelerometer, such as frequency sweeping, scale factor calculations, closed-loop
operation, and acquiring temperature immune sensor data. The frequency sweep
results show that optimum values of proof-mass voltage and the excitation voltage
can operate the resonators at the desired gain value without going into a non-linear
region. The scale factor (95Hz/g) is calculated accurately at different biasing
conditions. This test also verifies the frequency tracking algorithm implemented in
the microcontroller. The data obtained from the sensor shows a bias instability of
9.7ug, which is very close to the value obtained from the sensor using a lock-in-
amplifier setup (7ug). However, the white noise in the data is higher owing to a lower
data rate and sampling frequency. A temperature compensation algorithm
implemented in the microcontroller significantly reduces the temperature effect,
resulting in a three times improvement in the bias instability (54pg to 18ug).
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CHAPTER 6

CONCLUSION AND THE FUTURE WORK

Several applications, ranging from commercial to inertial, use MEMS
accelerometers. Resonant MEMS accelerometers have several advantages compared
to other types of MEMS accelerometers, such as digital quasi-output, extended
dynamic range, low electronic noise, immunity to temperature, and better sensitivity
are some of the main features of a resonant MEMS accelerometer. This study
presents a new digital control loop-based compact readout circuit for a resonant
MEMS accelerometer providing high performance with reduced temperature and
power supply dependence while utilizing low processing power. Digitalization
increases the flexibility in modifying the sensor parameters, such as bandwidth, gets
rid of noisy electronic components, and implements multiple algorithms to improve
sensor performance. Section 6.1 presents a conclusion of this study while
summarizing the main points. Section 6.2 suggests a few improvements for any
future work aimed at improving the performance of a readout circuit for the resonant

MEMS accelerometers.

6.1 Conclusion

A resonant MEMS accelerometer's readout circuit can be divided into three main
parts. The first part is the pre-amplifier stage that converts the low motional current
into voltage with significant gain. The second part of the readout circuit keeps the
resonators vibrating at their resonance frequency, and a closed-loop operation is
realized. The third part of the circuit is the frequency counting part which extracts
frequency information from the circuit. In the digital control loop implementation,

both the oscillation sustaining and frequency extraction is performed in the digital
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domain; however, the pre-amplifier stage is a must for the digital implementation as

well.

The resonant MEMS accelerometer sensors used in this study are characterized at
the chip level and amplifier-PCB module level using a dynamic signal analyzer
(DSA) and a lock-in-amplifier setup, performing FFT and frequency sweep tests.
Based on the results of chip-level testing, detailed testing is performed with the lock-
in-amplifier to understand the behavior of the resonant MEMS accelerometers. The
frequency sweeping is performed under several values of the proof mass and the
excitation voltage. The results show that the gain of the resonators is directly
proportional to the proof mass voltage, and the excitation voltage has no significant
effect on the resonator gain. The resonance frequency of the resonators does not
change more than a few Hertz as the proof mass and the excitation voltage varies.
The excitation voltage has a significant effect on the linearity of the resonators. A
high excitation voltage drives the resonators in non-linear regions, which is
undesirable. The threshold of the excitation voltage to keep the operation linear is
changed under different proof mass voltage values. The higher the proof mass
voltage, the lower the threshold for the excitation voltage. The scale factor of the
sensor is calculated by adding the sensitivity of each resonator. The resonators of the
sensor used in the characterization are not mechanically identical due to fabrication-
related problems. The sensitivity of Resonator 1 (sensor-N4N22) is 45Hz/g, and the
sensitivity of Resonator 2 (sensor-N4N2) is 50Hz/g. The scale factor of the sensor is
approximately 95Hz/g. The scale factor is calculated under different biasing
conditions. The results show that the scale factor of the sensor is not affected by
changes in the biasing conditions. The data collected from the sensor using a lock-
in-amplifier shows a bias instability of 7ug and a noise value of 10ug/VHz. The bias

instability and noise value differ under different biasing conditions.

2 Sensor-N4N2 is used for digital control loop realization with the digital control PCB. The mis-
match in the resonance frequency is also observed in other resonant MEMS accelerometers.

