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ABSTRACT

A LOW-POWER CAPACITIVE INTEGRATED CMOS READOUT CIRCUITRY
FOR HIGH PERFORMANCE MEMS ACCELEROMETERS

Osman Sameéncedere
M.Sc., Depatment of Electrical and Electronics Engineering
Supervisor : Prof.Dr. Tayfun Akd&n

Co-Supervisor : Dr. Selim Emin6lu

September2013, 79 pages

This thesis presents a lgpower capacitiveintegratedCMOS readout circuitry fohigh
performanceMEMS accelerometer It proposesa linearized model of the complete
closed loop accelerometer system, which makes eaki@esigningand analying the
system. Designed reauto circuitry offers low noise, wide dynamic range and high
linearity system with very low power consumption. Designed readout circuit includes
proportional integrall) controllercircuit, which significantly decigses the proof mass
deflection of the accelerometer resulting in high linearity higth immunity to sensor
parameter changes. Designed system also suppresses the readout circuit noise in a
significant amount anthis noise suppression allows designwegyy low powerreadout
circuits without degrading the noise performance of the systeaddut circuiprovides
highly programmable digital controller circuivhich allows controlling of all digital
timing signals,bias currerg and voltagesand power consaptions of analog blocks
front-endcircuit gain, gain coefficients d?l controller and sigmalelta modulator gain.
Designedreadout circuit also offers optional external timing signals and optional
external voltage referenc&he readout circuit is impiheented using 0.35 um process.
Circuit level and system level simulations are performed in Cadence &id.AB
Simulink environmers respectively. The simulationguaranteestability and proper
operation of the accelerometer systeks.a sensing elementc@lerometer having the
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specifications 0f3.5x10° F/m sensitivity, 9.5pF rest capacitance, 2.32 kHz resonant
frequency and 4.Qg/41z Brownian noiseis used Simulationresults show that system
has 5.3ugl41z noise levelt the outpytt 19.5 g full sca range, 128 dB dynamic
rangeand 18 mW power consumptiowith 3.3 V supply voltage.

Keywords: MEMS accelerometers, low noise electronics, cldsegp accelerometer
systemscapacitive readout circuit, signtkelta modulator.
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YTKSEK PERFORMANSLIMEMS 'VME...LLERLER !, IN
Dt#tK Gt, TTKET IML! KAPASIT!F TTMLE#!K CMOS OKUMA DEVRES

IncedereOsman Samet
YYksek Lisans, Elektrilke Elektronik MYhendisti BSIYmY
Tez YSneticisi : Prof. Dr. Tayfun Ak6n

Ortak Tez YSneticisi : Dr. Selim Emin&lu

EylY12013, 79 sayfa

Bu tez yYksek performansld MEMS ivmeslserler isin$dl gVYe tYketimli kapasitif
tYmleik CMOS okuma devresiunmaktad6Bu tez kapsamdndapald devre ivnitrer
sistemleri isin ddrusal modeldneriimektedir Bu dd'rusal model sistem analidi ve
tasardmond kolaftrmaktaddr. Tasarlanan okuma devresi ad®kINgYrYItYIY, gehi
dinamik arala ve yYksek dousallda sahip sistemi dY$Yk gYe tYketimiyle
sunmaktaddr. Tasarlanan okuma deviesieSleerin hareketini azaltmayd "dayan
oransalintegral denetleyici ieermektedir ve ivmesleerin az reket etmesi yYksek
do'rusalldd ve senssrde'ikenlerine bd'1818a azalmas6nd "s@amaktaddrTasarlanan
sistem ayrdca okuma devresi gYrYItY seviyesini bYyYk 3leYde bastdrmaktaddr ve bu
sistem performasdnd dY¥@mesine sebep olmadan ®¥% gVYrYItYlY okuma devresi
tasarlamaya olanak sunmaktaddr. Okuma deb¥in saydsabhmanlamasinyallerii,
analog devrelerinkutuplama akém ve voltaj 'terlerini, ve gYe tYketimini 3n ue
devresinin kazancdnd, orariséégral denteyicinin kazane katsay6larénd ve sigtakia
modYlatsr devresinin kazancdnd kontrol etmeye olandlayaa oldukea yYksek
programlanabilir Szellie sahip sayfsal denetleme devresi isermektedir. Ayréca,
tasarlanan okuma devresi ise bdld obrak eip d&ndan sayf6sal zamanlama
sinyallerinin ve redrans voltajbndn kullanélmasgeitamaktadr. Okuma devresinin
tasardmé 0.35 um CMOS teknolojisinde $elimi ir. Devre dYzeyinde ve sistem
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dYzeyinde simYlasyanl sorasdyla Cadence ve MATLABmulink programlardnda
yapO6Im@ér. Simulasyonlar ivmeslser sisteminin karatidh® ve dYzgYn @a@sond teyit
etmidtir. l'vmesleer olarak3.5x10° F/m hassasiyetlihareketsiz hald®.5 pFkapasiteye
sahip, 2.32 kHz yankdlama frekansdnda veug/%1z Brownian gYrYItYsYne sahip bir
ivmesleer kullandln6r. Simulasyon sonuelarg.3 pughtiz «6k&gVYrYItY seviyesi, + 19.5
g giri¢ araldd, 128.5 dB dinamik aralok ve 3.3 V gVYe kagniée 1.8 mW gYe tYketimi
oldu"unu gSsternir.

Anahtar kelimeler: MEMS ivmedeerler, d¥Yk gVYrYItYlY elektronik, kapald devre
ivmeSleer sistemleri, kapasitif okuma devresi, sigdelta modulator.
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CHAPTER 1

INTRODUCTION

Micro-ElectroMechanical Systems (MEMS) ia technology using the techniques of
microfabrication to obtain the miniaturized mechanical or electeghanical devices or
structures. The physical dimensions of MEMS devices can vary in the range of below
one micron to a few millimeters. Similarly, ME3/devices have different type of
structures. While some types contain simple structure without any moving element, some
of them include very complex electromechanical system with multiple moving elements
controlled by integrated electronic circuitry. Orfetlte main criteria defining a structure

or a device as a MEMS device is that there should be some parts in the miniaturized
structure, which achieve some type of mechanical functionality even if these parts cannot
be movable parts [1].

MEMS offer severahdvantages, which makes it one of the most promising technologies
of 21" century. Firstly, MEMS provides devices that can be produced with a
combination of many different fields seen unrelated previously. Biology and
microelectronics are one of the impant examples of the interdisciplinary nature of
MEMS technology. Secondly, MEMS offers high performance and reliable components
and devices due to its batch fabrication techniques. Thirdly, cost, size and weight of the
MEMS devices are significantly low, hich allows them very commonly used in
industrial and consumer products. Lastly, manufacturing of products by MEMS cannot
be made any other techniques [2].

The history of MEMS lays into the early of 19500s. Over thechatfiry, MEMS has
gradually been duof the subject that is only researched in R&D laboratories and it has
found a place in everyday products. Especially, in the 18@00s MEMS devices began

to commercialize and appeared in lots of commercial products and applications. Size of
MEMS markethas grown excessively after 19900s and today it exceeds 10 billion dollar
per year. It is predicted that MEMS market will continue to increase its size and reaches
a size of 20 billion dollar in three years. Figure 1.1 illustrates the MEMS market
distribution according to application areas from 2010 to 2016 [3].
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MEMS market offers a very wide range of products from different application areas that
meet the needs of customers. Figure 1.2 shows the MEMS market distribution according
to devices btween 2012 and 2018 [4]. As it is clear from the figure that a large variety
of MEMS devices are extensively used in the market and accelerometers have a big place
in the market along with the pressure sensors.

Inertial sensors, including accelerometad ajyroscope, are one of the most significant
types of MEMS devices. MEMS accelerometers are very demanding and quite popular
due to their lowpower, lowcost, small size and reliable operation. They have the second
largest sales volume after pressure sesig].

