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ABSTRACT

A HIGH PERFORMANCE CLOSED -LOOP ANALOG READOUT CIRCUIT
FOR CAPACITIVE MEMS ACCELEROMETERS

Ter zjYarjud u
M.S., Department of Electrical and Electronics Engineering
Supervisor: Prof . Dr. Tayfun A
SeptembeR015, 135 pages

In this thesis, a closddop analog readout circuit for capacitve MEMS
accelerometers is introduced. The detailed analysis of the dynamics of the proposed
accelerometer is presented along with the associated simulation madtels.
theoretichinvestigation of each building block of the accelerometer is also presented
in detail and supported by the corresponding formul@ke implemented
accelerometer is shown to satisfy the estimated performance parameters with
measurements conducted usingmas test setups. Moreover, two different mabktis
accelerometer applications, which are realized using the proposed readout circuit, are
presented as well. The functionality of these two methods are verified with additional

tests.

The test results shaal thats.50 g / aéise floor5.40g bi as Q.2mghiagbi | i t
repeat abi boperation ramge is adki@ved with the proposed accelerometer.

Keywords: MEMS, Accelerometer, Capacitive, Analog, Readout Circuit,

ClosedLoop, High Performance, Modelling,nalysis
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CHAPTER 1

INTRODUCTION

With the developments in the silicdrased integrated circuit fabrication techniques,
the electrical circuit sizes and costs have been reducing rapidtytioeeyears.
Moreover the increasing trend for the integrated circuit demands of the market has
effectively contributed to the quality of the manufactured devices and fabrication
yields. Over the past few decades, a relatively new field of Afmacatian has been
gaining popularity with the adaptation of several fabrication techniques to manufacture
micro-mechanical devices in bulk. These mechanical devices, combined with
micro-electronics even on the same chip monolithically, has already been
commerciaked in several fields of the market under the name
AMi croel ectromechanical Systemso ( MEMS) .
the masdabricated MEMS devices has been rapidly increasing since the concept was
introduced to the industry. Nowadays, malEMS devices has already started to
replace their bulky predecessors not only in commercial, but also iphifiirmance
applications, having the core qualities of msdwication compatibility, high

fabrication repeatability, low material costs, amthpactness.

The top application areas of the MEMS technology in 2015 by their market share are
mobile, automotive, industry, aerospace, and medical electrdjicsmart phones,
airbag deployment systems, navigation systemasjast some of the areas where
MEMS is commonly used. In these applications, pressure, humidity, temperature, and
gas sensors; InkJet heads, microphones, Hhbiclometers, projection systems,
compasses, gyroscopes and accelerometers and the combin#tiesealevices such

as in an inertial navigation system (INS) are widely y2éd3] [4]. One of the most

common applications of MEMS among the aforementioned topidkeisinertial



acceleration sensing. With their relatively simple principles of operatiorpared to
inertial MEMS gyroscopes, the performance of the MEMS accelerometers have been
rapidly increasing towards the navigation grade performance. Among vaip@ssaf
MEMS accelerometers, capacitive MEMS accelerometers have improved over the
recent years to a point where they can compete with their$aaje counterparts, and

also offer a higher levaf robustness and reliability

In scope of this thesis, agh-performance analog accelerometer implemented using a
capacitive MEMS sensing element is studied. In Secfidn some definitions
specifying the performance characteristics of an accelerometer are presented. In
Section2.2, an overview of the literairon MEMS accelerometers is made. Finally

in Section2.3, the objectives and the organization of this thesis are given.

1.1. Important Definitions

Some definitions that are used in scope of this thesis are listed below with the

associated descriptions as mafivhich are standardized by IEEE in the standayd

g: The gravity of the earth. The multiplications of this reference value is used for the
accelerometer applications, and it corresponds to an accelerat@B80&65m/s
unless specified otherwise.

Scale Factor The value which relates the input acceleration to the output of the

accelerometer. The unit of this value/ig in scope of this thesis.

Full Range: The difference between the maximum and minimum input accelesat
that can be detected by the accelerometer within the specified performance parameters.

The unit of this term is typicallg.

Full-Scale Input The amplitude of maximum and minimum detectable acceleration
input ing. For example if the accelerometamncoperate in the range froi35 to +35

g, then the fullscale input is referred as 8where full range is 70.



Operation Bandwidth: This term is used to describe tHg dB frequency of the
complete accelerometer He at which the scale factor ofdtsystem is reduced by a

factor ofa2.

Maximum Non-linearity : Maximum deviation of the accelerometer output from an
ideal line that is fitted on the inpoutput response of the system in the specified range.

This term is presented as the percentage wgpect to the full range.

Resolutiort Minimum detectable acceleration. The noise on the output signal and the
operation bandwidth of the accelerometer directly affects the minimum detectable
acceleration. Because of that, the white noise of the acca®omg/aHz is used

along with the operation bandwidth to define the resolution of the accelerometer.

Velocity Random Walk: The error caused by the integration of the noise on the
output of an accelerometer. If the noise affecting the accelerometer is assumeed whi
then this term can be obtained by dividing the white noise levakbyhe unit for

this term is expressed giaHz.

Bias Instability: The random variation of the accelerometer output solely due to

parasitic effects on the system for a specifiedagyiag time window representedgn

Dynamic Range The ratio of the accelerometer range to its white noise level. The
dynamic range is expressediiB and is presented both for full range and the full scale

input of the accelerometer in scope of this ihasote the difference is simply €.

CrossAxis Sensitivity: The ratio used to relate the deviation at the accelerometer
output in one axis of acceleration sensing to the input acceleration in another axis. This
term is represented as the percentagd wespect to the scale factor of the

accelerometer in axsf-interest.

Warm-Up Time: The time interval following the powerp after which the
performance of the accelerometer satisfies the specified values. As to say, the data
acquired from the system this interval is not reliable and not within the specified

performance ratings.



1.2. Overview of MEMS Accelerometers

Over the years, various types of accelerometers incorporating different approaches for
both sensing elements and the interface circuitrypkas introduced to the literature.
Among different sensing element types, capacitive accelerometers have created
themselves a solid spot both in the academia and the indéktfy]. Compared to

their counterparts such as quartz or tunneling type accelerometers, capacitive sensors
offer a higher degree of robustnd8$, [9] anddesign flexibility at a lower cost of
power consumptiofiL0]. Types of capacitive sensing elements can be grouped by their
fabrication methods such as bulk mienachining, surface micrmachining and
silicononrinsulator processes. Bulk miemachined devices offer a high inertial mass
thus have a lower Brownian noise compared to devices of other procdsdes
However, the fabrication of such devices are rather complicated and consequently
costly. Surface micronachined devices are highly compatible for mohatit
integration with an interface circuitry at the cost of reduced sensing element design
flexibility [12], [13], [14]. On the other hand the silicam-insulator type dvices rest

in a spot between the two other processes in terms of fabrication simplicity, design
flexibility and device performance. As for the sensing principles, regardless of the
fabrication processes, all of the capacitive sensing elements folloartigetend with
differences in the formation of the capacitances. Some of them, usually referred as
lateral devices, sense the acceleration in the lateral axes in parallel to the chip substrate
taking the advantage of topologies such as interdigitatedrfgtigectures to increase

the sensitivity15]; whereas some others, which are referracedscal devices, utilize

the gap between a suspended mass and the chip substrate to form the variable
capacitancg16] in order to measure theut-of-plane acceleration inputs in-axis.
Compared to lateral sensing, vertical acceleration sensing, with a comparable
sensitivity as the lateral case, is a more challenging task due to the planar nature of the
fabrication processes, and as the typical approaches for capacitive acceleration
sensing, combinations of various sensing methods are researched for different
purposes such as eot-plane acceleration sensing using comb type fingers with an

asymmetrical ineral masq17].



Apart from the numerous sensing element topologies, there are two main electrical
interface approaches for the MEMS accelerometers: -Ogreh closedoop readout
circuits. The opethoop accelerometers offer a lowircuit complexity and less
components and thus they can be implemented for lower costs which makes them
suitable for many applications. The fundamental issue related with using aloopen
interface is that the dynamics of the accelerometer are sasédlon the properties

of the sensing element. Since the critical parameters such as the linearity and the noise
floor of such systems are defined by the sensing element itself thus they can lack
performance of their closddop counterparts. Still, it isossible to see the examples

of high-performance opeloop accelerometers in the indusit$]. On the other hand,
closedloop accelerometers can offer much higher linearity and dynamic range values
at the cost of design compigy. Even though relatively complicated, clodedp
topologies also offer a much higher degree of customization and calibration in the
parameters such as bandwidth, dynamic range, arsgbiéinly through modifications

in the circuit design. Compared the operoop accelerometers, the main critical
considerations related with the clodedp accelerometers are the system stability and
the feedback topology. In some reported works, the ffmedback action can be
achieved using dedicated actuating etses to counteract the forces exerted on the
inertial mass by the applied acceleratid®]. However, this causes the effective
sensitivity of the sensor per unit chip area to reduce since only a part of the inertial
mass capative surface can be utilized for the sensing. A solution to such problem is
offered with the introduction of digital feedback to the literature. In such a readout
circuit, the operation of the accelerometer is divided into two distinct phases for
sensingand feedback. Using switches to alternatingly connect the sensing element to
the frontend electronics in one phase; and to the feedback network in the other,
simultaneous sensing and digital feedback can be achigwgdigmadelta) readout
circuit topdogy is the most significant example to such clekep accelerometers.

In addition to simultaneous operatidhgaircuits incorporate an internal digitizer and

can directly output digital dafa0]. With these propertie§, gpeadout circuits are very
popular and widely researched and uUd€d. On the other hand, there are also analog
readout circuits which achieve simultaneous readout and feedback operation on the

same electrode sgtl], [22], [23]. The advantage of such topology comes with design



simplicity, the elimination of quantization noise resulting from the digitizing, and
continuous operation without #ehing back and forth between two tasks. Nowadays,
many of the accelerometers in the literature and the industry are dominated bgmulti

singleaxis capacitive accelerometers interfaced using digital readout topologies.

1.3. Thesis Objectives and Organizatn

The primary objective of this thesis is to design and implement a elospdnalog
accelerometer. Besides a high performance, a high versatility is expected from the
targeted accelerometer. The generic topology used for the implemented accelerometer
Is similar to the one presented[E1], [22] with major differences in the feedback
structure which significantly increases the measurement range and reduces the risk of
saturating the pramplifierunder the effects of shock or high acceleration inputs. The

objectives overview of the work in this thesis are summarized in the list below:

1 A closedloop analog readout circuit with sufficiently high feedback gain is to
be designed so that a highly limezperation in the range of interest can be
satisfied. The white noise level of this readout circuit is to be kept below
10 &y/aHz.

1 The ultimate accelerometer is expected to have an operation bandwidth of
~100Hz; and an operation range-d0 g to +10g.

1 A feedback topology is to be designed such that the readout and feedback tasks
are achieved in continuous time simultaneously. Also the force feedback task
is expected to have no effect on the frent readout signals so that the risk of
saturating thelectronics loop is eliminated.

1 The readout circuit is expected to achieve cldseg operation using only a
single set of differential electrodes. As to say, both readout and feedback tasks
are to be carried out without using separate electrode setadotask.

1 The proposed readout circuit is to be compatible for singles, multiaxis
capacitive acceleration sensing elements.

1 A reliable, highaccuracy simulation model is to be prepared for the proposed

accelerometer. This way, the proposed circuatinged to be a highly versatile



research platform which can be easily adapted to sensing elements of different
properties.

1 The static and the dynamic behavior of the accelerometer is to be formulated
with sufficient amount of precision so that the perfanoe of the

accelerometer can be estimated prior to implementation.

The summary of the following chapters in thesis are given in the following paragraphs

in a consecutive manner.

In Chapter2, the theoretical background of the building blocks of the prabose
accelerometer is given. The formulas associated with each building block are presented
in detail. Using these information, the operation of an dpep capacitive
accelerometer is demonstrated. Based on this presentedoopeaccelerometer, the

critic of the necessity of closddop operation is made. Moreover, the method used to
achieve closedbop operation using a single set of differential electrodes is introduced

and critical considerations about this method are described.

In Chapter3, two diffeent MATLAB simulation models prepared for the proposed
accelerometer are presented. One of these models are used to simulate the complete
system in timedomain while the other is used for frequemimymain analysis. The

reason for using two different modédts characterize the system is also discussed.

Additionally, the controller design approach is presented with stability considerations.

In Chapter4, the componerevel design steps of the proposed readout circuit are
shown. A behavioral electrical modshich is created in SPICE environment is also
demonstrated. This model is prepared to simulate the proposed readout circuit
including the electrical component nafealities unlike the models created in
MATLAB environment.

In Chaptel5, the details aboulhé implementation steps of the proposed accelerometer
are presented. Moreover, the test setups used for the performance measurements are
introduced. The measurement results demonstrating the performance of the

implemented accelerometer are also demonstiatthis chapter.



In Chapter6, two different multiaxis acceleration sensing applications, which are
realized using the proposed accelerometer, are presented. The associated measurement

results of these applications are demonstrated as well.

In Chapter7, a conclusion of the work presented in this study is given. Also a
discussion of possible further work, which can be done on the proposed accelerometer,

is made.



CHAPTER 2

CLOSED-L OOP ANALOG ACCELEROMETER READOUT
THEORY

In this chapter, the building blocks thfe proposed closddop analog accelerometer

will be introduced in a progressive manner. While doing so, the parametric derivations
and equations related with each block will be presented in detail. In S2ctiotie

static and the dynamic propertiestioé capacitive sensing element, which is used for
the implementation of the analog accelerometer, will be analyzed. In SB@jahe
capacitive sensing interface utilizing a transimpedance amplifier (TIA) as the
pre-amplifier and the differential semgj method will be presented. The section will
continue by introducing the use of a demodulator and golasg filter (LPF) after the
pre-amplification stage. At the end of the section, the conceptual block diagram of an
opentloop analog accelerometer reati@ircuit will be presented, and its feasibility
will be discussed. In Sectidh3, closedoop operation in capacitive accelerometers
will be presented. The capacitive actuation principles, followed by the differential
force feedback method, as usedhe proposed system, will be analyzed in detail. In
Section2.4, the method, which enables the use of differential sensing and electrostatic
forcefeedback simultaneously, will be described. Moreover, by the end of this
chapter, this method will be furthextended to realize a conceptual block diagram for
the proposed continuocdsne closedoop analog accelerometer. Finally, in
Section2.5, the theory described in this chapter wilsbenmarized.