150



In the digital control loop implementation, a charge-sensing pre-amplifier stage
converts the motional current into voltage, achieving a significant gain. The voltage
data is converted to the digital domain using a 16-bit ADC with a sampling rate of
147kS/s. All the functionalities of oscillation sustaining and frequency demodulation
are performed in the digital domain. The amplitude information is extracted using
the full wave rectification method from the input signal. A peripheral-integral (PI)
controller is implemented in the microcontroller to maintain the sensor output at a
set-point value. The Pl controller controls the excitation voltage amplitude to
maintain the sensor output. A PLL is implemented in the microcontroller to track the
resonance frequency of the resonators. A timed reference technique is used in this
study to implement the PLL while utilizing minimal processor resources. The
amplitude and frequency information is used to generate the drive signal using a 16-
bit DAC, which has a refresh rate of 5s.

A Simulink model is also presented to simulate the proposed system, using
parameters of the actual sensor obtained in the sensor characterization process. This
model incorporates the effect of the microcontroller parameters and adds the noise
sources to make it more related to the actual implementation. The simulation results

show the model's amplitude stabilization and frequency tracking capability.

The digital control loop is implemented using a PCB based on the stm32
microcontroller. The frequency sweep tests are performed with the digital PCB to
obtain resonance frequency and gain of the resonators under different biasing
conditions, and the results from the digital PCB are consistent with the sensor
characterization results obtained using a lock-in-amplifier. The bias instability
calculated from the sensor data is 9.7ug which is very close to the value obtained by
a lock-in-amplifier (7ug). The frequency resolution of the readout circuit is
experimentally tested by reading sine signal from thre sources (lock-in-amplifier,
dynamic signal analyzer, and signal generator), and found as 16.1ug , 16.9ug, and
18.6ug for the loc-in-amplifier, DSA, and signal generator respectively. This
corresponds to a minimum noise level of 0.23ug/NHz. The sensitivity of Resonator

1 is 45Hz/g, and the sensitivity of Resonator 2 is 50Hz/g. The scale factor calculated
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with the readout circuit, 95Hz/g, is also consistent and accurate. The differential
operation of the resonant MEMS accelerometer ensures insensitivity to temperature.
However, due to a mismatch in the sensitivity of the resonators, temperature
dependency exists in the sensor data. The temperature compensation improves the
bias instability of the sensor by three times (54ug to 18uQ).

6.2 Future work

The resonance frequency of the resonators of the resonant MEMS accelerometers
used in this study is between 16~17kHz. The maximum sampling rate achievable by
the ADC is 1M samples per second, but the sampling rate used in the study is
approximately 147K samples per second. Oversampling and decimation techniques
can significantly improve the quality of the input samples. Therefore, using a high
sampling rate is recommended to acquire the input signal, but the microcontroller
speed limits the sampling rate. The microcontroller used in this study operates at
169MHz clock speed, making a sampling rate higher than 147K challenging without
affecting the other functionalities of the microcontroller. A 2 or 3 times faster
processor can accommodate a higher sampling rate and allow decimating input

samples to obtain less noisy data.

A microcontroller completes its instructions sequentially. A delay in one of the
instructions affects the performance of the following instructions. An interrupt-based
design is used in this study to perform different functionalities to produce a parallel
processing effect. However, at the low-level coding, different interrupts operate
sequentially and affect the performance of the implemented algorithm. For example,
in this study, a UART is used to transmit the frequency information to a computer.
This functionality operates in parallel with the primary function of the
microcontroller. The serial transmission is slower than the interrupt frequency of the
main loop. Using a fast microcontroller can improve the performance of a single
sensor and may accommodate two or three sensors. However, increasing the number

of sensors makes processing challenging for a microcontroller. An FPGA is
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recommended for the integration of a higher number of sensors. However, the
biggest drawback of an FPGA is developing code for all the basic functionalities

from scratch compared to readily available in-built microcontroller functions.

The sensitivity of a resonator is an important performance parameter of a resonant
MEMS accelerometer. There are different techniques to enhance the sensitivity of a
resonator. The first method is to increase the proof mass of the sensor because a
higher proof mass will produce more stress in the resonators. Secondly, a lever
structure can also increase a resonator's sensitivity without increasing the proof
mass's size. Another method to increase sensitivity is spring softening. The stiffness
of a spring can be softened by mechanical design or electrostatic induction. It is
recommended for a future study that the electrostatic spring softening effect to
enhance the sensitivity should be implemented using a digital control loop. The
digital control implementation used in this study provides a biasing voltage to proof
mass and wafer cap. It can also provide a biasing voltage to the sensitivity-enhancing
electrodes to change the sensitivity according to any application requirement.
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