The first MEMS accelerometer was designed in 1979 in Stanford University. However,
MEMS accelerometers were used as products for large volume applications after 15
years later from the first design. Automotive airbag sensors are one of the first
commercial devices using MEMS accelerometers. All todayOs cars use MEMS
accelerometer in the airbag. MEMS accelerometers are not limited to automotive
applications. The application of them covers very broad spectrum such as navigation and
guidance system, itmedical applications for activity monitoring, tracking and
monitoring mechanical shock, earthquake detection, automotive industry, image
stabilization, microgravity mearement in space, tilt sensing aardmal tracking ] [6]

[7].

Performanceof acceleometers can be measured according to the parameters such as
operation range, bandwidth,egolution, linearity and offset and efformance
requirements of accelerometers change with the applicatimisthey are used-or
example, navigation grade accelmeters should have a resolution in the range of ug.
However, in ballistic and impact sensing application, resolution is not that critical. 1g
resolution is quite enough. Nevertheless, operation range should be amdgteeof 10000

g. Figure 1.3shows theapplication areas of MEMS accelerometers and their required
specificationg8].

In the scope of this thesis work, a capacitive type MEMS accelerometer is used and
studied. An accelerometsystemis composed of two main parts: the sensor and the
readoutelectronics. The capacitive sensor itself reacts to external acceleration with a
capacitance change.hibB capacitance change should d@nverted into an electrical
guantity to measure the acceleration input. Electronic readout circuits are used to
performthis conversion. Acceleration sensitivity and range as well as the output noise
are main important parameters for an accelerometer. For portable applications power
dissipation becomes also very important parametgpecially for systems that run on
bateries. In this thesis, a lepower programmable integrated CMOS readout circuit is
designed and implemented for capacitive type MEMS acceleromédeis.to the
programmable features of this new readout circuit, it becomes easy to interface various
capacitve MEMS accelerometers.
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1.1 Classification of Accelerometers by Sensing Mechanism

MEMS accelerometers can be classified adicm to their sensing mechanism:

1) Capacitive

2) Piezoresistive
3) Piezoelectric

4) Hall effect

5) Magnetoresistive
6) Heat transfer

Capacitive accelerometers sense the capacitance change as name suggests. When
external force is applied to the accelerometer, proof magsges its position and the



capacitance value between proof mass and electrode fingers is altered. Change in
capacitance is then detected by electronic circuit.

Piezoelectric accelerometermake use of piezoelectric effect that is defined as
generation oklectrical potential due to the stress applied on materials such as crystals.
Electrical charge is created when external acceleration is applied and this charge can be
detected with an electronic circuitry to obtain acceleration informaRigzoresistie
accelerometers workvith the principle ofmeasuring the electrical resistance of a
material whenexternal acceleratiors appliedto it. In Hall effecttype accelerometers
voltage variationscreated due to the change in the magnetic field around the
acelerometerare measured Magnetoresistive accelerometenseasure changes in
resistance due to magnetic fielthey are very similar to the Hall effect accelerometers.
The difference between them is that magnetoresistive accelerometers measure resistance
instead of measuring voltage. Irdt transfer accelerometers internal changes in heat
transferare measured becauseagteleration[9].

As a summary, there are several ways of implementing MEMS accelerometers.
Capacitivetype accelerometefsavesignificant advantages compared to other types of
accelerometerd-irstly, they offer simple structure antherefore, low fabrication cost.
Moreover they have the features diigh sensitivity, high reliability and low power
consumptionalong with low noise low nonlinearity, high immunity totemperature
changesand lowbiasdrift. Due to these advantagespeacitiveaccelerometerarevery
commonly used in consumer applications][10

1.2 Classification of Accelerometers byReadoutCircuit

Readoutcircuits can mainlype classified into two categories, which are open loop and
closed loop electronics.

1.2.1 Open Loop Electronics

Open loop electronics is a simple weof converting the capacitance between
accelerometer electrodes and proof mage electrical voltageAs namesuggests,
complete system is open loop, which means there is no feedback mechanism in the
system.Open loop systemequires a basic and simple electronic circuit design¢hvts

the main advantage of it anéhee the electronic circuitrys simple, it hasalso low
readout circuit noise.

However, there are some major drawbacks of this type of interface cisity, it has
highly nortlinear inputoutput characteristic due to large deflection of proof mass.
Secondly dynamic range of open loop systns very low becauseroof mass and
electrode fingergan stick to each other easilytdgh acceleration input levetnd also

high acceleration input levels result in high nonlinearity. Therefore, dynamic range of the

)!



open loop systems is limited. Thirdlihe bandwidth of open loop systems is restricted
with the bandwidth of accelerometefhere is no way to change the bandwidth of the
systemLastly, open loop systems have high bias drift and temperature sensitivity due to
large deflection of proof mass.

1.2.2 Closed Loop Electronics

In closed loop electronicsgontrary to open loop electronidghere is a feedback
mechanism in the system. Electromechanical feedback force counteracting to external
force is appliedo accelerometer electrodby the readout cirduin orderto be able to
minimize the proof mass displacement. Therefore, nonlinearity problem encountered in
the open loop system sgnificantly reduced. Small proof mass displacement in closed
loop systemsalso reduces the bias driftemperature seiivity and dependence on
sensor parameterdMoreover dynamic range of the system can inereasedin a
significant amount by using high feedback voltagerthermore, closed loop electronics
provides an opportunity to change outfandwidth. On the otlehand, closed loop
systems have very complex readout circuit compared with open loop electronics and this
complexity brings higher noise contribution. However, readout electronic noise can be
suppressed with a careful design.

Closed loop electronics cansa be divided into two subategories according to
feedback type that is applied. These are analog and digital feedback types. In analog
feedback electronics, acceleration input is converted into analog voltage and this voltage
is given back to accelerontee electrodes as feedback. Analog feedback type electronics
are much easier to design and implement compared with digital feedback type
electronics. However, linearity of analog feedback electronics is not good enough due to
nortlinear relation between églback voltage and force. Furthermore, analog feedback
electronics give analog output and it should be converted into the digital domain with a
high resolution ADC to be able to process acceleration data. The need for high resolution
ADC increases the cqstize and complexity of external electronics.

Due to the drawbacks of analog feedback electronics mentioned above, digital feedback
electronics are much more preferable. In digital feedback electronics, acceleration input
is converted into digital outpwand this digital output is given back to accelerometer
electrodes as feedback. In general, a sigelta modulator inside readout electronics
performs digitization operation. Digitization of feedback significantly improves the
linearity of the system byrearizing the relation between feedback voltage and force. It
is explained in detail in Section 3.2. Since digital feedback electronics has digital output,
it does not require any usage of ADC in external electronics, which simplifies the design
of PCB. The system that is the combination of accelerometer and digital feedback
electronics including sigmdelta modulator is called as electriechanical sigmdelta
modulator [11].
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1.3 Accelerometer Readout Circuits at METU

At METU, first MEMS accelerometer studyegan in 2003 with siliceon-insulator
designs and designed accelerometers were fabricated by MemsCap Cofripamy.
MEMS accelerometers started to be fabricated in MBEMS [13]. With the
fabrication process at METMEMS, there was a need for high pmrhance readout
circuits to be able to convert acceleration data into electrical dongioh a readout
circuit was designed by Reha Kepenek as part of his M.Sc. {agkis

External

acceleration |, ¢

Front End
. Accelerometer Electronics Comparator
-*-cxl Digital
Output

z HM(S) Kfe
-

Ffb

Feedback

Figurel.4: Block diagram othe closed loop system architecture used in [12].

In hiswork, a simple second order eleetreechanical sigma delta modulator is designed
Figure 1.4 shows the block diagram of the closed loop system architecture used in this
work. Accelerometer, which ifiact has a mechanical lepass second order transfer
function, is used as a loop filter for sigrdalta modulation. With this structure, it was
achievedl53 udgtiz noise level, 96 dB dynamic rang&h an accelerometer having < 5
Hg%iz mechanical noise l&l and readout circuit hagower consumption of 16 mwW
However, designed system had a problem with high noise level, dead zone problem
(system does not respond to low level acceleration input) and high power consumption.
High noise level was entirely donated by quantization noise because accelerometer
used as a loop filter had very low DC gain. Therefore, quantization noise was not shaped
well by the accelerometer and determined the output noise level.