2.1. Properties of the MEMS Sensing Element

Various types of caritive MEMS accelerometers are discussed in the introduction
chapter. Among these types, a sirgies, singlemass, differential, keral capacitive
accelerometers used for the implemertan of the proposed system. Thensing
element waslesignecat METU-MEMS Center In Figure 2.1, the Scanning Electron
Microscope (SEM) image ane quadrant ahis sensing elemens given.
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Figure 2.1: The Scanning Electron Microscope (SEM) imag®wer-right quadant

of thesensing element used in the proposed work.

The utilized sensing element has a total of five electrodes. Two of these electrodes are
utilized to sense differentially in-axis (yellow dashed boxes in Figure 2.1); other two

are used to sense difentially in yaxis (purple dashed boxes in Figure 2.1). The last
electrode is placed beneath the proof mass and senses acceleratiaxisinred
dashed box in Figure 2.1). Throughout most of this thesis, only-gheckodes are
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used to verify the opation of the proposed readout circuit. As to say, the circuit is
studied in a singkaxis accelerometer applicatioeven thoughin Chapter 6,
utilization of z and yelectrodes are also presented with the proposed -axisti
applications the sensing efeent is considered as if it was a singlas device until
Chapter 61In Figure2.2, a simplified diagram and the equivalent electrical model of
the sensing element are given for a bettsualization and understanding of sensor

operation in one axis.
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Figure 2.2: The simplified diagram and the equivalent electrical model of the sensing
element. Even though the mechanical structure is fully symmetrical, the two electrodes

(Ep, En) and the capacitances {CCy) ar e denoted as O6positi
convenience. Note that the PM node in the electrical model can be visualized as if it

can move up and down, changing the parallel plate capacitances, ah& G

differentially.

Each of the two stationary eleodes of the sensor carry one set of comb fingers.
Through these finger sets, the electrode
comb finger sets forming two differential, paralfgate, varyinggap capacitances

between each electrode and thegb mass. The proof mass of this sensor is suspended
slightly above the glass substrate on the anchors @iaahtilever beam type springs

The springs provide the proof mass a freedom of motion in one axis as also shown in
Figure2.2, while mostly resaining any movement of the mass in other axes. These
springs yield a significant role in the dynamic behavior of the sensing element as it

will be discussed further in this section.
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Once an external acceleration is applied on the sensing element inexti®wialong

thexaxi s, the proof mass will move towards t he
Law of Motion. This motion will cause an increase in one capacitance, and a decrease

in the other. This way, a differential operation between the two comptargen

capacitances (£ Cn) will be achieved.

The formulas relating the paralplate capacitance and the motion of the proof mass
in x-direction are as follows:
z0 z09
—_— (2.1)
z09 z0

a2 o a2 o (22
whermx@ ,i  the displ acemenaxibf; ieGuetbdpaf oof mass
fingers on ¥YWadh dlhectpreddde ;i 66 vheyookrhiap; aod e a
fingergpaadigdd dar e the finger sgampregiorst i ons i n

respectively.

When speaking of a capacitive accelerometeratheunt of change in tleapacitance

of each electrode as the response to an external acceleration is, obviously, important.

This response of the sensing element is usually referithe sansitivityof the sensor.

Even though there are a number of différeays to denote such term, the sensitivity

wi || b e the amount o chpaatancefthange per unit displacement of the

proofmasé t hr oughout this thesis. Simedidd def i ni ti
mass(mass of the proof mass) out ofetlsensitivity equations as another design

criteria. The sensitivitydC/dx of an electrodebds capacitance

follows:

) 5 Z0 " 5 Z0
s Vg Y P*qh o (2.3)
Qw Qw
b 229 26 pzd
2.4
Qw G Q G (24)
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Similarly,

Q0 z()z0 z 0 pzo
— - : - (2.5)

Note that the change in the eajtances formed by the amgap regions oppose trend

of the change in capacitances formed by the gap regions for each electrode at it can be
seen inEquation2.1 and2.2. As to say, as the mass moves towards one direction, if
the gap capacitances incregthe antigap capacitances decrease or vice versa. The
effect of such behavior can also be seen by the sensitivity equations of each electrode
as given inEquations2.4 and 2.5 The antigap regions counter the gap regions
sensitivitywise, and if both penings are of equal separations, the sensor will have no
sensitivity around itsest position(x &) @t all. In order to prevent such consequence,

the sensing element is designed and fabricated so that thgapréieparations are
much larger than the gaeparations. This way the ag@p capacitance will yield a

much smaller value, and its effect on both the electrical behavior and the sensitivity of
the total electrode capacitance is significantly reduced. Considering this, the
capacitance and the sensty formulas can be simplified and used in the form as
shown inEquations2.7-2.10 for the sake of notation simplicity. Note that while

modelling the actual system in a simulation environment, such simplifications are not

used.
0z0 o} (2.6)
. z0
. z0
0o € 9 o (2.8)
and,
Q0 zQ
00 o0 o (2.9)
Q0 z0
90 o & (2.10)

13



Note that when the sensor is at rest position, i.e. no external acceleration or force is
applied on it, the value of the two differential complementary capacitprancCG,

are ideally equal with equal sensitivities of opposite signs .

Combiningthedfect of the acceleration on the proof
difference between two capacitances, the static response of the sensing element to

acceleration can be summarized with the following formulas.

"0 dzd o (2.11)
a _ .
d)?)Zoo (2.12)
whermrgd 6is the external force applied on the
accel embatiisont;h ed Betoeritsi dlhemaexsd;erd al accelerat
sensingelme nkbé; i t he mechanical springxbconstant

is the displacement of the proof mass.

o 2 25
Yo 0 0 s —_— (2.13)

thus, the relation between the applied am@lon and the capacitance difference

between the two complementary capacitances is:

Z0 Z0
2.14
Qo Qo (244

As it can be seen in thequation2.14 the capacitancdifference between the two
capacitances are strictly related with the only variable in the equation: the applied
acceleration. However it must be noted that this relation is higbhdinear. In
Figure2.3, this relation is visualized in a plot for a letunderstanding. Note that the

values inFigure2.3 are of a typical capacitive accelerometer.
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Figure 2.3: The plot demonstrating the relation between the applied acceleration and

the capacitance differeedetween the two complementary electrode capacitances of
a typical capacitive accelerometer. Notice the4taear behavior.

The relations above summarizes the static behavior of the sensing element mostly, but
says little about the dynamic response ofAg it is described in detail if24], [25],
micro-machined accelerometers behave as seoathel masspringdamper systems.

The genericglomain transfer functiof(s), of the accelerometer usedthe proposed
system can be formulated as follows:

O i (2.15)

wherXeg , ahdbd ad e the Laplace transforms of t
force applied on the proof mass by either accetmmatr electrostatic actuation
respecmdbi iesl w;hedb mass of tkhei sSutsipe nmeadh pmio
constambd ;i santdhed dampi ng coeffici egap. Not
capacitive MEMS micrestructures is mostly dominated the phenomenon referred
assqueezedilm damping[26], [27].

Unlike resonant MEMS devic§28] with highquality factor§0 W2 & ¥&), which
behave as mechanical bapdss filters, the device used in this work behaves as a

mechanical lowpass filter. As to say, the actuation force componéerfs)( at higher
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frequencies are filtered out mechanically, and their effectthen proof mass
displacement X(s)) is significantly reduced.

At this point, it is convenient to point out the contrast in the mechanical and the
electrical dynamic behaviors of the sensing element. On the contrary to the mechanical
filtering behavior ofthe sensing element, the two differential electrodes are actually
electrical RC higkpass filters in terms of the current generated by a voltage applied
on one electrode, flowing through one capacitance towards the proofAsatsuill

be discussed furer in Section 2.4,Simultaneous Differential Sensing and
ForceFeedback this contrast between the mechanical and electrical filtering
properties of the sensor is what makes contindious closedoop operation of the

analog accelerometer possible.

2.2. Capacitive Sensing Interface

The operation principles of the differential capacitive MEMS acceleration sensing
element is introduced in the previous section. The theory behind the interface between
the sensing element and the readout electronics are discussémlowing

subsections.

2.2.1. Differential Sensing and Capacitive PreAmplification

As discussed earlier, the capacitance difference between the two complementary
electrodes of the sensing element is strictly related to the applied acceleration. In order
to rpass this capacitance difference information, resulting from the motion of the
proof mass, into electrical domain, two A&@rrier signalsat opposite phases are used.
These signals modulate the capacitance value of each complementary capacitor into
an ekctrical current, and the difference of these currents are directed to therfdont
electronics for premplification. Figure 2.4 shows the simplified circuit diagram of

the frontend electronics, and also demonstrates the modulation. If an external
acceekration is applied onto the sensing element so that the capacitance of the positive
electrode Cp) is larger than the capacitance of the negative elect@getben the

positive electrode curreng, will be larger than the negative electrode curiignthus,

16



there will be an excess current flowing towards thegonglifier at the same phase as

the vac signal (solid lines). On the other hand, if the acceleration is applied in the
opposite di€CécisomasCOdHEh@Ead rer #owigt he ¢
towardsthepra mp |l i fi er wi | | beivad dihgen asla med phhae
This way, not only the difference between the two capacitances will be modulated, but

also thadirectionof the applied acceleration will be passed aheoelectronics readout

as the phase (or sign) information.

E PM ; J_ ; I\ Vpa Vf
: 1 iin C ar H G i
P C, ! mLi 1, Ve HPF

| S E (ve) ba"t

H(s)

Figure 2.4: The simplified circuit diagram demonstrating the modulation of the
capacitances of the two electrodes and the frontend electron€p 6 and O6Cndé a
two differential capacitances of the sen
sensorandbéa® I s t he @he operatienal amplifgrmGad configured as a
capacitive transimpedance amplifier (TIA) for gamplification. This stage is

followed by a passive higbass filter, H(s), and a voltage buffer.

The modulation of the acceleration information on the sensing element can be

formulated as shown in the equations below.
The carrier signal has the following form:

b | zOEdO (2.16)
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Assuming the proof mass node is virtually grounded by the amp{Bjehe currents
flowing through the positive and negative electrode capacitances are:

NQe 0 07 (2.17)
Qe 0 072 (2.18)
thus the input currenty,, of the amplifier stage is:
MM Q Q o6 0 o6 0 z (2.19)
N Yooz | z0zAT ©o (2.20)

As it can be seen iquation2.20 the capat¢ance difference between the two
electrodesgp Cis modulated onto a current, by the derivative of the carrier signal,
Vao Al so tgh@ spegani foifed t higd ssagnt hoadt tthhee cdiuirrreemn
the applied acceleration can be deteedinNote that if no external acceleration is

applied, the net current flowing towards the-preplifier is ideally zero.

After this point it is rather convenient to use the Laplace transforms for the sake of
notation simplicity Equation2.20can be rewtten in the following simplified form in

s-domain assuming the sensing element is in steady state:
0 Y8zizwm (2.21)

In order to amplify this current, flowing towards the fr@md electronics, and convert
it to voltage, a transimpedance amplifier (TIA) is used as theup@ifier as also
shown inFigure2.4. The TIA used in the propossgstem is configured agapacitive

amplifier.

There are three main reasons for using a capacitive TIA as taenpldier stage. The

first reason is the topologyds i mmunity to t
the proof mass and the invexgi input of the amplifier. These capacitances form

mainly due to the wirdbonds and interconnecting paths that run -bigiside. In

Figure2.4, Gardenotes the equivalent capacitance of these parasitic components in a

single element. Assuming the oplep gain of the operational amplifier is high

enough, the inverting input of it can be considered as a virtual ground node and thus
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the parasitic capacitances will be effectively eliminated between the virtual ground and
the actual circuit ground.

The secod advantage of using capacitive amplification is its superior noise
performance compared with resistive amplification. Unlike some low frequency
applications where the feedback capacitor is solely used for stability compensation and

a large feedback resmstis used for amplificatiofi29], in the proposed system the
feedback capacitorodos val ue i sampliieegaid.o mi nar
Using such approach, the value of the feedback resistor can be kept at ealower

effectively reducing its thermal noise contribution to the system; and the feedback
capacitor, which is comparably a lassisy component, can be set to achieve the

desired gain. Noise consideration of the-agnaplifier stage will be reisited in

Section4.3 in more detall

The third advantage of capacitive amplification is its capability of cancelling the
frequency dependence of the readout current flowing into thearppdifier. This
dependence is shown Equation2.20. For a certain, wetlefined range of carrier
signal frequencies, capacitive amplification can maintain a constant gain between the
input carrier signaliac, and the premplifier voltage outputpa. This way, possible
fluctuations that might occur in the carrier signal frequeceny easily be tolerated
without causing any inconsistency in the fremd readout characteristics. This
property is investigated below along with the transfer characteristics of the capacitive

pre-amplifier.

The sdomain transfer function of the paenplifier, G(s), including the effect of the
capacitance difference between the two d

expressed as follows:

0i @ —z— — {z¥ 2 (2.22)

wherCeg i6s the feedbac-ampldfirpaci tance of the

Thus,

o — L (2.23)
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As it is simply denoted iftquation2.23 above, using capacitive TIA, the frequency
dependence of the current fed to the-gmgplifier can be @hninated. Moreover,
without using a very large gain resistor at the-gamelifier feedback and degrading

the noise performance, a large gain can be achieved by using a small capacitance at

the feedback network.

As it will be introduced later on, in additido the carrier signals, lefvequency and

DC voltages are also applied on the sensing element in order to achievel@bpsed
operation. These voltages can cause leakage currents through the sensing element
towards the pramplifier causing undesired lefkequency offset voltages at the
output of the preamplifier. In order to reduce the effects of such parasitic
low-frequency currents, and maintain the frend readout consistency, the
pre-amplifier output,vpa, is highpass filtered before generatingetfinal frontend
electronics outputye. A passive RC higipass filter followed by a voltage buffer is

decided to be sufficient for this stage.

As a visual summarythe inputoutput waveforms of the from@nd electronics are
demonstrated iffigure2.5 in a norquantitative plot.

| _—C
. S0 S O N O W a(t)
AonlCoal {,\,,,ﬁ,ﬂ | e, | A v
= A L
VMM MM MMV“”W%W\YM VM.MVMV
| ALLARRSS

Figure 2.5: A visual summary of the fromind electronics based on ngnantitative
sample waveformsi(t) is the carrier signala(t) is the appliedacceleration;gpC ( t )
is thecapacitance difference between the two electrode capacitancesi@ni the

front-end electronics output.
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2.2.2. Signal Rectification by Demodulation and LowPass Filtering

After the preamplification, the modulated voltage signal generated by the-érmoht
electronics is demodulated. By demodulation, the acceleration information is
converted down to the baband from the carrier signal frequency. Additionally, the
polarity information of the applied acceleration is deciphered at this shage.
Figure2.6 asimplified block diagram demonstrating the demodulation andpass

filtering stages is given.

i | LPF
| - L(s)
Comparator E

Figure 2.6: The simplified block diagram demonstrating the demodulation and
low-pass filtering steps. The dad box includes a comparator and a multiplier which
basically summarizes the operation of the switching demodulator used in the proposed

system.