After this work, U'ur SSnmez designed a new readout circuit as part of his M.Sc. thesis
[13]. In his work, e used a unconstrainedourth-order electremechanical sigmalelta
modulator as readout circuitrwhich is introduced by. Ramar{14]. Figure 1.5shows
the block diagram of the closed loop system architecture used in his work. The main
difference between these two previous studies is tHar $$nmez added a'%order
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electronic sigmalelta modulator to the system. High DC gain integrators inigmas

delta modulator compensate the low gain of the accelerometer. As a result, quantization
noise is suppressed very well in ldiequency band. Also, this structure eliminates the
dead zone phenomena seen in the previous work. According to test tesathieved
5.95ug%1z noi® level andl31.7 dB dynamic rangeith an accelerometer having 4.6
Hg%iz mechanicahoise level andeadout circuit had power consumptionld. 7 mw.

It is apparent thatédhmade a significant improvement in noieeel and dynamic range

of the ystem
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Figure1.5: Block diagram of the closed loop system architecture used in [13].

1.4 Research Objectives and Thesis Organization

This research aims to have better performance than the eteetttanicakigmadelta
accelerometer sygte previously designed in METU [13In order to be able to have
much better design, readout circuit should have the following features:

1. The primary objective of this thesis work is to produce-fmwer readout
circuitry. Pevious work [13 had a powedemand of 16.7 mW. This wodims
to have power consumption lower than 2 mW.

2. Open loop gairof the systenshould be increased to have better linearity and
higher immunity to sensor parameter changes.

3. Readout circuit noise arglgmadelta quantization noise should be sufficiently
suppressed that total output noise level is determined by Brownian noise of the
accelerometer.

4. A linearized model of the complete system should be developed to predict the
stability of the system andake system analyses easier.

5. The readout circuit is designed with many programmable features so that this
readout can be used with various capacitive accelerometers with different



electrical and mechanical properties. The programmable features, such as the
input reference capacitor selection, the biasing, the gain and the timing of the
analog blocks in the readout can be configured and programmed through a
serial programming interface with the help of an integrated digital controller
circuit.

Organizatiorof this thesis is as follows:

Chapter 2 explains the principles of sigaelta modulation and basic concepts such as
oversampling, noise shaping and demodulatidfiter giving the fundamental principles
and concepts of sigrdelta modulation, its applicatm on accelerometer systems, which
are called as electnmechanical sigmaelta modulators are explained.

Chapter 3 givethe architecture of the designed system in this wooknlete linearized
model of the systenis also developed in order to make asaely easier and predict
system stability. Lastly, system level analysis is done and simulation results are given.

Chapter 4 tells about thmplementation of theeadout circuit desigrit begins with the
readout circuit architecture. Then, all theilding blocks of thereadout circuit will be
explained in detail and televel integration will be given.

Chapter 5 summarizes the wodane in the scope of this thesis.
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CHAPTER 2

PRINCIPLES OF SIGMA -DELTA MODULATION

This chater presents the princiglef sigmadelta modulationSection 2.1 gives the
basics of sigmalelta modulatorsThe concepts of oversampling, noise shaping and
demodulation are explained. This section mainly focuses on electronic -dgjtaa
modulators.Section 2.2 mentions abowlectremechanical sigmaelta modulatorand
how accelerometer isdaptedfor sigmadelta modulation. Brief explanation about
second order and high order systems is given.

2.1 Sigma-Delta Modulators

Sigmadelta modulationis a quite popular andan efficient way of obfaing high-
resolutionsignals andtiis generally used in low bandwidth analog to digital converter
applicationsln data converters, there is always a traffdbetween resolution and signal
bandwidth. This tradeff is in favor of resolution in sigmdelta data converters. In other
words, resolution is increased at the cost of lowering signal bandwidth. Oversampling
andnoise shaping are two concepts that are used in sigtied modulators in order to be
able to achievéigh-resolutionsignals.

Integrator Quantizer

+
Input Dlgltal
Output

Figure2.1: Basic block diagram a%' modulator.
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Figure 2.1 shows the basic block diagran&ef modulator. It includes an integrator and

a quantizer blockThis type of&' moddator is called as firsbrder&' modulator &'
modulators are named as according to the number of integrators they include. For
instance, if a&' modulator has two integrators, it is called as seaodér &'
modulator.

What &' modulator mainly doeghat it converts input signal into high frequency
(oversampled) digital output signal whose average is proportional with the input.
Quantizer is a noittinear block as its nature. It takes input, compares the input with a
reference voltage and converts thiference voltage to digital output general, ondit
guantizers argreferredin &' modulatorssince they have simple implementation and
have welldefined twolevel outputs.

Analysis of &' modulators are quite difficult due to including a dmear element,
quantizer. However, quantizer canrepresented as auditive noise @urceas in Figure
2.2

Quantization
Integrator Error

e(t)

+
Input f >\Z/ Output
(t)
X(t) - Quantizer y
Model

Figure2.2: Basic block diagram ai &' modulator with aquantizer model.

Equation 2.1.1 expresses the quantizativaréntroduced into the systefh5].

A/2 |
hy 1 !:— f thm i (2.1.1)

! "
_A/Z

where' is the quantization step sizNotice thatquantization error is actuallg white
noise sourckecausét has equal probability to hawevalue betwee® / 2 and' / 2.
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2.1.1 Oversampling

Sampling a signakith a sampling frequency with a much higher value than the twice of
the signal bandwidth (Nyquist frequency) is called as oversam@igADCs are also
named as oversampling ADCs due to its higher sampling rate compared with signal
bandwidth. Oversampip increases the resolutiamd decreases the-rand noiseThe

ratio of sampling frequency and signal bandwidth is defined as oversamplinthedtis
stated in Huation 2.11.1.

M1 (2.111

where fis the sampling frequency afiglis the signal bandwidth.

Power spectral density of quantization noise distributed uniformly over the sampling
frequency can be expressed as follows.

L) |%| % (2.112

In-band quantization noise is, théme, can be written as in §uation 2.1.13.

oy ! f!!!!!!!" ! #I % (2113

whereezg,rmsis in-band rms noise power, angli§ signal bandwidth.

Figure 2.3 illustrates the fett of oversampling on quantization noise with a graphical
interpretation to understand more clearly.

Noise, N(f)

ﬂ\

In-band quantization
noise

> Frequency, f
fs f/2

£/2 1,

Figure2.3: Effect of oversampling on quantization noise
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It is obvious that oversampling ratio is an important parameter to decrease
guantization noise. Doubling the oversamplingiaaeads to 3 dB decrease in
in-band quantization noise and 0.5 bit increase in resolution.

2.1.2 Noise Shaping

Noise shaping as name suggests shdbe quantization noise tpushing most of in
band noise to high frequency band. Integrator€-n modulators are used for noise
shaping purpose.

Integrator in Figure 2.2 has a discrete transfer functioh @f)! ! /!! —1). Noise
transfer function is efined as the ratio of output voltage and diration noise as

Equation 2.1.2.5tates.

Y(! !

= — - [
NE =t oo (2.1.21)

where Y(z) is the output and E(z) is the quantization noise. By insérting"# into
the equatiorabove, Kuation2.1.22 can be derivefll]].

g ()L PR rn (2.1.22)
Magnitude of noise transfer function can be written as in the following way.
[ ()]0 WL /U g /1 (2.1.23)
Equation2.1.24 expresses the output noise power spectral density.
NIRRT (2.1.24)

By replacing |!"# (1" )|' with its equivalent expression, dtiation 2.1.25 is easily
obtained.

L) g /b i (2.1.25)

It is clear from Kuation2.1.25 that quantization noise is shaped by a high pass transfer
function. Figure 2.4 illustrates theoiseshaping characteristic of this firsbrder
modulator{16].
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Figure2.4: Firstorder noise shaping graphg].

Total shaped quantization noise at the output can be calculated by integrating the output
noise power spectral density over bandwidthe esult is shown in EquatioB.1.2.6
[16].

I L/

oy ! f!!(!)!" ! f !"L'!u"#u-- RTE

",
1l L/ :

N S TRETE (2.1.26)

Equation2.1.26 points out that noise shaping has a signifidarpact on quantization
noise. Doubling oversampling ratleads to 9 dB decrease in-rand quantization
noise and 1.5 bit increase in resolution of first or&eér modulators.

Equation2.1.26 can be extended to more general form including the ord&-'of
modulator{17].
12N

! ! -
LEINTETRN .!Iu# 'm (2127)

where éB,rmS is total shaped quantization noise at the outpﬁgsds quantization
noiseintroduced into the system as shown imuation 2.1.1, N is the modator
order and M is the oversampling rati&quation 2.1.27 stresses the fact that
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increasing the modulator order dramatically degrades thbaimd quantization
noise.

Figure 2.5 shows the effect &' modulator order on quantization noise along with
oversampling ratid12].

10°
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In-band quantization noise
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Figure2.5: Effect ofthe&' modulator order and oversampling catin inband
guantization noisgl?2].

2.1.3 Demodulation

&' modulators have-bit digital bit stream that has to be presed through filtering to

obtain meaningful output. Digital bit stream includes all frequency components from 0
Hz to sampling frequency Jf Therefore, it includes the input at lefinequency band

along with the quantization noise distributed all over shmpling frequency bandn
previous section, it is explained that quantization noise is shaped and most of the noise is
pushed out to high frequency band. In order to be able to extract input signalpasew

filter is needed. Hence, excessive noismponents are thrown out.

Low-pass filteronly decreases the bandwidth and it does not change the sampling rate.
Sampling ra¢ can be decreased down to thegist rate without any input information

loss. Decreasing sampling rate is called as decimatiatecdmation stage is used after
low-pass filtration. It removes the unnecessary data and data processing, therefore, will
be much easier.
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Figure 2.6 shows the demodulation block diagram and Figure 2.7 shows the graphical
representation adigital low-passsinc filter[10].

Modulation Demodulation
Analog 3-A Digital Bit Digital Low- | Multi8ig] o oo Output
Input ?| Modulator Stream Pass Filter [ Data ~ Data
mu

Figure2.6: Demodulation process.

Noise Component

Sinc Filter Characteristic

D Ty LT PP PPy

: P f
(sampling

aa‘:@lerat;on
bandwidth frequency)

Figure2.7: Digital low-pass sinc filtef10].
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2.2 Electro-mechanical SigmaDelta Modulators

In Secion 2.1, it is discussed about the fundamental concepts cf@ie sigmadelta
modulators and it iexpressedhat sigmadelta modulators are used for ldrequency
applications because input signal is oversampled in order to be able to obtain high
resdution signal at the outputt is also shown that sigrdelta modulators include
integrators or lowpass filtering elements to shape the quantization ramidetherefore, it

is suppressed in lodrequency band.

Sigmadelta modulation is well suited fong capacitive sensing MEMS accelerometers
since input (acceleration) bandwidth is, in general, limited to a few kHd
accelerometer can be used as apmss filtering elemerfor sigmadelta modulation.

2.2.1 Capacitive MEMS Accelerometer

In this section, apacitive MEMS accelerometer that is used in this thesis will be
explained. Capacitive accelerometers sense the inertial acceleration applied on it and
reacts to this acceleration by changing its position. Position change results in capacitance
change beteen accelerometer and electrodes. Therefore, this type of accelerometers is
referred as capacitive accelerometers.

Springs
Capacitive
. Finger Pairs

Anchors\

_\ _
Capacitive

Finger Pairs

Springs

Figure2.8: Model of a @pacitive MEMS accelerometer [[LO
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Figure 2.8illustratesthe model of capacitive MEMS accelerometer that is used in this
thesis[10]. Moving or sensing element of an accelerometer is called as proof mass. Proof
mass has a finger type structure that increases the capacitive sensitivity of accelerometer.
Deflecting of proof mass from its rest position forms capacitive difference between proof
mass fingers and electrode fingers asisad-igure 2.8

Capacitive accelerometers can be modeled as a secdednass spring damper system
as in Euation2.21.1 [18§].

FlrIm 1| IIILI ||I_I I (2.21.1)

where F is the applied force, m is the proof mass, a is the applied acceldrasighe
damping coefficient, K is the spring constant and x is the proof mass position deflection.
Equation2.21.2 gives the resulting transfer function between acceleration and position.

g (1)1 (2.21.2)

Equations2.21.3 and 2.21.4 define the resonance frequency and quality factor of
secondorder accelerometer system.

|y | :_ (2.21.3)

The capacitance of single capacitivegier pair can be written as im&ation2.2.1.5.

I
Il !_I"l ' (2.21.5)

where), is the permittivity of the air, A is the capacitive adfahe finger, d is the gap
between proof mass and electrode fingers and x is the amount of proof mass deflection.

Equation2.21.6 gives the total capacitance between one electrode and proof mass
fingers.

TN VR TR AN TIN]!
Ly 1/ ' (2.21.6)
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where G is total capacitance formed between proof mass and electro@eis total
capacitance formed between proof mass and elee#pheis the finger number of each
electrode, dis finger gap distance ang @ finger antigap distance. Smaller distance
between fingers is called as gap distance and larger one is called gaspadistance.

C, and G are equal to each other when proof mass is at its rest position. (No acceleration
applied). However, when proofass is deflected into positivedirection, G decreases

and G increases, and vice versa. This capacitance difference betwean G is then
sensed with the electronic circuitry.

Table 21 gives the parameters of the MEMS accelerometed in this thas [10.

Table2.1: Parameters of the MEMS accelerometged in this thesis [10

Parameter Value
m 263.9 ug
K 56.3 N/m
( 8.5 N.s/m
Number of fingers 351
d; 2um
d, 7 um
h 35um
L 140 um
Wies 14.58krad/s
Q 0.455
Crest 9.5 pF

2.2.2 2" Order Electro-Mechanical SigmaDelta Modulators

In previous section, it is explained that accelerometer has a seombe&dmechanical
low-pass filter baracteristic. Hence, it is possible to use accelerometer as filteofor
sigmadelta modulation. Such systems are called"asr2ler electremechanical sigma

delta modulators. In the literaturihere are so many reported studies making usé&%f 2
order EM&' modulators. Figure 2.9 illustrates the block diagram"6beder EM&-'
modulator.As it is shown in the figure that acceleration is input to the system and it is
detected by the accelerometer. Accelerometer reacts to this input by moving its proof
mass position. Position change is then sensed by readout electronics and converted to
electricalpotential differenceComparator block compares this potential difference with

a reference voltage and gives output. According to the digital output value aé&edb
force is applied to the electrodes of the accelerometer to keep proof mass stationary.
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Figure2.9: Block diagram ofa 2™ order electremechanical sigmaelta modulatar

Quantization noise of"2 order EM &' modulators is shaped by the accelerometer
transfer funtion. However, accelerometer is a mechanical-fass filter withvery low

DC gain. Thereforeguantization noise cannot be shaped and suppressed well by low DC
gain accelerometer, which willkesult in high quantization noise at the output. As a
solution to this problem,an accelerometer that shows a good -fmags filter
characteristic can be designed. In order to do this, mass of the accelerometer should be
increased very much and spring constshould be extremely small. Fabricatiof such

an accelerometer igery difficult andcosts very muchSize of this accelerometer would

also be too big. Hence, it is not a good idea to change accelerometer parameters for
obtaining low quantization nois€fo resolve this problem, a high order E&4'
modulator should be used instead 8fd@der EM&' modulator.