Demodulation is, basically, multiplication of the waveform to be demodulated by a
unity square wave (generatbdsed on theayt) signal for this work), and a square

wave(th can easily be expressed using Four

z z

i -zB — = ° (2.24)

whewé ©bDs the angular frequency of the cal
Vie has the following generic form:

0 0o zOE(J z06 (2.25)
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whera@)d 06i s tfrégaency eowslope generated based on the applied

acceleration.

Thus the demodulator output voltagesmodt), can be expressed as follows:

0 O L 0zind (2.26)
0 O »ozOE(] 202z -zB = - (2.27)
‘ T e e s L Q@00 [ ‘Qxkeé pL O
V] 0 -—woOEUOZ I Qg0 —/ —
— o GE p
-0 OEd oi Q& o -0 OEd 0 = = E (2.28)

By trigonometric identitiegzquation2.28can be transfored into the following form:

: . T .. P P o,
V) 0O —-—wo — -Al o]
“ c c @)
... L0800 [ Q& o .
—wo0 OEU 0 = = E
o L
T.. P Pxv ~
0 0 —0Wo - —-Al¢ o
¢ Q
T LA i Q@b 0 i Qa0 O .
—w0 OEU 0 — — E
o v
0 0 =Z= «
7°F
U S A
—WOAI O —-—wo0OEUO (2.29)

7z — —_—

o) v

The frequency of the carrier signalg, is set to be much higher than the maximum
allowed frequency of the input acceleration. Since the envelope sigt)atiirectly

follows the fashion of the apatdi esd |dc cadIseor at
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be mud smaller than the carrier signal frequency. The terms inside the square brackets

in Equation2.29above are at a frequency of at |
(2we). Thus, they can be filtered out by a lpass filter placed after the demodulator

as shown irFigure2.6 withoutaffecting the envelope signal significantly. Resultantly

the signalyvol, at the output of the unigain lowpass filter can be approximated as

follows:
U 0e-2wWo (2.30)

As the Equation 2.30 implies, the lev-frequency acceleration envelopa(t), is

extracted from the modulated wavefowss, by demodulation and loywass filtering.

2.2.3. An Open-Loop Analog Accelerometer Readout Circuit

As discussed earlier, the signal acquired at the output of thpdew/filte is shaped
by the applied acceleration. In other words, the electronic blocks up to thmakswv
filter, as taken into account so far, form an ofmop accelerometer readout circuit.
Figure2.7 demonstrates the simplified block diagram of this circuit.

Ve
o
.......... . +Vgc
i I E CPA
o [
: PM E Voa Ve Vor
: —T \ b
i Coar G / HPF e\
:cn : - /
: — E | / / Demod.\ \
o ‘ \w | ’
“Vac

Figure 2.7: The block diagram of the circuit forming an ogleop accelerometer.
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Even though the circuit demonstrated Rigure 2.7 is actually a fully functional
accelerometer, there are a number of isstreg would limit the maximum
performance that can be obtained from such system. The first and the most important
limiting factor is the linearity performance. Since the vangagp MEMS
accelerometer used in this work is a highly4tiaear block (Equatin 2.14), the output

of this circuit,vol, will also yield a nodinear behavior, especially for large acceleration
inputs Figure2.3).Linearityis one of the most fundamental features of a seasdr,

the operoop circuit is not a feasibly practical stibn for acceleration sensirsince

in openloop configuration, overall performance of the accelerometer will be

dominated by the sensing elem§gif].

Another performancémiting issue of such system is the dilemma betwéen
maximum operation range and the noise performance. If there is no mechanical

limitation (gap separation, puith, etc.), the operation range of such system is basically

A

limited with the supply rails of the circuit; especially the-prenp | i f i er 6 s .

capacitance difference between the two electrode capacto@ dre inversely
proportional to the proof mass displacemeBfuyation 2.13, thus the applied
acceleration. This results in a sharp increase aptBGealue after a certain amount of
acceleration input, and it eventually diverges to infinity. Since #ak walue of the
pre-amplifier output signalvpa) is directly proportional tap Cvpa Will be clipped after

a certain amount of acceleration input causing distortion at the circuit output. A
solution to such problem is to tune the-praplifier gain to dower value. But as a

tradeoff, such action will cause the noise performance of the circuit to degrade.

The issues discussed above can be overcome using aldopesystem. By doing so,
the circuit performance can be increased tremendously matchipgrioemance of

the highquality sensing element.

In the next sections, the closkxbp readout circuit based on this ogenop sensing

circuit will be introduced in a stelpy-step approach.
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2.3. ClosedLoop Accelerometer Operation Principles

As in many exampls in the literaturea closedoop accelerometer basically restrains
the motion of the proof mass at a certai.
instead of measuring the capacitance difference between the two electrodes like in the
openloop case; thdorce required to stop the proof mass motion under the effect of
applied acceleration is measured. This counteracting force is usually created through
capacitive actuation. In such a ca#ee voltagegenerating tts balancing forcds

directly related with the applied acceleration by the electromechanical properties of
the sensing element. Taking advantage of such relation, the counteracting actuation
voltage can be taken into account as the ckbsepd output of a forcdalancing
accelerometeradout circuit. In Figur.8, asimplified block diagram fothe analog
closedloop forcebalancing accelerometeonceptis given. Note that with minor
differences, this block diagram has the generic form of a typical closed
accelerometer asell; ether analog or digital

1/m X(s) i AC(s) Front-End Vo
——— n Electronics and
s’ +s.b/m+k/m H Downconversion
1
'

(input)

(els))

Voltage to Force |

Feedback |
Conversion < Controller |«

Network l
{output) Vee

Figure 2.8: The simplified block diagram of the linearized closeap,

force-balancing capacitive accelerometer in Laplace domain. The blocks in the dashed
box are directly relatedvith the electromechanical nature of the MEMS capacitive

sensing element.

In Figure28,080 i s t he appFdedsatbel Eonteogeneér ¢
mass by the aphidd &d achcee ledreattiroms;t ad i ¢ f
mass by the feedback nEddwadrsk tdfe tnled rfeoad
t he pr oxof insastshe 0Opr oof mass diFs®;pP®c @ me nt

o
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the capacitance difference Vhbestheweugnhof t he t wo e
the frontend readout electronicéyred i s t he feedback voltage us

balancing electrostatic force and also is the output of the clospcaccelerometer.

As discussed earlier, one of the most fundamental issues related witthoopen
accelerometers is their low linearity performance resulting from the inversely
proportional relationship between the proof mass displacement and the capacitance
difference between the two electrode capacitances. This relation was introduced as the
sensiivity of the sensor earlier. The sensitivity expressions of each electrode
capacitance are +asited below.

— E— (2.31)
— (2.32)
and,
Y6 6 6 (2.33)
Thus the total sensor sensitivity is:
A - ‘ (2.34)

which is a highly nodinear function of proof mass displacement, x.

Given that the readout circuit providedesedloop operation by restraining the motion

of the proof mass, txX¥ewptitbofdmassydbeplkzaceme
such precision impractical, this displacement will yield much smaller values compared

to the capacitidgag fiifngneort sperpeacriasteiloyn zoer o. T
assumption, the effect of the proof mass displacement on the total sensor sensitivity

during closedoop operation can be neglected. As to say,
we T

vy z z

e (2.35)

vy z z

€

(2.36)
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similarly,

- — —e— (2.37)

AsEquatis2.36and 2.3y mpl vy, each el ectrodG@dxandpaci t
the total sensitivity of the sensing elemeashtp C / cdrxbe assumed to benstant

given that it is operated using a clodedp readout circuit. This principle of operation

is what linearizes the response of clo$eop analog accelerometer as presented in this

thesis, and it also justifies the linearized system modeiguare2.8.

Moreover, since the proof mass displacement and thus the capacitance difference
between the two ettrodes are negligibly small during operation, the gain of the
pre-amplifier can be increased further without any concerns about the operation range
and the supply rails of the system. This way, the noise contributions of the electrical
blocks following he preamplification stage can be suppressed further. Eventually, the
overall noise performance of the readout circuit will also be improved without any

reduction in the operation range unlike the ofmk case.

Another important aspect of a closkedp accelerometer that should be noted is related
with the state of the suspending springs during operation. Duringlopgmperation,

the total displacement of the proof mass under the effect of acceleration is defined by
the stiffness of the mechanical spgs that are suspending the proof m&estion2.1,
Equation2.12). However, since the proof mass is ideally kept steady at its rest position
(x &) @uring closedoop operation, the springs will not be loaded atlalt (x).8A0d

since the springs do notert any force on the proof mass in steady state, they do not

take any significant part in the static response of the system.

The advantages of a closkxbp accelerometer against an opp@op one are clear. As
discussed earlier, the closkmbp operationin capacitive MEMS accelerometers are
usually achieved through capacitive actuation. The fundamental principles of
capacitive actuation and the details of the linear, bidirectional electrostatic
forcefeedback method used in the proposed system are dislcuss further

subsections.
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2.3.1. Capacitive Actuation

In order to balance the forces exerted on the proof mass by the input acceleration and
achieve closedbop operation, capacitive actuation is used. Electrostatic forces
generated between two oppositely cleakrgodes of a paraliplate capacitor is what

creates this actuation and thus makes the foat@ncing action possible.

— F .

elec

+ + + |+ + +

+tq -q

Figure 2.9: A demonstration of the electrostatic forces between the two plates of a

parallel-plate capacitor.

The electrostatic force created between two capacitive plates camrheafied using
several methodOne of these methods is by the multiplication of the electric charge

on either plate and the electric field between the twitepl

O e

(2.38)

z z

and,

0 870 —7a (2.39)

wheQ& ibs the charApe icf tehiet hoevre rd lagsteea;r et
capac¥t ors; thhe perCnitsi vhey capaaitande
parallelplaé s\V\6 6 s t he voltage applied acdoss

is the plate separation.

CombiningEquation2.38 and equatioB.39 the force equation can beaganged as

follows:

0 -z—7¢ (2.40)
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Note thatthe second term in the multiplication Eguation2.40is the sensitivity of
the parallelplate capacitor as it was defined earlier. So the electrostatic force

expression can be further reduced to the following form:
O -z—2z (2.42)

Using the voltage generated at the output of the clmsgmicircuit {/rs, Figure2.8),

and using a feedback network to feed this voltage back to the sensing element, such a
force can be created. And the motion of the proof mass under the effactsnput
acceleration can be counteracted. However, even though the sensitivity of the sensor
can be assumed constant and the sensing interface can be linearized bipojpsed
operation, the quadratic behavior of this electrostatic force causes asmihnes of

nontlinearity. This can be simply studied as follows.
Given that the force actingawni ¢ he proof
O azw (2.42)

and if this force is to be counteracted

the vollageVeg, the force equilibrium expression would be

0 O (2.43)
Gz -z2—2¢ (2.44)

the relation béetavednt Webe oaiftnpiulite @sy st em,
becomes notinear.Additionally, the force genated between two parallel plates can

only be used pull the plates closer to each other, and the opposite is not possible. So
using only one electrode capacitance will not be sufficient to counteract acceleration

input ineitherdirection; at least in thisonfiguration.

Note that the mechanical spring loading forces are not included in these force
equilibrium expressions sxonde tzlkee opranaf t

spring forcek*x is zero as well.

The solution to the aforementioned lineariyd directionality issues will be

introduced in the next sedection.
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2.3.2. Differential, Bidirectional Capacitive Actuation

In the proposed sysVYr#m,j st lappacttdatobindonm v blet a @

differentially in a special configuration. Thisomfiguration is demonstrated in
Figure 2.1Q0 By using such a configuration, the foifeedback action can be
linearized. Additionally, this way the electrostatic actuation can be made bidirectional:
the acceleration input can beunteracted in both direons.

The proof mass node of the sensing element is assumed to be connected to the ground.
This is a solid assumption wsideringthat it is virtually grounded by the inverting
input of the preamplifier (Figure2 . 7 ) . VYp@dl Hignge2.10i8 refered as the
proof mass voltagend it is applied symmetrically on both electrodes. Resultantly, by
the effect of this proof mass voltage, electrostatic pulling forces of equal magnitude
and opposite directions are applied on the proof mass through bdta efectrode
capacitances. Being equal, thedtsetforces do not cause any net force on the proof
mass given that the feedback voltadks, is zero. However, by increasing or
decreasing the voltages on either electrode differentially through f#heoltage, a
nonzero force on either direction can be applied on the proof mass. Thus, bidirectional
force-balancing can be achieved.

k' k’
— Cp ] | c" __
Proof Mass
E, En
% o]
Vem+Ves i Vem-Ves
— — Freedom of motion |— -
‘—> A y
IO 5

Anchor Points — Suspending S"brings'

X

Figure 2.10: Simplified electromechanical model of the sensing element
demastrating the application of forekeedback voltages. The feedback voltagas/

applied onto the sensor electrodes differentially, accompanied by a fixed DC voltage,
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Vem. By using such a configuration, the foiffeedback action can be linearized and
theacceleration can be counteracted in both directions. The force exerted on the proof
mass in x direction by an external acceleration is counteracted by decreasingthe V
voltage below zero. Oppositely, if the force by acceleration is appliieddirection,

then \£g voltage is increased above zero.

In order to understand this forbeedback concept better, and to demonstrate its linear

behavior, following equations can be used.

The electrostatic forces acting on the proof mass, by the posifivar(&thenegative
electrode (E) respectively, are as follows:

0 -z—z @ O (2.45)
0 -z—2z2 ¢ @ (2.46)

Assuming both electrodes have the same sensitddx the net electrostatic force

applied on the proof mass is

Oy -z2—z2 ® ® ) ) (2.47)
O -Z2—7Z Cw ZQW (2.48)
O C—w W (2.49)

Considering this net electrostatic force iquation2.49 is used to counteract an
external force appliabd bhreahomceekbquatib

can be written as follows:
O, Oy (2.50)
AzZW C—wW Zw (2.51)

Thus the relation betweengh i ng@ut and t/dde iosut put 0O
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— — (2.52)

The terms in the rightandside in Equation2.52 are all at constant values. This
implies a completely linear relation between the input and the output of the sgstem a
desired. Note that this constant on the Hgandside is nothing but thecale factor

of the system.