2.2.3 High Order Electro-Mechanical SigmaDelta Modulators

High order EM&' modulators are formed with additional electronic integrators that are
cagaded to second order mechanical sensing element. As a haming convention, if one
integrator stage is cascaded to the accelerometer, it is called as third ord&+’ EM
modulator. Two order already comes from the accelerometer. Figure 2.10 shows the
basic bbck diagram of a high ord&' modulator. In the figure, aN™ order electronic
sigmadelta modulator is added to the systand complete system is called as (N%2)
order EM&-' modulator.

Additional electronic integrators along with the acceleroméem the loop filter.
Electronic integrators compensate the low gain of the accelerometer and therefore,
guantization noise can be suppressed at low frequencies. The number of additional
integrators can be specified accordingdasired quantization noidevel. For instance,

&%



assume that quantization noise is the most dominant noise source of a-seEynd
systemlt is very reasonable to increase the order of system until quantization noise does
not make so much contribution to output noise lexehparedwith other noise sources

After that level, there is no meaning to add enartegrators to the system. In contrast,
stability of the system can suffer with additional integrators. However, system stability
can be checked with the linearized model of tysesn explained in Chapterahd non

linear model simulations.
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Figure2.10: Block diagram ofa high order electranechanical sigmaelta modulatar
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CHAPTER 3

DESIGN AND ANALYSIS OF ELECTRO -MECHANICAL
SIGMA-DELTA ACCELEROMETER SYSTEM

This chapter presents the design and analysis of elmdohanical sigmdelta
accelerometer system that is implemented in this thesis work. It beginmirdttiuction
section. In this section, it is brigftalked about theystem architecture aratlvantages

of the proposed structure. Section 3.2 gives the linearized model of th&-EM
accelerometer system. Ire@ion 3.3, analysis and simulation results of the designed
system are given.

3.1 Introduction

In previous chapter, it is talked about that second order&Mmodulators depend
strongly upon the accelerometer filter charactierior quantization noise suppression.
However, designed accelerometers have very low DC gain and do not exhibit geod low
pass filtering characteristidt is mentioned that accelerometeshould have extremely
large mass and very small spring constartté able to obtain good filter characteristic,
which results in expensive and bgige systems.High order systems are offered to
eliminate this problem. Additional integrators cascaded to the acceleronmetgr
obtaining better lowpass filter characterisc and decrease the dependence on
accelerometer parameters. Hencéghhorder systems relax the design of MEMS
accelerometer

In the literaturethere are so many reported high order BM modulator studie$14]
[19-22]. All of these studies take adwviazge of improved noise shaping of high order
systems. However, most of them lacks of strong system open loopHjgin.noise
performance can still be acquirel with these systems. Nevertheless, change in
accelerometer parameters because of variation inamaint conditions does nallow
obtaining same resultS hese systems cannot be called as robust systems. It is not
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desirable to get different results with different environment conditions. Hence,
robustness is an important parameter in accelerometensyst

Figure 3.1 shows thélock diagram ofelectremechanical sigmaelta accelerometer
systemimplemented in this thesis workystem architecture employs a Pl controller
differing from the high order systems in the literature. Basically, Pl controli&emthe
open loop gain of the system very higtherefore,it lets us to design a robust system.
High open loop gain als@rovides higher dynamic rangebetter linearity and bias
instability due tovery small deflectiomf proof mass from its rest positio
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Figure 31: Block diagram ofelectremechanicalsigmadelta accelerometer system
implemented in this thesis wark

In this chapter, a linearized model of the complete systeaisisconstituted, which
makes system desigand analysis much simpler. Especially stability of the system can
easily be analyzed and estimatedrrectly with this model.Previous works on the
stability of electremechanical sigma delta modulator system depends on either non
linear model simulationsn environments such as MATLAB Simulink or complex
mathematical analyses that are difficultajoply. Linearized model given in this chapter
provides an opportunity to designers to know stability limit mradgin of the system and
determinghe desigrac@rding to this information.

One of the main aims of this thesis is to design apower readout circuit. Spring
softening effect that will also be described in this chapter allows designers to design low
power circuits. Springoftening effect helps sum®sing the readout circuit noise and
therefore, currentof the readout can be decreased without degrading the noise
performance of the system.
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3.2 Linearized Model of Electromechanical #-$ Accelerometer

System

Sigmadelta modulation is quite popular techrégquhat is used inclosed lo@
accelerometer systemBhere are some impi@nt reasons using-' modulation These
reasons can be written as follows.

1. Electrostatic feedback force has a dimear characteristic&' modulation
linearizes the electrostatieddback force.

2. &' modulationdigitizes the output of the systemiccelerometer data can be
extracted easilypy using a simple digital lowass filter In analog output case,
there will be a need to use an external ADC to digitize the output. Ther&fore,
' modulator simplifies the external electronic.

3. &' modulation, as its naturéntroduces very low noise contribution to the
system due to high oversampling and noise shaping.

In this section, it will be described in detail ho&' modulation linearizedthe
electrostatic force.

3.2.1 Linearization of Electrostatic Feedback Force

To have a deeper understandingtbé effect of &' modulator on linearization of
electrostatic feedback forcewe need to look at the feedback network of the
accelerometer systemV/oltage to force has a ndimear relation in capacitive type
MEMS accelerometerghis relation is expressed: as

L 1 !i—!:%!!! (3.211)

where, Fy, is the electromechanicaleedback force, dC/dX is the capacitance varati
with regect to displacement andlis the feedback voltage.

Assumethat &' modulatoris taken out ofthe system in Figure.B. In that case, the
complete system will tur into the system as in Figure 3This isactually aclosed loop
system with analog feedbdacAssumealso thatloop gain of the system is sufficiently
large enough that feedback forceuntebalances the external forcEquation 3.2.1.2
shows the relation between external force and feedback force.

L 10 1110y (3.2.12)

In that case, the feedback voltage, which is also the output of the system, is proportional
to the square root of the appliedcateration. It is expressed ing#&ation 3.2.1.3that
clearly points out that analog feedback systems suffer from high earitin
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(3.2.1.3

To solve nonlinearity problem there should be a nonlinear block which functions to
linearize the feedback. Two major modulation techniques can be used in the feedback
path for linearizationwhich are pulse density modulation (PDM) and pulse width
modulation (PWM). In PDM, which is nothing buté&a' modulation, input voltage is
converted into the high frequency digital pulses whose density corresponds to the
amplitude of the input voltage. IRWM, input voltage is converted into the high
frequency digital pulses whose width corresponds to the amplitude of the input voltage.

Front End
Electronics

External _Jext
acceleration

Accelerometer Controller

A 4

out

Fro 1dc
PR G N

Feedback

Figure 32: System block diagramf closed loop system with analog feedhack

Both of the modulators have very straightforward circuit implementation. However, due
to finite rising and falling times of pulsesspecially at high frequencies, PWM has
worse linearity when compared with PDM. In PDM, nonlinearity is not observed since
rising andfalling times occur at each pul$&8]. Therefore, PDM is more preferable than
PWM because of better linearity.

As explained in Section 2.1.8emodulation o' modulator can be realized with a
low-pass filterand decimation stage. Since decimation etég only for purpose of
removing extra data, demodulation camly be represented with a lepass filter. Low
pass filter averages the digitait stream and gives an outgarbportional to input o&-'
modulator
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Figure 33: &' modulation and demodulation process

Figure 33 illustrates®-' moduhtion and demodulation procegsssuming that lowpass

filter hasa gain of unity at its pass band, input and output miatn be expressed as
follows:

(Lpg D1 Ly 1 1y N1, (3.2.19

where \f, is the input voltage<Vn.¢> is the average ahodulator output composed of
unity amplitude digital pulses/.is the output voltage ankh,oq4is the gain coefficient
between input andutput. If digital pulses have amplitude any other than unity, input
output relation should be scaled with that amplitude.

In Equation 3.21.4, input-output relation is just modeled with gain coefficient,k
Actually, this relation iorrectunder the assumptiahat modul#or clock frequency is
much higher than input bandwidth. If input bandwidth is close to the modulator clock
frequency, then phasdifferencewill be observed between input and output signals.
However, by making sure that modulator clock frequandyigh enough,modulatorcan

be modeled asgain block asn Equation 32.1.4[23].