2.3.3. Electrostatic Spring Effect and the Operation Range Estimation

As discussed earlier, the spring stiffness does not have a significant role onithe stat
response of the system. However, it actually is a critically important design parameter
when it comes to accomplishing the loop stability. In addition to the stiffness of the
mechanical springs suspending the proof mass, the phenomenon referred as
electostatic spring softeninghould also be taken into account. This softening effect
occurs as a result of the electrostatic forces exerted on the proof mass through the
electrodes. It is not easy to comprehend this effect while assuming the displacement
of the proof mass during closémbp operation as zero because such assumption

simply leaves the mechanical spring constant out of the equation.

In order to visualize the electrostatic spring softening effect, a force equilibrium
expressionincluding the spng loads is more than useful. While writing this
expression, a virtual external force«ts assumed to be applied on the proof mass in
+x-direction. Note that all the signs and terms used in this expression are in accordance

with the denotation ifrigure 2.10
O o3 Q zw G (2.53)

wh e tFgdo 60 alRedd0 6ar e t he amplitudes of the electr
proof mass by the positive ankgedt Hes nerggat i ve
mechanical springcohsant of al | the susxpendi nhesprioomds

mass displacement.

Equation2.53 can be extended andawanged as follows:
O Q zw O 103 (2.54)
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O Q o -—w W -— W W (2.55)
where,
6 00 — HE® ® — (2.5657)
Inserting Equation2.56:57 intoEquation2.55

O Q 0w ——ow W -—— W [ (2.58)

Fextcan be assumed to have the following form wikefés a constant:

~

O Q zw (2.59)

Then,
M zo0 Q O ——— o W —w W (2.60)

If both sides oEquation2.60 are differentiated by;

Q 0 — W — ® W (2.61)
,and Equation 2.61 is evaluated ak=0, which is the operation point ofhe

accelerometer in closddop.
Q ko) C— ) (2.62)
By taking the derivative of the virtual external force with respect to the displateme
a term analogous to the spring constant is obtained. As also seen quét®iE2.62,
this constant is not equal to the mechanical spring conktaet,Even if the feedback
voltage is zero and the proof mass is pulled from both of the electmpaketydoy Ve,
the outcome of the derivation is still different frd@recn This new spring constant
value ke, is less than the mechanical spring constant and is a result of the electrostatic

spring softening phenomenon.
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The decrement in the mechanisaking constant will be referred as thlectrostatic
spring constanbf the sensing element:

Ko) C— W W (2.63)
The overall spring constar, affecting the dynamic behavior of the sensing element
will be referred aseffective spring constant

~

0 Qop Q (2.64)
Thus the transfer function of the sensing elem&(s), can be rewritten as follows:

C T
O i (2.65)

—Z _

As long as tk proof mass voltage is kept sufficiently high compared to the feedback

voltage, the effect of the feedback voltage on the effective spring constant value can
be neglectedBased on this approach, the dominant term setting the value of the

electrostatic sfing constant is considered as the proof mass voltage throughout this

work. However, if the frequency response of the accelerometer under the effects of
high acceleration inputs (meaning high values\es) is to be studied, then such

approximation critially insufficient, and should not be used.

The modification in the spring constant naturally alters dynamic behavior the of the
accelerometer, affecting critical properties such as loop gain and quality factor. Thus
the closedoop response and the loopalsility should be considered taking the
effective spring constanhto account. At this point it is better be noted that by
changing the proof mass voltage value, the phase margin of the overall system can be
tuned since it directly affects the loop gakdditionally, by forcing the effective

spring constant to smaller values, the noise performance can also be increased by

exploiting the inemandgame i n the sensoros

Besides these considerations, increasing proof mass volfageabove a ceria
value causes the effective spring constant to drop below zero. Such situation causes a
response like a positive feedback system, and resufislisin [30] in the sensing

element, and saturates the output of the loop. Thieatrproof mass voltage value
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resultinkdi nsaexepressdsed b equation2.67smdd t he
always be satisfied. Note that when calculating the maximum operation range of the
accelerometer, the effect of the feedback volt¥ge,on spring softening should also

be considered since it will have values comparab\éiahen.
0 o J g (2.66)
O O (2.67)

Figure 2.11 demonstrates the magnitudes of the spring loading force, electrostatic
force and the net force acting on the proof mass when it is moved by an eixtemal
along xaxis. The slopes of each line at the origin shows the mechanical, electrostatic

and the effective spring constants respectively.

40~

Z

=4

8
—Spring Load
—Electrostatic Force
—Net Force
...kele Slope

_4 ‘ | | s ”keff Slope |
—?.5 -1 0.5 0 0.5 1 1.5

I;r(-)of Mass Displacement ( urh )

Figure 2.11. Visual representation of the electrostatic sprisgftening effect. The
slopes of each line at the origin (x=0) are equal to the corresponding spring constants.
Note that beyond points 6 @ ftloe net force acting on the proof mass changes its

signature indicating a pulin situation.

2.3.4. Operation RangeConsiderations

The strong relation between the electrostatic spring constant, the value of the proof

mass voltage, and the scale factor of the syskEgudtion2.52) is a defining factor for
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theabsolutemaximunoperation range of the closémbp acceleromater. Additionally,

as by the principles behind differential foremdback, the maximum value the

feedback voltageéyrs, can get is equal to the proof mass voltags, Because then,

the actuation voltage on one electrode becomes zero, and incrdasifigrther

disrupts the trend of the force applied through the associated electrode. Analyzing

these considerati Bdns,andc et hoe earbasto lount e ammagxei, muor

range can be derived with the following equations:

Y h a T (2.68)

wherSE, i the scale factor Equation2bditisystem. As

YO —— of— (2.69)

Substitutingequation2.69 into Equatior2.68

w

(2.70)

In order not to cause the effective spring constant to drop below zero assuming the
maximum acceleration input is applied, the following relation should as well be
satisfied(Equation 2.63)

W W § Q z— (2.71)
where,
W § W (2.72)

Thus, Equation 2.71 can be rearranged as follows demonstrating the absolute

maximum possible range of operation:

Y — (2.73)
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2.4. Simultaneous Differential Sensing and Forcé-eedback

Approaches for capacitive differential sensing and differential ffmedback topics
are discussed in detail so farhe method for fusing these aspects of the analog

accelerometer in continuodisne operation is to be introduced in this section.

One ajproach as also seen in thigerature is by using dedicated differential
capacitance sets for each task. In other words, two differential electrodes can be used
for sensing while another two can be used for fdesglback. Figure 2.12

demonstrates the nbguration for such approach.

Vem+Ves +Vac
|I——— - —————|-——- Sense Capacitors
| [ ] [ ] I
CF'pI 1 [ Icsipl
| 3 |
| £5 Front-End
O 5 —
| Proof Mass 32 Electronics
I I ] I ] |
ICF,I’II 1 [ ICS,I‘I I
I ]
(o] VPM'VFB “Vac
Feedback <« Controller [«

Network

Figure2.12: Continuoustime, closedoop accelerometer approach incorporating two
sets of differential electrodes. In this configuration, the electrode set composgg of C
and G- is used for electrostatic forefeedback while the other set is used for

acceleration sensing

Using dedicated electrode sets for either task is a neat and sfoagatd approach.
However, it can be considered costly in termgfédctive accelation sensitivity per

unit chip area This is because a part of the sensing element will only be used for
forcefeedback in such case, and the acceleration sensing electrodes will be limited
with a smaller chip area compared to a case in which the cBipamaposed of sensing

electrodes only.
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In the following subsections, the solution which offers continudimse closedoop
acceleration sensing without any reduction in the effective sehsipier chip area is

introduced.

2.4.1. Simultaneous Sensing and ForcE&eedback with a Single Electrode Set

It is mentioned earlier by the end of Sectibh that the sensing element is actually an
electrical highpass filter and a mechanical lgvass filter: As the frequency of the
electrical signals applied on the elecesdncrease, more current can flow through the
electrode capacitances; and if a veryHoequency voltage is applied on them, the
current will be mostly blocked by the capacitors. This is why the sensor is referred as
an electrical higkpass filter. On tb other hand, as the frequency of the force applied

on the proof mass increases, the output proof mass displacement will start to decrease
rapidly after a certainorner frequencyEquation2.15). Recall that the input force can

be applied on the proof maslectrically. This electromechanical property of the
sensing element is exploited to achieve simultaneous sensing anrtefatback using

a single pair of differential electrodes.

Front-End Voi
' » V
' Electronics Controller 8
Feedback <
Network — Vom
€ Vo

Figure 2.13 A conceptal circuit diagram for the analog forefeedback
accelerometer. By using such a configuration to apply both sensing and feedback
voltages on the electrodes, simultaneous differential sensing andféextieack can

be achieved in continuotisne using onlyne pair of differential electrodes.
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In Figure 2.13, voltages applied on the electrodes for simultaneous sensing and
force-feedback purpose is demonstrated along with the complete conceptual circuit
diagram of the proposed system. Taking either one ofldatrode capacitances and

having a closer look at the current flowing through it; and electrostatic forces exerted

on the proof mass by it, simultaneous operation can be observed easily.

To start with the sensing part of the approach, the current fldiminggh the positive

capacitance is

N 8 60— (2.74)

0 8 0 (2.75)

Singw as a fixed v-detivitsege wi th zero ti me

Q 6 0 — (2.76)
For an acceleration applied wadd, t i eethhattk
vol tVaggecan be assumed to have the foll owi
w nzOEd o - (2.77)
, and the carrier signalg, is
b &zOEd O - (2.78)
ThenEquation2.76 becomes
N 60 W AI® o - W AT OO - (2.79)

Before continuing on with the simplification of the expressiorEquation2.79, a
couple of considrations can be done. First and the most important of all, the frequency
of the carrier signaly, is set to be much higher than the maximum operation
frequencywmax Also the scaling factop, can be smaller than the amplitude of the
carrier signala. Thus the first term of the summation inside brackets can be considered

to be much smaller than the second term.

Additionally, the highpass filter following the pramplification step is set to filter the
signals at lower frequencies compared to theiarafrequency. This effectively
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reduces the significance of the first term further. Moreover, thefleguency signal
components entering the demodulation phase cannot beawwerted to baskand.
during demodulation. On the contrary, they are moddlafeto higher frequencies,
and during the lowpass filtering after demodulation, these signals are filtered out
again. This can be observed by inserting(wnat +)(into Equation2.27in the stead

of the carrier signal. So it is be safe to make the following assumption:

Qe v AT ®O6 « 6 0o (2.80)
Similarly,
Qe AT ®o6 « 6 0o (2.81)

So the atuating feedback voltage and the proof mass voltage can be effectively

assumed to have no contribution to the net readout cuignt,

On the other hand, the total net electrostatic feedback force acting on the proof mass

can be formulated as follows:

O ——w ®w U -— ®w U (2.82)
Oy -— ®w U W ® U (2.83)
05, -— QW ¢ Cw (2.84)

Dfp ¢C— W ¢(—w U (2.85)

As itis seen ifcquation2.85 the carrier signal,c, also has an undesirable contribution

to thenet electrostatic force acting on the proof mass. The effect of this parasitic
high-frequency force component on the sensing element causes undesired vibrations

on the proof mass referred amss residual motionf the frequency of the carrier

signalisset o be much higher than the corner freqg
mechanical transfer function, then the effects of this residual the force and thus

vibrations, can be suppressed significantly. Thus the net electrostatic force can be

assumed to be

O rec—w (2.86)
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As it is also demonstrated by tBguations2.80-81 and2.86, using the configuration
as demonstrated Figure2.13 forcefeedback and sensing can be achieved using only

one pair of differential electd®s in continuoutme.

2.5. Summary and Conclusions

Theoretical approach for a forbalancing closedbop accelerometer readout circulit,
which works in continuouime, is introduced, and the details of the operation

principles are discussed throughout thiajuter.

The functionality and the feasibility of each building block is verified theoretically.
The building blocks starting from modulation in the sensing element followed by
pre-amplification, highpass filtering and buffering, demodulation, and endittp
low-pass filtering are shown to form an ogeop accelerometer, which can be
extended to a closddop system by using a controller and a feedback network to
counteract the force exerted on the proof mass by the acceleration. A number of
important apects like the mass residual motion, operation range, and the electrostatic
spring softening are introduced as points to be paid attention to. In conclusion, it can
be said that by using such a clogedp system, the acceleration can be sensed linearly

with minimal system complexity.

In the next chapter, the systdavel modelling of the approach as presented in this

chapter is introduced in a numerical fashion.
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CHAPTER 3

SYSTEM-LEVEL DESIGN AND M ODELLING

The operation principles of the proposed clekex accelerometer are introduced and
discussed in the previous chaptBefore going on with the implementation of the
system, MATLAB Simulink models of the complete system are created. In this
chapter, these models and the simulation results based orateeniroduced along

with the related design parameters. The simplification and linearization methods used
during creation of these models and the controller design approach are also discussed
in this chapterln Section3.1, the noflinear simulation mods of the building blocks

of the sensing element and the of@op readout electronics are introduced. In
Section3.2, the design of the linear model, which is necessary for frequency domain
analyses steps, is introduced in detail. SecB8d the desigrapproach for the
controller to be used to close the accelerometer loop is presented followed by stability
considerations for the proposed system. Section 3.4 focuses on the demonstration of
the accelerometer both in opemd closedoop configurations. Té chapter ends with

a brief conclusion in Sectidhb.

3.1. Design and Modelling of the Building Blocks

In the following subsections, the desigmrocedurenf the models for both the sensing
element and the opdaop readout electronics are introduced and dised in detail.

The models introduced in this section are designed as accurate as the complete
mathematical relations affecting the operation of the modelled blocks without any
simplification or assumptions. Because of this, the transient time simulat®@so

based on the models as presented in this section.
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3.1.1. Non-linear Model of the Sensing Element

Even though certain simplifications and assumptions are made to estimate the response
of the sensing element as presented in Ch&pt@mnonrlinear model icluding all the

details affecting the operation is useful for such model would reveal overlooked
aspects if there are any. These details include spring softening by the contribution of
the feedback voltage and the carrier signal, effect of thegaptcapcitances, and the
nortlinear behavior of the sensor. figure 3.1, the nonlinear model of the sensing

element is presented.

] :
Mo m > f(u) : N
= 19 @ Fa s2+b/m.stkmech/m x ) deltaC
: :

g input Gravitational Inertial Mass E s Vech " Displacement-to-dC Scope
Acceleration ensor viechanica Function

Transfer Function

Voltage-to-Force
Function

f(u) <

Py e N I

Carrier Signal

Vpm

Vpm

Proof Mass Voltage

Figure 3.1: The nonlinear model of the sensing element (dashed box). The inpu
acceleration is in 06g0d6 uni-inearfundiotmneofthewo f unct i
applied electrostatic forces (Voltage-Force) and the capacitance difference

between the two electrodes (DisplacemterdeltaC). Output of the sensor is taken as

the capacitance difference, deltaf@), between the two differential electrodes.