Modulator Output

.................................................... Average = a

Figure 34: Effect of squaring-' modulator output
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Figure 3.4illustrates an example a&&' modulator output and square of this output.
Modulata output has a pulse stream alternating betwegKicgnstant feedback voltage)

and OV. If this output is squared, the same pulse stream is obtained, but alternating
between \,?> and OV as shown in Figure 3.4etOs say thaverage of thenodulator
outputis a, which is a value between 0 ang.Vlhen, average of the squared modulator
output will beVy,.a. It is apparent thasquared outpuis also linearly relatedvith the

input. Therefore&' modulatorcan be sed for the purpose of linearization.

In figure 3.5 electromechanical feedback block, which has a square relation between
input and output, is placed afi& modulator.

Electromechanical

Modulation Feedback Demodulation

Vin i E Vmod E % E E Ffb
| E 3-A iDigital Bit! 1dc , | ! 5 Low-Pass L5 Outout
nput { Modulator Stream 1 7| 2° ﬁ'(') Filter P
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-

[%}

i)

Q

Figure 35: &' modulation with electromechanical feedback

Equation3.2.1.5and 3.2.1.6 shows the relation of average of modulatorpotitand its
square in Figure 3,5espectivelyHere, modulator output alternates betwegavid 0V.

Ly Y1 Mgy ML L, (32.1.5)
(Lp )1 My ML NT, (3.2.1.6)

Equation3.2.1.7 shows the relation between modulator input and duffuow pass
filter in Figure 35.

Ll !:—!(! g )!!:%!!!! ! !?!!!P# !!:%!!!!.. (32.1.7

Since feedbackorce is not applied continuouslit,is added a term c, representinghe
ratio of feedback cycle duration to complete system cycle durdtioll be assmed as
0.5 (50% of complete cycle) in later calculations.above equatiorsincekmqg and Viy?
are constant termsquare term in feedback is linearized with the hel&ofmodulator.
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Figure 36: &' modulation with edctromechanical feedback and accelerometer

Instead ofusing an external lowpass filter,accelerometer that is already a second order
mechanical lowpass filter can be use#igure 3.6shows the feedback structure using
accelerometer as low-pass filter

Bext Fext 1 X Front End Output
- L = Z Electronics > Controller i
s2 + B.s+w? +
External ;-
acceleration
X
Accelerometer Feedback Modulation
1/ 1 dc
m 2 |
—— < —.—.(. <€ 3-A Modulator [€
s2 + B.s + w? 2 dX( )
Accelerometer ﬂ
1/ 2
Xfp m V; dc Output
«— 3 5 € L Kmod- o= [€
s2 + B.s + w? 4 dXx

||
Linearized feedback

Figure 37: Electromechanical sigmaelta accelerometer systemith linearized
feedbacK23].

Figure 3.7 illustrates the block diagram of elegtrechanical sigmdelta accelerometer
systems with linearized feedbad¥otice that accelerometer block in feed forward path is
moved into the input and feedback pathsTherefore, linearizedeedback structure in
Figure 3.6is obtainedSince the other blocks such as fremid and controller circuits are

&-!



lineartime-invariant (TI) blocks, the analytical design and analysis of the complete
system can easily be made using vkelbwn LTI techniques.

3.2.2 Effect of Capacitance Sensitivity (dC/dX) on Feedback Force

"
In previous section—— is accepted as if ils a constant termin fact, in varying gap

capacitive MEMS accelerometerthere is nonlinearity in capacitancesensitivity. In
Section 2.21, capacitance ex@ssion is obtained in doation 2.21.6. Capacitance
sensitiviyy of the accelerometer is obtained by taking the derivative of capacitance with
respet to displacement. Equation 3.2. 5 ows capacitance sensitivity expression.

(3.2.1.1

It is very clear from Huation 32.1.1 that sensitivitychanges nonlinearly with proof
mass position. However,inge proof mass deflection is very small in closed loop
systems, in general x = 8§ assumed for calculation of capacitaseasitivity. Therefore,
Equation 3.2.1.1urns out to following lineaequation.

" P, Y '!! e (3.2.1.9

1 !
! ¥ I

Equaton 3.2.1.2implies that sensitivity highly depends on gap spacing effigers.
Smaller gap spacingesults in higher sensitivity, which is an important result for
designing the sensor.

Although zero proof mass displacement assumption seems very reasdanatbléact,
does not characterize the actualation very well.This assumption completely removes
the displacemeneffect of capacitancesensitivity. Equation 3.2.1.1 can be extended
using Taylor series expansion around x=0. The result is sho&qguation3.2.1.3.First

two terms of Taylor series expansion @&reludal in the equation, whickhonverges to
actual relation very closelyirst term is constant term and second term is the first order
displacementterm. Therefore, it is obtaineda linear approximation of nonlinear
displacement dependency of capacitance teitgi

Py, LN @ D !!<! !:!!!!! NG !!,!)”!”>”! (3213

Althoughfeedback forcequations arefor simplicity, written for one electrode actuation
in Section 3.2.1, both of the electrodes are actuat&uhile one of the electrodes is being
actuated withthe &' modulator output, the other one is being actuated with the inverse



of the &' modulator output.If the average of modulat output is denoted by\so¢>,
thentheaverage ofheinverse ofmodulatoroutput carbe written as follows:

(U )! II;—I W ) (3.2.1.9

Modulator output alternates betweeg ®nd 0V, and feedback cycleassumed aS50%
of the complete cycleSquareof the inverse outpudverages expressed as ingdation
3.2.15.

Ty ) ! Iy ) (32.19
Total feedback force applied to proof mass can be written as follows;

e ! i—!(!;:%!!(! b)) !!;',,—’!!(!_f..# )) (3.2.1.9

Total feedback fare is the combination of forces applied by two electraddke proof
massof sensor If Equatiors 3.2.1.3 and 3.2.1.5 areombinedwith Equation3.2.1.6
Equation3.2.1.7is dbtained.

Equation 3.2.1.7 shows the exact feedbackrée relation of varying gap capacitive
acceleometersAs it is clear from the equation above that feedback fiercemposed of
threecomponentswhich are sigmalelta modulator outpuproof mass displacement and
a constanterm referred as force offset

%!
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Figure 38: Complete linearized model of thelectremechanical sigmdelta
accelerometesystems.

Figure 3.8illustrates thecomplete linearized model of thelectremechanical sigma
deltaaccelerometesystemsHere, atput to force relation is expressed with coefficient

(e. <Vnod> is replaced with its equivalent expression while definfagn Equation

3.2.1.8 Displacement dependency of feedback force is modeled as a displacement
feedback with the coefficientr illustraed in Hjuation 3.2.1.9 Displacement
dependency of feedback forcealsocalled as spring softening effect [24)term has

an effect of decreasing the spring constant of the accelerometer. ThatOs why, it is referred
as spring softening effedtorce offset is added to the input directly with the coefficient

+- as shown in Ruation3.2.1.10

mm !?!!!..# !<! !:!!”! ! !I?”’!”> (3.2.1.9
- !$”<! !:!!!!!! o !!!!)!!!!!> 6219
! !!;i!!<! !:’!!!” P :?”””) (3.2.1.10

In the complete linearized model, there is an important point to stress to ambiding.

For simplicity, accelerometer block is moved back toféeeiforward path againt will

not disrupt the feedback linearization. Feedback signal is still passing through
accelerometer (mechanical lgvass filter).



3.3 Analysis and Simulationsof the Electro-mechanical SigmaDelta
Accelerometer System

Up to now, it is explained ho&-' modulator linearizes the electrostatic feedback force
and how capacitance sensitivity affects the electrostatic feedback force.also
obtained a linearized model of the complete systeahawnin Figure 3.8, which llows

the analysis of complete system very simple.

Open loop gain of the complete system in Figure 3.8 can be written as follows:

!!!!!{—!!!!’””!"”(!)”! Loyt (3.3.1)

L (1)
Here, C(s) term, controller actipis not defined yeﬂ_etf)s assume that it is decided to
use a proportional controller with gain coefficient,. KHowever, in proportional
controller systems, there &dwaysa steady error at the outp[R5]. Steady state error in
accelerometer systems tksanot to keeping the mof mass stationary adequatelhis
causes to degradation in linearignd dynamic rangeand it also decreases the
temperature immunity of the sensaevrhich results in poor bias instabilitgteady state
error can be decreased bncieasing the open loop gain of the syst@mreasing K).
Nevertheless, stability prodmin occurs in that case. There will 180 phase delay
before open loop gain of the system reaches 0dB ghich means unstable system.

A proportionalintegral (PI) controller will be used instead of proportional controller.
Integral action will completely eliminate the steady state emmod corresponding
unwanted resultsSystem stability is assured adjusting the proportional and integral
gain coefficients. Tnasfer function of the PI controller i domaincan be expressed as
in Equation 3.3.2.

NN (3.3.2)

By placing Euation 3.22 into Equation 3.3.1, opetoop gain of the system with PI
controlleris obtained.

o (e (o W>. 535




Closed loop response of the system to therpatdorce can be expressed iguation
3.3.4.

W !!!..!!!!(!! ,'—) |
INNEIN (!!!! ',_'n !!"!:!”!)” !r-!!!!!!!

Frontend gain coefficient, [, includes displacement to capacitance conversigiXK
andvoltage to capacitance conversion,/H as shown inthe equationbelow.

L (1)1 (3.3.4)

P DDy iy (3.3H

In Equations 3.3.3 and 3.3.4, some of the coefficients are selectable due to high
programmability of the readout circul¥oltage to capatance convsion is derived in
Equation 42.1.12 and it can be adjusted by changing integration capacitapgef{the
front-end circuit. G is a programmable capacitance adjusted between 0.5 pF and 15.5
pF with steps of 0.5 pRreedback coefficient,r, can be changed ' modulator gain
coefficient, k.. and feedback voltage(See Euation 3.2.1.8). k. is altered with
feedback capacitance$ &' modulatorthat are also programmable and can be adjusted
between 100 fF and 1.5 pProportionalintegral controller coefficients, Kand K are

also selectable and they can be setuty desired valuewith proper combination of
capacitance value§See $ction 4.3

3.3.1 Stability Analysis and Simulation Results

Thanks to the obtained linearized model of Hid &' accelerometer systematability

can be analyzed easily and it is checked using bode plot approach. For this, open loop
transfer function obtained indgation 3.3.3 is used. Along with stability analysis,
transient response of the system to the steptiigpalso obtained by using theoséd

loop transfer function in guation 3.3.4.

To be able to check the accuracy ot thinearized model analysesystem level
simulations should also be performda.SPICEtype simulators, imulation of electre
mechantal &' modulators requires very long computational time and enormousrdmou
of computer memory due toversampling naturef &' modulators Instead of them,
system level simulations are done in environments such as MATRiARIlink. Non
linear models of theabigned blocks are sirtated and results are obtainédgure 3.9
shows the MATLABSiImulink simulation setup of the complete system.
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Figure 39: MATLAB -Simulink simulation setup of the complete system

Figure 3.10 gives theBodeplot analysis result of the designed systeesign
parameters are selected such that phase margimésl to haveround 68 for optimum
settling time.Phase margin of the systemostained a$2.2. Proportional and integral
controller parametersre selected ak,=1 and K =4500.

Figure 3.11 gives the step response of the system with useagized model. As seen in
thefigure, settling time of the system is expected to be arounde2 Maother point to
stress here is that no steady staterds observed in the response af gystem due to Pl
controller.

Figure 3.12 giveMATLAB -Simulink simulation result ofthe system tdhe stepinput

using the model in Figure 3.9. Note that linearized model result perfectly matches with
the simulation rsult of MATLAB -Simulink, which shows the accuracy of the obtained
linearized model of EM&-' accelerometer system in Figure .3.8

To see the effect of change in Pl controller parameters and compare the linearized model
result and MTLAB-Simulink simulation result in another case,  Kparameter is
increasedexcessivelyto the value25000. It is expected that increase in integrator
parameter Kdegrades the system stability. The same simulations carried out with actual
design parameters are done with neyw#ue. The results are shown ingbres 3.13,

3.14 and 3.15. The phase margin is obtained as approximatewigh isvery close to

the stabilitylimit. System output isinging as seen inigures 3.14 and 3.1%.inearized

model gives almost the same résabain compared withthe MATLAB-Simulink
simulation result
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Figure 312 Step response of the system usifdATLAB -Simulink model
(Kp=1 and K =4500)
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Figure 313: Bode plot analysis of the complete systergHKand K =25000)
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Figure 315 Step responseof the system usingMATLAB -Simulink model
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3.3.2 Noise Analysis and Simulation Results

There are mainly four types of noise sources in the system. In this section, these noise
sources will be analyzed and noise simulationltesuill be given.

3.3.2.1 Brownian Noise

Brownian noise is one of the primary noise components of the system and is caused by
the mechanical motion of the accelerometer. Equation 3.3.2.1.1 gives Brownian noise of
the accelerometer in terms of accelerafi2d.

Uy wsgoearos ! +!!!!!!!! NI (3.3.21.)

where k is BoltzmannOs constant, T is temperature, B is damping coefficient and m is
the mass of accelerometer.

3.3.2.2 Readout Circuit Noise

Readout circuit noise is mainly congeml of the noiseomponentof front-end circuit
and the Pl controller circuit. The integrator of Pl controller suppresses sigtakia
modulator circuit noise by its higldbC gain. Therefore, it is not included in the
calculation of readout circuit nois€rontend circuit noise at the quit is given in
Equation 3.3.2.2.[26].

!!"I—'!!!!!!!! " (3.3.2.21)

where v, is the input referred noise of freehd OTA, G is the accelerometer sense
capacitance value, ,Gs the parasitic capacitance at the inptiOTA, f, is the OTAOs
unity gain frequency and i the sampling frequency.

The PI controller circuit noise can also be calculated in a similar way sinceirthat
architectures of frorénd and Pl controller circuits arquite similar. Its noise
contribution is added to fromend circuit noise and total readout circuit noise is
calculated.



3.3.2.3 Quantization Noise

Quantization noise of the system comes from the quantizer ertoe & modulator.In
Section 2.2.3, it is explained that quantization noise is suppressed with additional
electronic integrators in high order EB4' modulators. In this work, it is used a second
orderelectronic&' modulatorafter Pl contrder for the purpse of quantization noise
suppressionThe integrator of Pl controller also suppresses the quantization noise in
addition to two integrators the&-' modulator. Therefore, quantization noise decreases
to the value very lower than the values of Browniais@ and readout circuit noise.

3.3.2.4 Feedback Voltage Noise

Feedback voltage noise is injected into the system at the feedback cycles of the system.
Its acceleration equatent noise is given as followW27]:

L Dy (3.3.2.41)

where v is the feedback voltage noisey, 6 the feedback voltage. It is clear from the
equation above that feedback noise increases with the feedback voltage. In fact, at high
feedback voltage values, this is® source can dominate all the noise sources and
therefore, it should be taken care of especially at high voltage.

Figure 3.16shows the linearized modef the closed loop system includirgdl noise
sources.
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Figure 316: Linearized model with noise sources included
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The noise at the output of the system due to readout noise can be written as in the
following equation.

R I !%!'!—‘!!!! Lt ||—'| (3.3.2.1)
In Equation 3.3.2.1spring softening effect is clearly observed has an effect of
decreasing thespring constant omresonant frequency. Defirg effective resonant
frequency Wes = w,- *£ /m, it can be reduced down to zero by adjustingAs seen in
Equation 3.2.1.9*¢ can be adjusted by changing the feedback volt&ftective
resonant frequency of the accelerometer that is used irh#sistwork is reduced to zero
with the feedback voltag®f 7.6V. Equation 3.3.2.2 shows the equation resulting with

zero effective resonant frequency.