T h eisplacemento-qCd6 f uncti on bl ock contains the fo
capacitance difference between the two differential electrodes including the effects of
theanttgap s epar avpliageto-Borced Tthd o6k contains the f
calculating the net electrostatic force exerted on the proof mass as a function of proof

mass displacememnt, and the electrode potentilsy+Vac andVem-Vac. Note that by

usingsuch a feedback block, the electrostatic spring softening effect can directly be

simulated since it already is a phenomenon resulting from the change in the net

electrostatic force exerted on the mass with the changing proof mass displacement
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(Chapter2, Section2.3.3. This way the transfer function modelling the mechanical
dynamic response of the sensing element can be prepared based solely on the
mechanical spring constamtecy but the spring softening effect can still be included

in the simulationsEquations inside the two function blocks are presented below for

the sake of completeness.

b Zok B > PP P __»

b BB b2

In Table3.1, the geometrical design values of the sensing element is presented along

with the constants used in the simulations.

Table3.1: The geometcal design parameters and their values. The properties such
as the sensitivity of the sensor, which can be calculated using the parameters given in

the table, are not included.

Parameter Description Value | Parameter  Description Value

Microstructure

t . 400m Ws Spring width 18COm
thickness
dgap Gap separation 20m Is Spring length 8500m
Gl Anti-gap separation 6 Om Ns Number of springs 4
N Resonance
It Finger overlap lengtt  950m fr 3.7 kHz
frequency

Number of fingers .
Nt 258 m Inertial mass 0.3mg
(each electrode)

. o ) 8.85 Damping 0.0023
a Permittivity of air b o
pF/m coefficient Ns/m
R 169 Mechanical spring
E Youngd6s n Kmech 160 N/m
GPa constant

Apart from the geometrical properties of the sensing element, there three electrical
configuration paramets which should be decided: the proof mass voltage, the

frequency of the carrier signal, and the amplitude of the carrier signal.
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The critical proof mass voltage that causes a zero effective spring constant is calculated
as shown ifequation3.1 Note that this is the maximum value the proof mass voltage

should be set to.

W ;i e Y& o (3.1)

The proof mass voltage value for the initial tests was chosen td b&fter the system
implementation, the optimum value for the proof mass voltage valdecided to be
5.5 V taking the noise and the range performance tests conducted under different
values ofVpm into account. The simulations presented in this chapter is based on this

value rather than the initial value.

As it is discussed in Chapt2rSedion 2.4.1, the force component, which is generated

by the carrier signal, causing residual motions on the proof mass is:
O ¢C—w U (3.2)

The magnitude response of the sensing element is multiplied with the amplitude of this
residual force expression to observe the amplitude of the proof mass oscillations with
respect to the varying carriagsal frequencies. IfRigure3.2, the resultant plot of this

multiplication for a unit carrier signal is shown.

600 : T e
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Figure 3.2: The amplitude of residual oscillations of the proof mass as a result of unit
amplitude carrier signal under varying frequencies. After the carrier signal frequency

exceeds ~2BHz, the amplitude of the oscillations shrink significantly.
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As it can be observed Figure3.2 that once the frequency of the carrier signal exceeds
around 20kHz, the amplitude of the mass residual motion oscillations gets
significantly small. For this reason, the carrier signal frequency is chosen to be at least
20kHz, and the tests showed that increasing it further does not have a noticeable effect
on the acelerometer performance even degrade the noise performance slightly.
Eventually, the final value for the carrier signal frequency is decided to kid20

The amplitude of the carrier signal is a neat parameter that can be used to tune the loop
gain. Moreoer, unlike the proof mass voltage which can also be used to alter the loop
gain Chapter2, Section2.4), the carrier signal amplitude does not affect the scale
factor of the closedbop accelerometeEQuation2.69. The initial value 1V peaxfor

this paameter is later modified to 2\Beakafter performance tests, and this new value

is used in the simulations. [hable 3.2, a summary of the electrical configuration
parameters are shown. Note that these values are used both in simulations and the

implemerted system tests.

Table3.2: The electrical configuration parameters used both in the simulations and

the circuit implementation.

Parameter Description Value
Veum Proof mass voltage 5.5 Wbc
fac Frequency othe carrier signal 20 kHz
[Vad Amplitude of the carrier signal 2.5 Vpeak

In Figure3.3, the step and ramp response simulations of thdinear sensing element
model are demonstrated.
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Figure 3.3: (a) Unit step and (b) ramp responses of the-tinear sensing element

model. Output of the system is the capacitance difference between the two electrodes,

qgCc, and the input is acceleration in 6g6 unit
of mass resglual motion caused by the 61z carrier signal.

3.1.2. OpenLoop Readout Electronics

In addition to preamplification, highpass filtering, demodulation, and lgvass
filtering stages, the Simulink model of the freemid readout electronics include the
modulatbn that is taking place on the sensor side as welligare 3.4 this model is

presented.

Pre-amplifier

(2*pi*100)'2

Rhpf'Chpfs - -
L4dpi*100s+(2pi*100p2 | Vol

et i | s 7|£ VPa | Rhpf'Chpf s+1

Scope

Integral Low-Pass Filter

Integral gain High-Pass Fitter

fon by
Supply Rails

Carrier Signal

Figure 3.4: The Simulink model of the opop readout electronics.

As noted earlier in Chapt@Equation2.19 the net currente, flowing towards the
pre-amplification stage is the time derivative of the carrier signal times the capacitance

difference between the two electrodgs; (deltaC) However during operation, the
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changes iy can also cause currentakeng through the capacitances, since the net
current passing through a capacitor is:

N — —72¢ 62— (3.3)
For that reason, even though time derivative of the capacitance does not have a
significant effect on theurrent, it is rather convenient to place the differentiation block
in a way that both current components can be observed on the net cwiréotying

towards the pramplifier.

The preamplifier block is created with the combination of an integratod a gain
based on the feedback capacitance. The saturation block following taenpliéer
output is used to simulate the rail voltages of the operational amplifier which is used

implement the circuit.

The preamplification stage is followed by theatrsfer function of a passive RC
high-pass filter with a3 dB frequency about 508iz, and the demodulator. The
demodulator block is modelled exactly as it is present&igure2.6in Chapter2: A
block multiplying the input signal with a unit squasave As the final stage of the
openloop electronics following the demodulation stage, a ug#iy, seconerder

low-pass filter with both poles placed at 189 is used.

In Table3.3, the component values used both in the model and the implemented circuit

of the operAloop electronics is given.

Table 3.3: Passive component values used in the creation of the Simulink model for
the operdoop electronics. Note that these are the actual values that are used in

circuit-level implementation as well.

Component Description Value
Cpa Preamplifier feedback capacitance 3.9 pF
Rupr High-pass filter resistance 36.5 kg
Chpr High-pass filter capacitance 10 nF
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3.2.  Model Linearization

The nonlinear model as introduced in the previous-sabtion, is very useful for
simulating the system in time domain with a high accuracy. However, it is not possible
to observe the systetmehavior in frequency domain using such a model for it is
composed of several ndimear blocks. Simulations in frequency domain is especially
important when a closeldop system is at stake since the stability of the loop is needs
to be ensured by simdians prior to implementation. For this reason, in addition to
the nonlinear model, an LTI model of the sensing element and the readout electronics
is created. In the following stdections, these models and the considerations related
with them are preseed.

3.2.1. Linear Model of the Sensor

The two sources of nelimearity in the model of the sensing element are the
Voltageto-Force and theDisplacemento-deltaC functions Figure 3.1). The main
reason for these blocks to cause 4inmarity in the system ishe relation of proof
mass displacement, with the varyinggap electrode capacitances. Considering that
the accelerometer will be operated in clotmab, the displacement value can be
assumed to be very small, even zero. This way, thdinearity in tre sensing element
can be neglected.

Voltageto-Force block introduces notinearity because it includes ndinear
functions of electrostatic forces as a function of proof mass displacemi&his block

can be eliminated if the mechanical spring constanty in the transfer function of

the sensing element is replaced with the effective spring constant kel it was
discussed in Chapt@;, Section2.3.3. When it comes to thgisplacemento-deltaC
block, for very small values off, it can sinply be replaced with a gain block,
multiplying the proof mass displacement value by a factor of total sensor sensitivity,
2*dC/dx Taking these considerations into account, an LTI model for the sensing
element can be createth Figure 3.5, this model is pesented. Additionally, in
Figure 3.6, the comparison of this model with the nlamear model is demonstrated

with a step response simulation of both models.
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Figure 3.5: The linearized model of the senseigment (dashed box).
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Figure 3.6: Comparison of the unit step responses of the linearized and tHeean

models of the sensing element.

As it can be seen iRigure3.6, the linearized model is accuratafficiently. The gain
difference between the two models simply is because of the significance of the
displacement value under the effect off hcceleration input. If this input is given

sufficiently small, then the gains of both models gets much dossach other.

3.2.2. Linear Model of the OpenLoop Readout Electronics

The modulation and demodulation steps as simulated in thénsam model of the
accelerometer needs to be converted into a shape where they can be simulated as an

LTI system. In order to mk& this conversion, it is convenient to recall the gain
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expression of the pramplifier and the mathematical expression of the demodulation
step. As it was presented in ChafteBectior2.2.1, the gain of the pr@mplifier is:

o1 y
Ol —_— — (3.4)
and, the carrier signalac, has the following form:
0 o zOE(J o (3.5)
The output of the frorénd electronics for anyC value can be written as:
0 — z0Ed 6 ®wozOEJ 6 (3.6)

Note that the waveform(t) is referred as thacceleration envelope signaérlier, and

the output of the demodulator has the following fo@hgpter2, Equatior2.29:
0 O -z2RO -0 AT o E (3.7)

After the unitygain lowpass filtering stage, the output of the open loop readout

electronics can be expressed as follows:

© oe-2Ho Y50z

z — (3.8)

As byEquation3.8, it can be said that the complete op@op readout electronics can

be modelled by a simple gain:

O = z — (3.9)

Additionally, the lowpass filter at the final stage of thpemloop readout circuit is
included in the model in order to simulate its contribution to the dynamic behavior of
the system. IrFigure 3.7, the linearizedenvelope modebf the operAoop readout
electronics is shown. Also ifigure 3.8, the comparison ofthis model with the

nontlinear one is demonstrated with a step response simulation of both models.
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Figure 3.7: The linearized envelope model of the ofmop readout electronics.
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Figure 3.8: The comparison of the linearized and the actual model of the-lopen
readout electronics. As it can be seen, lthearizedmodel works with a very high

accuracy.

3.3. Controller Considerations

There are three basic typefscontrollers which can be used with the proposed system:
Proportional (P), proportionahtegral (Pl), and proportionategratderivative
(PID). Among these types, ad®ntroller would not be sufficient for in that case the
linearity response of thedp would degrade because of the stestdye error, and
increasing the controller gain further for reduction in the-lvagarity would cause
stability issues. Including a-Bontroller into the system would be unnecessary for it

would bring extra complideons in the linearity response, and the operation band of
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the system is not aimed to be improved significantly by controller since it mainly is
set by the lowpass filter at the final stage of the odenp readout electronics.

A Pl-controller is choseto be used with the proposed system because using such a
controller, steadygtate error can be zeroed (theoretically) thanks to its high DC gain.
Thus a highly linear response can be obtained from the elospdsystem without
degrading the loop stabilityn the following suksections, the design methodology for

the controller to be used in the system is discussed along with stability considerations.

3.3.1. Controller Design Approach

There are several methods for designing-ad?kroller such as using Ziegislichols

tuning tableq31], [32], or by using timedomain equations to tune the system at

desired overshoot and settling time values for the desired phase margin. Using tables

to tune the response tife proposed system can get pretty restrictive for such tables

are usually created for very generic systems and applications. Moreover, such tuning

met hods are usual |l y -domaneebporses. Sinbeehe bngas t e mé st
s-domain model of the ppmsed system is readily at hand, neither the use of tables nor

the complicated mathemati cal equations repr e

domain is necessary.

The operAoop readout electronicthe plant basically has two dominant poles placed

araund 100Hz by the lowpass filter. These poles causes the phase of the plant to drop

to-18 a f t e rHz.al'beghase islfither reduced by the poles mainly created

by the mechanical transfer function of the sensor. Additionally, theoRtoller

consists of a zero and introduces-a0e phase shi ft beginning |
frequencies (DChand it will increase the gain of the oplp transfer function at the

frequencies lower than its zero location. Considering these phase and gain issues,
placingtheRc ont rol |l er 6s zero at a frequency above
will cause senus stability problems. On the other hand, placing the zero at lower
frequencies than the dominant poleds | ocatio
of the closedoop system. In either case, the settling time of the system will degrade.

In Figure3.9, sample step responses of a clesegh system with a secoratder plant
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(100Hz corner frequency) and artontroller is demonstrated in three cases: The zero
of the controller is placed at #¥; 100Hz; and 25MHz. Note that the P gains are unity

for all of the three cases.

-
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Sample System Qutput
o
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0.6
04 ;
02 -==Zero at 40 Hz
) ==Zero at 100 Hz
0 I Zero at 250 Hz |
0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

Figure 3.9: Comparison of a sample syst@éntlosedoop step response for three
different kcontroller zero locations. Placing the controller zero further away from the

pl ant @tsLOOMHppN either side causes the settling time to degrade. Additionally,
as the zero frequency increases, the stability of the system degxadeghat for

better comparison of settling times, each of the responses are clipped once they are

settledin an equal error band.

Taking the considerations above, the zero of thedRtroller is decided to be placed

at the frequency wher e t % Thslwaynthedpbasep has e
drop by one of the poles of the lepass filter will be compensated, making it easier

to satisfy the stability criterion. Moreover, the bandwidth of the system will not be

degraded. In the following equations, the effect of thi$ fiesision is demonstrated.

A PIl-controller has the following generic transfer function:
0O v — — (3.10)

where,Kp is the proportional gain arf{i is the integral gain of the controller.
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Giventhat the frequencet whi ch pl ant 6s -pShisvesg thenesponse d

A

the following relation for the controll erds
— 0 5 (3.11)

The first step of design approach is followed by a tuning on either of the@ars
while keeping their ratio constant asiquation3.11 Basically, both gain values are
increased equally until a point where an acceptable amount of overshoéb)-a2d

phase margin (~4bis achieved.

3.3.2. Controller Design and Stability Analysis

The stability analysis and the parametric design of the controller is based on the linear
model created for the opdoop readout electronics. IRigure 3.10, the complete
model for the closetbop system is demonstrated. Note that there are two additional
blocks to the opeioop model, which are th¥oltageto-g and thePI-Controller
blocks. ThePI-Controller block is a transfer function simulating the controller.
Whereas th&oltageto-g block is simply a gain block completing the relation between
the closd-loop output voltageyrs, and the acceleration input. This derivation and the
resulting equation of this relation given@mapter2, Sectior?.3.2, Equatior2.52 The
only difference i s t boe icnosnbbeeabdy ioafn.8datt onpof A
Also note that, the error signal is directly generated based systemgnmstead of

the force F. By doing so, observation of the system response is much easier since the
scaling factor between the model output and the input is simply unity.

The openloop transfer function of the system as used in the stability analysis is the

multiplication of all the blocks:
O i O 20 20 z0 2V z0 z01i z201i zoOi (3.12)

The terms excluding the controll€(s), isconsidered as the plant, and noted with the
symbolHp(s) where,

O i i zoi (3.13)

56



Thus the transfer function of the closedp system, according to the model in
Figure3.1Q is:

0 i _— (3.14)

A(s) Ks Kpa Kam

Ke K
II ) LU »| 2dCdX VpeakiCpa
g a F 2+b/m.s+keffMax/m| X deltaC |wpa| |vdempod|

g input Gravitational  Inertial Mass Sensor Mechanical Sensitivity Pre-amplifier Demodulator
Constant Transfer Function

V output

Vo
=)

Voltage-to-g

2*Vpm*dCdX/(m*9.81)

Figure 3.10: The linear closedoop system model created in MATLAB Simulink
environment. Note that even t g&gb,uglhsitrmge

Ogut put 6 node of the sysdtemeeases uthie panalysis of the system

C(s) L(s)

PI-Controller Low-Pass Filter

g output

=

vol (27pi*100y2
P+4*pi*100s+(2*pi* 1002

PI(s)

significantly.

One important aspect of the linear model that needs to be paid extra attention to is the
effective spring constant parametes This term has a direct contribution in the DC

gain of the mecanical transfer function, and it is affected by both the proof mass
voltage and the feedback voltagéh@pter2, Section2.3.3, Equatior2.62. As the
magnitude of the applied acceleration increases, the feedback voltage value increases;
ket decreases; D@ain of the opeihoop transfer function increases; thus the phase
margin decreases. Because of these chain of events, while setting the parameters for
the controllerthe worst case scenaricn which the feedback voltage is equal to the
proof mass voltag should also be taken into account. For this purpose, while
designing the controller for the proposed system, the model is simulated for three
different values of feedback voltageVQ 3.9V (results in an averader), and 5.5V
(maximum allowed feedixk voltage, which actually is the proof mass voltage).
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In Figure3.11, the bode plots of the plant, the controller, and the completeloppn
transfer function for all three cases are demonstrated. Note that the zero location of the
controller is set sut that the phase responses of both blocks intersedtbaias
explained in the previous stgection, and the gain of the controller is yet to be tuned.
Additionally in Figure3.12, the step response of the clodedp system for the unit

gain controller is presented.
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Figure 3.11: (a) Bode plots of the plant and the controller for three different cases of
Ve voltages. (b) Bode plots of the ogenp transfer function b(s) and the stability

margins for all three cases. Note that the gain of the controllerbg toined yet.
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Figure 3.12 The step responses of the clo$aop system for three different cases of

Vrg voltage with a unitygain Pkcontroller.

As it can be seen iRigure3.11-(b), the phase margins did of the system is above
45¢degrees for all three cases. By observing these margins and the step responses in
Figure 3.12, it can be said that the system is currently alenped causing a
significant reduction in the closddop system bandwidth. So #se steg2 of the
controller design approach, the P gain of the controller is increased until an acceptable
amount of phase margin and overshoot is obtained from the system. After these two
steps of design, the controller gain values and the zero locatatecided as shown

in Table3.4.

Table 3.4: The controller parameters set after the two tuning steps applied on the

system.

Controller Parameter P I f, (Hz)
Value 6 1928 51

The stability margins of the siem after the tuning step are demonstrated in
Figure3.13,and in Figure3.14,the bode plots of the closdédop system is presented

demonstrating the bandwidth of the system.
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Figure 3.13. The bode plotsof the operoop system after the tuning of the
Pl-controller is completed. Note that the case whefe=¥.5 V is the worst case

scenario for the stability of the system.
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Figure 3.14: The demonstration adhe closedoop response of the system with the
given controller parameters. It came seen in the figure that the bandwidth of the

system for A three cases is roughly above 16@.
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As demonstrated ifrigure 3.13, the stability of the system is achieviedall three

cases. Note that the phase margin ofef@0the worst case scenario is not usually an
acceptable value for generic control systems. However, since that case is an extreme
scenario and sustaining agfhase margin in that scenario would cause a significant
loss in the bandwidth for the otheaxses, this configuration of the controller is decided

to be acceptable. Note that the g#gbase margin can be achieved in that scenario by

reducing the P gain is desired.

In Figure3.15, the step responses of the system is demonsttatedst be notethat

in the actual systenthe percent overshootalue increasegradually as the feedback
voltage increasesventually getting close to 8@ as shown ifrigure3.15. However,
thepeakvalueof the system response will not be as high as shown in the igoagise

of this gradual increase in the percent overshoot. So it can be said that the two
responses in the figure, where the feedback voltage is 3.9 and 5.5 volts, are
exaggerated. This claim can be verified by observing the step response obtained from

the nonlinear system model iBection3.4.2 Figure 3.25

-

Closed-Loop Step Response (g )
o o
o ©

e
=

0.2
—VFB=0V
VFB=39V
VFB=55V

00 5 10 15 20 25
Time {milliseconds)

Figure 3.15. The step responses of the closmop system for all three different
scenarios. Note that in the actual system, the peak values i@sihenses would not

be as high as shown in this figure.
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3.4. System LevelTransient Simulations

After the design and the modelling of all the building blocks, and the controller design
along with the stability analysis based on the linearized accelerometell mode
complete, the transient simulations of the complete clusgul accelerometer is run.
These simulations are based on the-lmoear model of the system for it offers a higher

accuracy than the linearized system.

Prior to testing the implemented systén closedloop, opeAoop tests are conducted
in order to verify that everything in the opkrop readout electronics works as
expected. For this reason, even though the final system is a-tbogegiccelerometer,
openloop simulations are also run aoigesented in the following stgection followed

by the closedoop simulations in the next stdection.

3.4.1. OpenLoop Accelerometer

In Figure3.16, the Simulink model used in the simulations in thissettion is given.

(>

ginpul Graviational  Inertial Mass
Acceleration

Saluration by
Integral gain High-Pass Fiterin
AL Supply Rails . o

nnnnnnnn

Vpm

« (27i*100y 2 —
F+47°pi"100s+{2°pi* 100} 2 Vol

Low-Pass Fitering

Proof Mass Votage

Garrier Signalt

Figure 3.16. The nonrlinear model of the accelerometer which is used for the

systerrlevel simulations in opeloop configuration.

In Figure3.17, unit step response of the accelerometer in -bp&m configuration is
shown. The estimated scdbector of the accelerometer can be found wasing this
simulation resultNote that due to the ndmearity, this scale factor is only acceptable

for small acceleration inputs.
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Figure 3.17: The step respwse of the accelerometer in op@op configuration. The

settled voltage output of the opkrop readout electronics shows the scale factor of

the accelerometer is about 5#V/g in operdoop configuration.

The factor that is limiting the range of the decemeter in opettoop configuration is

the maximum displacement before the proof mass entersnpstiite. Note that this

maximum displacement value is approximately equal to the gap separation divided by

three as a generally accepted faminsideringhie proof mass is pulled in one direction

by one of the electrodes. Even though this is not the same configuration as the proposed

accelerometerods voltage feedbdadgke3sd8 ruct ul

the pulkin case occurring in respan$o a ramp input is demonstrated. The magnitude

of the acceleration input, high enough to displace the proof mass sufficiently for a

pull-in situation, sets the operation range of the accelerometer. In this case, it is about

159g. Figure3.19includes a dmonstration of the opdnop accelerometer response in

Ni5 g input range. The estimated linearity performance of the accelerometer is

obtained from the data present in this figure.
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Figure 3.18: The demortsation of the pulin occurring due to excessive amount of
proof mass displacement into one directiomesponse to a ramp inputlote that if

the proof mass voltage was not applied to the electrodes, the range would beahigher

the cost of leseeadoutgain thus thescale factor
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Figure 3.19: The ramp response of the accelerometer betwEgand +15 g. Notice
the nonlinearity due to the notinear nature of the varyingap electrode type

structure of he sensing element.

Additionally, in Figure3.20, the chirp response of the accelerometer is presented as a
demonstration of the bandwidth of the accelerometer in-tqgnconfiguration. Also

in Table3.5, the performance summary of the opeop accelermeter is given.
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Figure 3.20. Simulated chirp response of the accelerometer in -dpen
configuration.-3 dB frequency of the accelerometer in ofmop configuration can

be observed to be arouné Biz by his simulation result.

Table 3.5: Simulated performance summary of the accelerometer in-lopen

configuration.
Full-Scale Maximum Bandwidth
Property Scale Factor _ _ _
Range Non-linearity  (-3dB Point)
Value 54mV/g N15g 21% 65 Hz

3.4.2. ClosedLoop Accelerometer

Figure3.21 demonstrates the Simulink model of the clekeap accelerometer which

is used to obtain the simulation results as presented in thisestibn.

In Figures3.2224, the unit step response; ttemp response in fuicale range; and
the chirp response of the closedb o p a c c e | elinearmmedelarne presexth 0 n
respectively Figure 3.22 additionally includes the plot demonstratithg change in
the proof mass displacement during the appboadf a unit step inpudemonstrating

the effect of force balancingFinally Table 3.6 summarizes the performance

expectations of the proposed system based on the simulation results.
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Note that earlier in Section 3.3.2, it was claimed that the percergshmatrvalues are

exaggerated by the linearized system models,

and they would not be as high for high

acceleration inputs unlike the linear model suggests. In Figure 3.25, a plot

demonstrating the closddoop acc el

erometeros rsepponse

input is presented as a demonstration. By this figure, it can be verified that the percent

overshoot value is below 2@ unlike it is shown

feedback voltage is around 3.9 V.

Um
£ 4bim s+kmech/m

Madlaton Oemvatwe  Iniegral

‘Sensor Mechanical
Transder Funchion

Voltage-to-Force
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in Figure 3.15 for a case where the
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Figure 3.21: The nonrlinear model of the accelerometer which is used for the

systerrlevel simulations in closeldop configuration.
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Figure 3.22 The simulated unit step response of the proposesed! loop

accelerometer demonstrated along with the change in the proof mass displacement

while the force balancing action takes place.
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Figure 3.23: The ramp response of the proposed closed loop accelespmeB5 to

+35 g range.
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Figure 3.24: The chirp response of the proposed closed loop accelerometer

demonstrating the operation bandwidth.

Table 3.6: Simulated performance summary of the proposed clelseg

accelerometer.

Full-Scale Maximum Bandwidth
Property Scale Factor _ _ _
Range Norlinearity  (-3dB Point)
Value 140mV/g N39 g 0.0 %* 200Hz
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(*): Note that the notlinearity of the closedoop accelerometer metlis 0% as
expected. Even though the system is modelled including allimear contributions

to the loop, the model is still an ideal one excluding all imperfections that can occur
both in circuit and the sensing element. Sensitivity mismatch betwesernwo
electrode capacitances, for example, is alim@arity source that is not included in
the model. The effect of sensitivity mismatch on systemlmaarity is investigated

in Chapter6, Sectiort.2.
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Figure 3.25: The response of the closkibp accelerometer to a higp step input. It

can be observed by this figure that, the percent overshoot is not as high as suggested

by the linear model as expected.

3.5. Summary and Conclusions

In this chapter, the mads created to simulate the proposed system are presented. The
approach to design a linear model based on thdinear model is introduced. By
having both linear and ndimear highaccuracy models, the system could be simulated
both in time and frequegaomains prior to circuit implementation. Additionally, the
methodology behind designing a systspecific Picontroller is introduced and
discussed in detail with clear reasoning. By the end of the chapter, the accuracy of the

Pl-controller design methodnd the linearized model (compared to the-lhosar
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model) is justified with the systetavel simulations run on the ndimear model of

the proposed accelerometer.

Additionally, the superiority of a closddop accelerometer compared to an ofwap
oneis demonstrated with the transient simulation results: Only by closing the loop
using a Picontroller; scale factor, bandwidth, linearity, and range performances of the

accelerometer are shown to be improved.

In the next chapter, the steps taken to imgenthe proposed system in cirelavel

are introduced.

69



70



CHAPTER 4

CIRCUIT -LEVEL DESIGN AND M ODELLING

The linear and ncfinear models of the proposed system are demonstrated and
discussed in the previous chapter. In this chapter, the design procedure of the modelled
system in circudevel is presented, and the computsethat are picked to be used in

the implementation of the system are also introduced respectively. Additionally, a
behavioral model of the complete clodedp system, which is implemented in SPICE
simulation environment, is shown. The chapter begink &éctior4.1 in which the
electrical circuit of the opeloop readout electronics presented. In Sectidh the
Pl-controller circuit and the topology used to generate the required waveforms to be
fed to the electrodes are shown. In Secdd®) the elerical model of the proposed
system is demonstrated. Also, a behavioral model of the sensing element, which is yet
again created in SPICE environment, is introduced. Seectidngives detailed
information on how the noise of the complete system is estitnatel in Sectiod.5

the performance expectation based on calculations prior to implementation is
summarized. The chapter ends with Seclidhwith a brief summary and conclusions

relatedwith the circuitlevel design.

4.1. Design of the Electrical Blocks

All of the circuitry realizing the proposed accelerometsrimplemented using
off-the-shelf discrete components. The component choice and the critical

considerations about each building block are presented in the followirggestibns.
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4.1.1. Front-End Electronics

In the implementation of the fromind electronics, the dual operational amplifier
(OpAmp) AD8606ACBZ[33] by Analog Devices Incorporatd@DI) is used for its
superior precision and noise performance. One of the OpAmps is fosed
pre-amplification, and the other is used as a voltage buffefigare4.1, the circuit

schematic of the frorend electronics is given.

i Cra -
:"—Et> o Chpf 5
(PM) G || + Ve
t ~8606-a %thf 8606-b

Figure 4.1: The circuit schematic of the frerhd readout elémnics composed of a

pre-amplifier, a passive higpass filter and a voltage buffer.

As it was discussed earlier in ChapBefection2.2.1, a capacitive transimpedance
amplifier (TIA) is used as a pr@mplifier in the proposed system. However, in the
implementation of the system, a feedback residRgs, is used in addition to the
feedback capacito€pa, Which sets the capacitive gain of the amplifier. The reason for
using the feedback resistor is because otherwise the inverting input of the OpAmp
formsa highimpedance node (DC) in between the sensor electrode capacitances, the
input of the OpAmp and the feedback capacitor. In this case the bias currents of the

amplifier would cause the output to saturate.

The sdomain transfer function of the peenplifier in this case is:
“Oi — @ _ (4.1)

The same transfer function in jw notation is as follows:

o — (4.2)
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If the angular frequency of the cer signal,wac, and the values of the feedback

passives are arranged such that
0O YO | p (4.3)

then the magnitude response of the-@mglifier at the vicinity of the carrier signal

frequency can be approximated as

sOQUis e — (4.4)

z z

So it can be said that the transimpedance transfer function around the frequency of

interestwac, IS

Oi e — (4.5)
and capacitive amplification can be achieved even in the preséradeedback
resistor.

As for the highpass filter, the transfer function in jw notation simply is:

o —— (4.6)

Again, at the vicinity of the carrier frequency, if

0 Y 0 | p 4.7)
then,

sO™Qus ep (4.8)

Meaning the pramplified readout voltage can be transferred through thegagh

filter without significant loss.

After the highpass filtering stage, a voltage buffer is used in order to prevent any
off-set \ltages that might occur due to the current drawn by the demodulator

following the frontend electronics stage.

According to the discussions above and taking the phase contributions into account,

the passive component values of the fremtl electronicsra chosen as shown in
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Table4.1. Note that the component availability is another critaridacision of these

components.

Table 4.1: The passive components used in the implementation of theefront

electroncs.
Component Cpa Rpa Chpt Rhnpt
Value 3.9pF 10Mq 10nF 36.5kq

4.1.2. Demodulator and Low-Pass Filter

The switching demodulator used in the implemented circuit is AD838Pby ADI.
The dielevel (unpackaged) version of this chgpused for it employs a very little

surface area on the circuit board.

The lowpass filter and its passive component values are designed using the software
FilterProDesktop for the design of a single active element second order filter is a very
straightforward work considering there are several fundamental topologies to pick
from. A Butterworth type filter in multipléeedback configuration is used because the
magnitude response of this topology is closer to the MATLAB model created prior to
circuit desgn. The DC gain of the filter is set to be unitydB) as in the model as

well. In Figure4.2, the implemented low pass filter topology is demonstrated.

VVy
|
Cra
Ri
o—A\Wy Wy - Vol
Vdemod J_ sz O
Ci +
I ‘ 8629-a

Figure 4.2: The multiplefeedback type, secomader Butterworth lowpass filter as

used in the implementation of the proposed accelerometer.

74



AD8629ARMZ[35] by ADI is selectedo be used with this filteThe reason for using
this component is its superior drift performancleWrift performance is important
during and after the loyass filtering stage because the acceleration information is
downtconverted to the lovirequency band unlike it is during paenplification. Note

that the AD8629 is a dual OpAmp, and the other #maplinside is used to implement
the Picontroller. InTable4.2, the list of passive components used to implement the

low-pass filter is given.

Table4.2: The passive components used in the implementatitve tdwpass filter.

Component Rn Rr2 Res Cn Cr2
Value 11.3kq 5.62kq 11.3kq 330nF 100nF

4.1.3. PI-Controller

The second OpAmp inside the dual package used for the implementation of the
low-pass filter is used to form the-Bdntroller of the circuit. fie topology of the
Pl-controller used in the circuit is given Figure4.3. Note that details about single
element PlBcontrollers can be found [B6].

Figure 4.3: The topolog of the Picontroller used in the implementation of the
proposed circuit.
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The transfer function of this circuit block can be written as follows:

0 i — —h —h i (4.9)

Considering that a Rdontroller transfer function has the following generic form:
0 i 0o - (4.10)

Then theP and thel gains of the controller can be expressed with the passive

component values as follows:

o — (4.11)

(4.12)

According to the derivation above, and the controller parameter designisteps
Chapter3-Section3.3.2, the values of the passive components to be used with the

controller circuit are set as demonstratedable4.3.

Table4.3: The passive components used in the implementation Bf-dantroller.

Component Rpi,1 Rpi2 Coi
Value 52.3kq 309kq 10nF

4.1.4. Voltage Feedback Topology

The waveforms of the signals that are applied on the differential electEpdexiEn,
of the sensing element are discussed earlier in Ch&p8action 2.4.1. These

waveforms have the following form.
Wi W V] W (4.13)
WL W 0 W (4.14)

Considering the gain polarities of each building block, using the electrode waveforms
as demonstrated abovekiguationst.13-14 causes a positive feedback case. Iniorde
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to correct the complete loop polarity, the waveforms are modified as shown in
Equations4.1516 below. Note that such modification has no effect on the circuit

operation at all but correct the | oopbs |
W v W (4.15)
W 0 W (4.16)

In order to generate these waveforms, which are crucial for simultaneodsnesal
sensing and foreteedback, a higiprecision dual instrumentation amplifier
AD8222BCPZ[37] by ADI is used. This instrumentation amplifier has a reference
input, REF, which offsets the amplifier output by the amount of voltage applied on
this terminal. This terminal is used to skt each electrode voltage Mgw. In

Figure 44, the topology sed to generate the required waveforms using 8222 is

demonstrated.
Vig O
Vo O )
Vem o———

Figure 4.4: The topology, constructed using two instrumentation amplifiers, which
generates the electrode waveforms in order to achiamellsineous sensing and

feedback using a single set of differential electrodes.

It must be noted that, wavefornvg, and Ve,n can be applied to either electrode
interchangeably. The polarity of the complete loop will be preserved as long as the
sign consitency between the carrier signads, and the feedback voltagéss, on the

associated electrode waveform is maintained.
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4.1.5. Voltage Regulation

The operational amplifier used in the circuit allows a maximum dflietween the
positive and the negative suppigrminals. On the other hand, the output of the
instrumentation amplifier should be able to output voltages up toVi8dnsidering

the proof mass voltage, peak value of the carrier signal, and the maximum feedback
voltage is added on top of each othethryinstrumentation amplifier. For this reason,
two different rail voltages are used within the circhit5V and\2.5V. The 15V rail,

as noted aslVDD andHVSS are directly taken from a power supply. Whereas the
2.5V rail, as noted a¥DD andVSS is generated through a dual supply voltage
regulator LT3032 by Linear Technology Corporation. This low dropout regulator
comes within an extremely compact DAM package, and with its high noise
performance it is a highly suitable chip to be used in thdeimgntation of the
proposed accelerometer.

The proof mass voltage is initially generated using a {gapdreference integrated
circuit (IC), ADR4520 by ADI. However, later it is decided that the\~&ference
voltage at the output of this IC is too lowr fihe accelerometer, and it incorporated a
very large surface area on the circuit board. For these reasons, th@®6f mass
voltage is directly fed to the circuit through the power supply, accompanied by
decoupling capacitors. Figure4.5, the circut diagram demonstrating the generation

of all of the supply voltages is giveiote that this figure includes theagsive
component values as well. In this figure, @ithe capacitances are @F; all of the

resistances are irgkunits.
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Figure 4.5: The supply network which is used to feed the proposed cifdudf the

capacitances are i@F; all of the resistances are imkunits.

4.2.

SPICE Model

Apart from the simulations condect using the MATLAB Simulink, an electrical

model of the circuit is necessary for a final check prior to implementation. Along

various electrical simulation environments, SPICE is chosen for the circuit is to be

implemented using ofthe-shelf discrete coponents whose SPICE behavioral models

are readily supplied by the manufacturer. Additionally, the flexibility of SPICE allows

t he

user

t o

create

behavi

or al

mo d e |

S, S u

in Section4.2.4 In the following subksedtions, the circuit model created using

LTSpice IV freeware by Linear Technology Corporation is presented along with

simulation results.

The behavioral models of all the integrated circuits to be used in the circuit are either

downloaded from the manufactle r 6 s

websi

t e or

requeste

manufacturer via -enail in subcircuit script format. These scripts are linked with

dedicated circuit symbols manually using LTSpice to be used in the simulations. In

[38], [39], generating circuit components based ondutuit models in SPICE is

explained in detail. The accuracy of the models are later verified after the first test

results.
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4.2.1. Front-End Electronics

In Figure4.6, frequency response of tfrent-end electronics is demonstratgith the
simulation circuit Note that in this simulation circuit, a dummy capaci@m equal

to the feedback capacitdCpa, of the preamplifier is used. The reason for the use of
such topology is because thertd of the voltage gain and the phase response from the
carrier signal (electrode voltage) to the output of the femat electronics gives a
cleaner demonstration than the transimpedance gain from themmidier input

current to the output voltage.

5dB V(vfe) V(vpa) 0
0dB- | ‘ % - ?:_'30"
.5dB- . ! : . \- -60°
A0dB ; : : : b e
-15dB 1200
-20dB  Fasoe
2548 S _130
-30dB- 1@%‘;‘“ 2100
-36dB— %" = G e L agge
-40dB “ -\ism‘_wa chet Toues ;"'—-270°
AV rﬁ# RN
-45dB: \r/Acm Vs <o = ~1--300°
B0dB———— 330
100Hz 1KHz 10KHz 100KHz 1MHz 10MHz

Figure 4.6: The SPICE circuit diagram of the freahd electronics and its frequency

response.

As it can be seen iRigure 4.6, the amplification trend becomes capacitive after
roughly 20kHz, and it becomesepfectly capacitive at ~128Hz with 0dB gain and

-18Ce phase. After IMHz, the bandwidth of the OpAmp dominates the response.
Considering this behavior, the initial frequency for the carrier signal is picked to be
125kHz. However during the tests, it wabserved that using a RBiz carrier signal
improved the accelerometer performance, especially its noise floor. This is most
probably caused by capacitive coupling within the circuit getting stronger at higher
frequencies. Eventually, even though thegghand the gain behavior is not ideal at

this frequency, the final tests are conducted based orkid20arrier signal.
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4.2.2. Demodulator and Low-Pass Filter

For the demodulation step, the actual behavioral SPICE model of the AD630 IC is

downloaded as well. IRigure4.7-a, a demonstration of this model is given. However,

for an unknown reason, this model would cause the simulation time to increase
incredibly, and no useful simulation data could be acquired using it. Because of this, a
behavioral switching modator is created in SPICE as showrFigure4.7-b and it is

used throughout the simulations. Note that the dynamic behavior of the modulator is
not modelled in this behavioral model. Considering this component is specifically used

in RF applications, itsgle locations are assumed to be beyond the dominant poles of

the actual system and had no significant effect on the overall dynamic behavior of the

loop.
g |
3
T »—sq demod
3 Vac——
B1
: Vie———— R4 C) i
Vie ! T V=V(sq)V(VF
Vac: selA Vss : V8 =Visarvivie) |
HselB Out . -
ADE30 1 #
ﬂitrate ; Avid
o
d 4
v z

(a) (b)

Figure4.7: The behavioral model of the switchingndodulator AD630 as supplied by
the manufacturer, (a); and as created ma
wave generated based on the carrier signal, and it is multiplied by the output of

the frontend electronics, to generate the demolator output, Wemod

Additionally in Figure 4.8, the simulation circuit and the frequency response of the
low-pass filter used in the proposed system is demonstrated. As mentioned earlier, this

is a very typical response and a very typical topology.
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Figure 4.8: The simulation circuit and the frequency response of theplasg filter

used in the proposed systei.dB point of this secondrder filter is slightly above

100H

Z.

4.2.3. Pl-Controller

Unlike the ideaPl-controller which would have infinite DC gain, a practical controller
has a DC gain limited by the opé&op gain of the operational amplifier it is
constructed with. But either case, it can be said that the gain at very low frequencies is

high-enough ompared to 1 so that steastate error can assumed to be zero. In

Figure4.9, the simulation circuit and frequency response for theoRtroller used in

the proposed system is demonstrated.
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Figure4.9: The simulation circuit and the frequency response of treoRiroller used
in the proposed system. The DC gain of the block is limited by thelmpegain of
the OpAmp.

Another important consideration here is the phase contribution of the OpAmpet high
frequencies. The hasty reduction in the phase response after arckiid dén cause
stability issues if not paid attention to. However in this case, the magnitude response
of the system in the worst case scenario is known to go belisy &round 28MHz
(Chapter3, Figure 3.13) which is in a safe region where the zero of the controller is
still in charge of the phase response, and the controller can be used without any
concerns about the stability.

4.2.4. Behavioral Model of the Sensing Element

After the genertdon of the electrical blocks, an additional model of the sensing element
is also created in SPICE environment. This way, all of the system can be simulated
altogether within the same simulation environment with high electrical simulation
precision. InFigure4.10 the behavioral model of the sensing element is demonstrated

along with its dedicated circuit symbol.
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Figure 4.10. The behavioral model of the sensing element created in SPICE

environment.

The capaitance behavior in this model is generated in alimggar fashion, whereas

the force relations are expressed with a constant sensitivity approach. So the model is
neither highly accurate like the ndinear Simulink model, nor completely linearized

like the linear model created again in Simulink; it can run with a sufficient amount of
accuracy and still can be simulated in a very short simulatictimer What must be

noted that frequency domain analyses cannot be conducted using this model in SPICE;

only transient analyses can be run.

The blockdU1-4 are differentiation blocks created usingl inductors, simply taking

the timederivative of its input by a factorof T.h e mo d e | hasVE) ports in
anWEn® ar e the por t sandthe pegative electgodes of the sprsisgi t 1 v e

el emd@aedld i6s t he port where the doxtd eirsal acce
the port outputting the net current leaking towards theymplifier through the proof

mass node.

4.2.5. The Complete Accelerometein SPICE

After all the constructional block models ins SPICE environment are complete, the

final simulations prior to implementation are run.Higure 4.11, the final SPICE
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circuit model of the proposed system is demonstrated. Note that the voltalgearegu
IS not demonstrated in this circuit diagram.
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Figure4.11: The SPICE simulation circuit of the proposed accelerometer.

As a demonstration of the functionality of this model and the consistency akall t
models, the unig step response of all three models created are giveigume4.12.
Note that these three models are the-lmoear and linear models created in Simulink,
and the SPICE circuit model.

0.15

0.125

0.1

0.075

0.05

0.025

Accelerometer Qutput (V)

0 —SPICE Model
"~ —Linear Simulink Model
—Non-Linear Simulink Model
-0.025 r L g

L | L T T T
0 0.005 0.01 0.015 0.62 0.025 0.03 0.035 0.04 0.045 0.05
Time (s)

Figure 4.12. The demonstration of ung step responses of the Simulink and SPICE
models in comparison. Note that a perfect fit between these responses are already not

expected since certain simplifications are made dedicated to each model.
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The demonstran of the SPICE simulation results is limited only with the step
response for the step response of a system presents traces of complete dynamic and
static behavior of it. Since all three models are consistent in their step responses, it is

sufficient to pesent other only the step response of the SPICE model here.

4.3. Electromechanical Noise Analysis

In order to estimate the overall noise performance of the proposed system, each of the
contributors are taken into account separately. The noise contributiorertain

blocks are added together as either refetoedput (RTI) or referrego-output (RTO)

noises inV/aHz and N/aHz units. Later, using the linear model as presented in
Chapter3-Figure 3.10, these specific noise sources are combined and referred to the
input of the proposed system m/aHz units. In Figure 4.13, the major noise
contributors in the circuitare demonstrated within the linear model of the
accelerometer. In this figurEp brownis the RTI Brownian noisef the sensing element;

Vhte IS the voltage equivalent noise generated by the overall-&mhtelectronics;
Vh,miaiS the voltage equivalémoise of both RTI voltage noise of thed@introller and

RTO voltage noise of the loywass filter combined.

Fn,brown Vn.fe
K, K, A(s) K Koa kl
1/m
0 P 2*dCdX Vpeak/Cpa
a ! ' 2 ' F ‘ 2+b/m.s+keffMax/m| X : GE“’ Ivpal ‘
Zeroinput Gravitational  Inertial Mass Sensor Mechanical Sensitivity Pre-amplifier
Constant Transfer Function
K Cls) Vn,mid L(s) Kam

Voltage-to-g Low-Pass Filter
PI-Controller Demodulator
vol *Di*] |vdemod]|
2Vpm*dCdX/(m*9.81){4— Pl (2'pi"100y'2
$2+4*pi*100s+(2*pi*100)"2

Figure 4.13: Major noise contributors of the proposed system demonstrated with the

linearized ¢osedloop model.
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The three major noise contributors can be referred to input of the completelolmgsed
system ing-units using the gain of associated transfer functions in band of interest
(DC-100Hz). As an example, the transfer function used to tefEYs miato the input

of the closedoop accelerometer is given below.

0 "G (4.17)

Note that considering the loop gain (the multiplication term in the denominator) is high
enough, Equation 4.17can be simplified as given ifEquation 4.18 but such
simplification is not used during the calculations for there are peaks in the magnitude

responses affecting the gain values.

0'Gg e (4.18)

In Figure4.14, the magnitude respses of these two noise gain transfer functions are
demonstrated. Additionally ifiable4.4, each noise gain approximated as a constant,

as used in the calculations, are presented.

0% .y

Noise Gain (g/V)
=

"'NGn,fe i -‘. “‘
] * “
_NGn,mid “‘. %
.-.NG /10000 5008
100 n,brown ‘ IEREEE ‘ RN : L
10° 10' 10° 10° 10"

Frequency ( Hz )

Figure 4.14: Noise gains eferring the three major noise contributors to the input of
the closedoop accelerometer. As constant multipliers, maximum values of these

frequency dependent gains are used.

87



Forceequivalent Brownian noise of the sensing element can be calculated hesing t

following equation:
"Or, TQ Yo U MOa (4.19)

wherk & s the Boltzmann coAGtanst the absesbeut
temperature bbnikeltwhienslampiagdcoefficient of

The investigatin of the voltageequivalent noise sourc&st andvamidis done in the

following two subsections.

Table4.4: The three major noise contributors and the associated noise gain (NG*)

values to referthenot he i nput i n g/ aHz units.

Source Description Unit NG*

Fn brown Brownian force equivalent noise generated by th N/aHz 3.6x10
sensing element
Vi e Overall voltage equivalent outptferred noise of V/aHz  13.5
the frontend electronics
V n,mid Combinaton of voltage equivalent outpuéferred V/aHz  65.0
noise of the lowpass filter and the inpueferred

noise of the Rtontroller

4.3.1. Front-End Electronics

The outputreferred voltageequivalent noise of the fromnd electronics is calculated
using the cicuit noise model given iRkigure4.15 Each of the noise contributors are
assumedwhite, and referred to the output nodes, after multiplication with the
associated noise gains. Alsote that the pramplifier is assumed to be operating as
a pure capative amplifier and the higipass filter has unity gain at the frequency of

interestwe, which is the carrier frequency.
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Figure 4.15: The electricalnoise circuit model of the frond electronics.

In Table 4.5, the descriptions and the noise gains of each electrical noise source of the
front-end electronics are given. The noise values of the active components are obtained
from the component datashe@3]. Note thatC, and C, are the two electrode

capacitances.

Total equivalent RTO voltage noisa,s, is calculated simply by square rooting the
sum of squares of all the contributing RTO voltage noises.

Table4.5: Noise sourcesfdhe frontend electronics and the associated noise gains.

o ) ) RTO Noise
Source Description Value Noise Gain
(nV/aHz)
Voltage noise of the pramplifier . 6 0
Vn,1 6.5nV/aHz —— 9.64
OpAmp 0
Thermal noise of the pramplifier N p
Vn,2 ) P 0.40Vv/aHz 20 6 o 91.10
feedbak resistor Y p
Thermal noise of the higpass filter LG p 965
Vin3 b6nV/AHz == .
" resistor Qv o P
Vn,a Voltage noise of the buffer OpAmg 6.5nV/&Hz 1 6.50
_ Inverting input current noise of the Y
In » 10fA/&Hz 20 5 o 19.95
pre-amplifier OpAmp 0 p
Vn,fe Total equivalent RTO voltage nois - - 93.98
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4.3.2. Low-Pass Filter and the PiController

In Figure4.16 the noise circuit model useédl calculate the contribution of each noise
source is demonstrated. Note that the -fmags filter capacitances are left as
opengcircuits since at the band of interest, they do not take any effect in the system

operation.

Figure 4.16. The electricaicircuit noise model of the lopass filter and the

Pl-controller.

It must be noted that, the voltage equivalent noise contributions of both thpassv
filter and the Picontroller are referred to the outputtbé lowpass filter vo, Simply
because it is simpler to refer the controller noise to its input. Additionally, the noise
contribution of the Rtontroller resistorRyiz, is neglected since its noise gain is unity,

and is very small compared to the sdalgor.

In Table4.6, noise gains (NG) of each noise source of thepass filter to refer them
to the output; and the multiplicatidiactors (MF) to refer the REtontroller noise

components to its input are given.

Total equivalent voltage noise,ma, referred to the nodey, is calculated simply by

square rooting the summation of squares of all the contributing voltage noises.
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Table 4.6: Noise sources of the lepass filter and the Ptontroller with the
associated noise gains to refer to output (NG); and multiplication factors to refer to
input (MF).

Referred
Source Description Value NG/MF Noise
(nV/aHz)
Thermal noise of the .
Vi1 ) 13.68nV/aHz Y TY 13.68
resistor R
Thermal noise of the .
- Vin,2 ) 9.65nV/aHz p Y ¥Y 19.29
2 resistor 2
",: Thermal noise of the .
9 Vn3 ) 13.68nV/aHz 1 13.68
a resistor Rys
% Voltage noise of the .
- Vn,4 22nV/aHz p Y TY 44
OpAmp
) Inverting input current .
in-1 ) 5fA/&Hz Y Y p Y XY 0.05
noise of the OpAmp
Thermal noise of the
V5 . 29.43nV/aHz 1 29.43
5 resistor Riz
S Voltage noise of the
£ Vn,6 22nV/aHz 1 22
o OpAmp
Q
o Inverting input current .
in-2 ) ginp 5fA/&Hz Y 0.26
noise of the OpAmp
Overall voltage
Vn,mid equivalent noise at the - - 63.50
node v

4.3.3. Additional Noise sources

The two instrumetation amplifiers used in the feedback netwdflg(re 4.11) are
noi se sources as well. Each instrumentat.

for unity gain configuration using the following formula as given in the datag3get
O g XU & @Oa (4.20)

Note that the input of the instrumentation amplifier is the output of the overall
closedloop systemVrs. Thus, the input referred voltage noise of each instrumentation

amplifier can be referred to treystem input by division by the scale factor of the
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closedloop system. Considering there are two instrumentation amplifiers, -the g

-equivalent input referred noise contribution of these amplifiers are:

0 0y 2L oG (4.21)
Additional considerations related with the feedback network are the noises fed to the
system by the carrier signal and the proof mass voltage. The voltage noise of the
function generator, through which the carrier signal is generated, is netasuye
much smaller than other contributors, thus it is neglected. On the other hand, since the
proof mass voltage is applied symmetrically onto the sensing element, any noise on it
does not cause a net force noise on the proof mass and does not eotdribetnoise

performance. Also the noise contribution of the demodulator, AD630, is neglected.

4.3.4. Overall Referred-to-Input Noise

After each noise source is investigated in detail in the previousestilons, they are

summarized iMable4.7 below.

Note hat all of the calculations related with the noise are conducted using a MATLAB
script. Due to notation simplifications and rounding, some insignificant

inconsistencies in the values may be present.

Table4.7: The summary of the noise souraffecting the overall accelerometer and

their gequivalent values.

RTI
o RTI )
Source Description Value . Noise
Gain -
(O @/H)
Equivalent noise of the loyass filter and the
Vi, mid 63.50nV/aHz 65.01 4.12
Pl-controller
Fn,Brown Brownian noise of the sensing element 6.17pN/aHz = 3.62x10 2.23
Vn,fe Equivalent noise of the froreind electronics 93.98 nVAHz 13.55 1.26
Input-referred, equivalent noise of the instrumentatic
Vn,ins . 75.42nV/aHz 10.22 0.77
amplifier
Total inputreferred, gequivalent noise of the
On,total - - 4.92
closedloop accelerometer
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4.4. Performance Estimation

In Table 4.8 the estimated performance of thecelerometer is summarized. The
linearity performance estimation is not given for it is dominated by the symmetry of
the sensor capacitances, which cannot be simulated or estimated. The scale factor (SF)
is calculated for the electrical configuration paeders as introduced earlier. The
velocity random walk (VRW) of the sensor is calculated by dividing the white noise
(WN) level by &a2. The estimated dynamic range (PR calculated for both the
full-scale range (FSR, &) and the haiscale range (HSR, 39.

Table 4.8. The estimated performance summary of the proposed dospd

accekrometer.

SF FSR BW WN VRW DR, HSR DR, FSR
Property = =

(mVig) (90 (Hz) ( OgHz ( OyHz (dB) (dB)
Value 140 NB9 200 4.92 3.48 137 144

4.5.  Summary

In this chapter, the proposed system is transferred into electrical components from the
mathematical models creed in MATLAB. The realization of a system model in the

circuit simulation tool, LTSpice, is demonstrated.

Moreover, the noise performance of the electromechanical system is estimated based
on the actual components to be used in the implementation. $twsagon is
supported with a detailed noise analysis whose steps are introduced and discussed
wholly. Even though the noise performance of the proposed accelerometer is to be
affected by several other factors that cannot be modelled mathematicallydellctri
easily, the demonstration of the noise sources separately in a comparative manner
gives a very good idea about the limits of the topology and the further improvements

that can be made to improve the overall performance.

In the next chapter, the impieentation of the proposed accelerometer and the test

setups are introduced in detalil.
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CHAPTER 5

| MPLEMENTATION AND TEST RESULTS

In this chapter, the details related with the implementation and testing of the proposed
accelerometer are introduced. In addition to the acceleration readout circuit, the

peripheral circuitry, used either to improve tteadacquisition quality or to give the

test setup a rather more flexible essence, is also demonstrated with reasoning.
Moreover, prior to introduction of the final test results which summarize the measured

performance of the accelerometer, the tools usednhance the test quality and

efficiency are also demonstrated.

In Section 5.1, the realization of the proposed accelerometer using discrete
components of surfaemount device (SMD) technology is presented with diagrams
and the photograph of the implemetitpackage. In Sectidn2, the design of the
printed circuit board (PCB) which is used as an interface circuit assisting with the
acquisition and supply connections is introduced. Also, demonstrations of additional
measurement tools such as the data adoqn (DAQ) board or théAgilent VEE
programs, are made. Sectidn3 shows how the readout circuit is tested for
functionality before being interconnected with the sensing element; and in Sedtion

an approachised to estimate the undersaiues in bth springs and the gaps of the
sensing element is demonstrated. The final measurement results are presented in
subsections dedicated to each test in Sechidn The chapter ends with Sectio®

in which a brief summary of the chapter and the conclusreteted with the

measurement results are given.

95



5.1. Hybrid -Platform Package Implementation

As mentionecdearlier, the proposed accelerometer is constructed usintheghelf,

SMD discrete components. All of the integrated circuits (IC) and the passive

comporents constructing the accelerometer are combined within a wigsn16ual

in-line (DIL) metal packagby Schott CorporatiariJsing a metal package for such an
application is beneficial for it can be uti
connectd to the ground. A very small PCB is designed and fabricated to be used

within this package to interconnect all the electrical components. This PCB was
manufactured at METWMEMS Center using glass as the substrate, chromium and

gold as the buffer and conclive material respectively. IRigure5.1, the layout of

this PCB is demonstrated with size information and theopirlabels. Additionally in

Table5.1, the functions of the pins are listed.

Table 5.1: The pin-out of the analog accelerometer package. Note that during

closedl oop operation, pins 6VFB6 and 6PI OUTO ar
Pin Type Description
HVDD Input +15V supply
HVSS Input -15V supply
GND - General ground
VAC Input Carrier signalnput
VPM Input  Proof mass voltage inpu
TSUP Input Temperature sensor supf
VFB Input Feedback voltage input
PIOUT  Output Pl-controller output
VDEMOD Output Demodulator output
VOL Output  Low-pass filter output
TOUT  Output Temperature sensor outp
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Figure 5.1: The glasssubstrate PCB layout used to interconnect all the electrical
components of the proposed analog acceleromeBashed lines show the
components, red solid lines show the wirebor@serall board dimensions are
1.45x2.15 cmNotethatt AFFROOG st ands -Feoerd béaAcnka | Roega dFQourt ¢

The integrated circuits and the 0402 and 0603 packaged passive components are
handplaced onto the substrate and fixated via their pads usblgbond 8175
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conductive epoxy. After the placement, the package is baked &Essgmtec

ROO6PIlus ReflowOveat 130eC for one hour wuntil the epc
is also applied manually by hand using an optical microscope. The sensing element is

fixated in place by using carbon tape in order to be able-tcsedhe package with

other sensors as demi. The missing connections on the metal routing; the

connections of the chipcale AD630; and the connections between the PCBhend

package pads are made using Kulicke & Saftnual wirebonder. InFigure5.2, a

crosssectional diagram showing the &g of the package is given. AlsoRigure5.3,

a readyto-run package is demonstrated.

Figure 5.2: The crosssectional diagram of the hybrplatform package in which the

proposed accelerometer is constted.

Figure5.3: : A completed, readto-run analog accelerometer package.
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