Pl
R I !T!W” i (3.3.2.2)
& + (s term ha actually a higipass filter characteristic. Therefore, readout circuit noise
at low-frequency band can be suppressed in a significant am@®pinihg softening effect
helps to designery low power readout electronics without degrading the performance of

the system.
The complete system is simulated including all the noise sourdd8 T AB -Simulink

environment with the modleshown in Figure 3.9. Table 3dives theexpectednoise
values of the designed system.

Table3.1: Expected noise value of the system

Noise Sources Noise Value
Brownian Noise 4.6 Lg%z
Readout Circuit Noise 1uvoiz

Feedback Voltage Noise 100 n\o&z

Quantization Noise <1 pg%iz

Total Output Noise 5.3 g%z

(A
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Figure 317. Power Spectral DensityPSD) of the designed accelerometer system
simulated in MATLAB Simulink.

Figure 3.17illustrates the PSD noise result of the designed accelerometer system
simulated in MATLAB-Simulink. It has a noise floor 0f1055 dBg/Hz which is
equivalent to 5.3 g%z noise at the outpuOutput noise is mostly dominated by
Brownian noise component. Since Brownian noise is injected into the system at the
input, it is directly observed at the output.

To seethe effect of spring softening on noise levle simuléions are also done with
5V and 10V feedback voltages instead of 7.6V. The results shoig8t9z noise level
for 5V feedback voltage and 10.3%1z noise level for 10V feedback voltage. Readout
circuit noise starts to affect the noise performance of dngptete system when feedback
voltage changes from the voltage level of 7.6V.
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CHAPTER 4

READOUT CIRCUIT IMPLEMENTATION

In previous chaptersystem level design of EM&-' accelerometer systems was
explained. A linearized model was developed ineorth analyze the system behavior
and simulation results of the designed system were given. This chapteraivily focus
on the circuit implementation of the blocks shown in Figure Sektion 4.1 gives the
designed readout circuit architectuszction4.2-4.6 talks about the individual blocks of
the readout circuits in detakinally, Section 4.7 explains the tdgvel integration of the
designed readout circuitry.

4.1 Readout Circuit Architecture

Figure 4.1 shows tharchitecture of the designed reatocircuit. It is obvious from the
figure that readout circuit has five main parts: namely fent circuit, proportional
integral controller, secwl order sigmalelta modulatagr bias generator and digital
controller.

Frontend circuit is the core elemenf the readout circuitlt actually works as an
interface between accelerometer and readout electrofticenainly converts the
capacitance change between acceleronmelamtrodes and proof mass to the electrical
potential differenceA proportionalintegral (PI) controller follows the frorénd circuit.

It is used to control the stdiby of the system and for increasitige system open loop
gain resulting in higher linearity, wider dynamic range and higher immunity to
accelerometer parameter changes.

Seondorder sigmadelta modulator is used after Pl controller stage. It includes two
electronic integrators and a comparator. It functions to filter and suppress the
guantization noise and produces dniedigital output. Then, according to the digital

&



outpu value,feedback voltage is applied to the electrodes of the accelerometer. Level of
the feedback voltage is adjusted with the high voltage level shifters.

Digital controller produces the necessary timing signals offadtcircuit, Pl controller
and ®cond order sigmdelta modulator. Besides creating the required timing signals, it
controls the programmable features of the readout circuit such as gain of thenfdont
circuit, K, and K values of PI controller, gain of sigatielta modulator, bias geragor
voltages and currents, sampling time, power consumptions of-&mahtcircuit, PI
controller and sigm@elta modulator and reference capacitor selection.

Bias generator creates the necessary currents and voltages of the readout circuitry. It
mainly includes a bandgap reference, and programmable current and voltage DACS.

Front-end
Circuit

—> Digital
/ Controller

1
1
]
]
1
1
1
i
! .
o : o - Proportional 2d order A Output
Q=VydC ¥ Voo @Vop AC /€ Integral Modulator
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i
1
1
1
1
1
1
1

t111 O 111

Level Shifter
Digital Bias
Controller Generator

Figure4.1: Architecture of the designed readout circuit

4.2 Front-End Circuit

The front-end circuitis the first stage of the readoutaeiit. This stage basicallgonverts

the capacitance between electrodes and proof mass fingers &dettiecal potential

difference.Besides thatjt includes high voltageontrol switchesto apply feedback
voltage to accelerometer electrodes.
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In the crcuit implementation, dlly differential typestructureis preferreddue to several
advantages over its single ended counterpart. These advantages can be summarized in the
following way [28].

¥ Increased immunity to external noigkess common mode or powsupply
noise)

¥ Increased voltage swing

¥ Reduced even order harmonics

Figure 42 shows the fully differentiafront-end circuit, which is implemented with
switchedcapacitorcircuit. It employs a fully differential folded cascode operational
transconductancamplifier (OTA), reference capadits (Crer1, Cetz), correlated double
sampling (CDS) capadits integration capators and CMOS switches controllinghe
charge flow.

CDS capacitances are used to reduce the low frequency components of naises@l/f
and offset created at the inputs of the OTA.
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Figure4.2: Frontendcircuit diagram
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4.2.1 Operation of C/V conversion

Figure 4.3illustrates the timing diagram of froeind circuit in order to have better
undestanding of how capacitance to voltage conversion happens. Assumethat
switches are on which means correlated double sampling operation is not performed.
This is due to making the analysis easier. Timing of the feadt circuit can be
separated intdhree phases. These are reset, integration, and feedback phases. Reset
phase starts with changings from low to high level. In this phase, integration
capacitances () are fully discharged and OTA is in buffer configuration. Input and
output voltagesare set to migoint (Vnig) voltage. Accelerometer electrodes are also
discharged in this phase.

brst —I_l : —
YRS S L
T B .
® L -

N S | -

: - {
Reset Integration Feedback

A 4
A
y

Figure4.3: Timing diagram of froneend circuit

When reset operation is completegdy.gswitch connectinghe accelerometer and OTA
changes to ON position. This switch functions to pretkatOTA from high electrial
discharge of accelerometer electrodes. Notice that electrical connection between
accelerometer and OTA is established in only integration phaseset and feedback
phasesthis connection is broken off

Integration phase begins with changing the statg ahd, , from high to low and low to
high, respectivelyln this state, OTA is removed from buffer configuration and is set to
the integration configuration. In order to understand how charge integtziomens
charges on the reference, accelerometarseand integration capacitancesould be
written before and after; and, , switches changtheir state.
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Initial charge (before ; and, , switcheschangetheir state) on theositiveand negative
inputnodes of OTA can be expressedspectivelyas follows

o T 1 I B I B T TV (4.21.1)

o T L I R N I B T (4.21.2

Since reset phase is active before integration phase, input nodes of the OTA are set to the
mid-point voltage. Final charge (after and,, switches changeheir state) on the
positive and negative input nodes of OTA can be expressed respecsifelpas:

O L O S N e R I B T VPP B VI B PP T [ (4.21.3

O O O T o B O O O R W R I A (4.21.4

where \; is the positive input voltage, .Ms the negative input voltage,.¥- is the
positive output voltage and,¥ is the negative dput voltage of the OTA after charge
integration.

According to the charge conservation principle, atigind final charges must legual to
each other. Equatienrt.2 1.5 and4.2.1.6governthis relation.

Prgger DD oggop (4.21.9

Prgger DD oggop (4.21.9

Due to the &ct that OTA has very higBC gain, positiveand negative input voltages
will be the same common voltage. Thereforeaitloe expressed as im&ation 4.21.7.

Lobh b (4.21.7)

Equations4.21.5 and4.21.6 turn into the following expressis by combining the
Equations 4.2.1 to 4.21.4 and4.21.7. Reference capadits C.er; and Ger, are chosen
equal and they are expressed with i@ Equations4.2.1.8 and4.2.1.9.

(P B T R T O M LT T T
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If Equation4.2.1.8 is subtracted fromduiation4.2.1.9, Equation4.2.1.10 is obtained.

RN (e ! Ty I ! !!!3! OTRTPLGTE !!!)! (4.2110)
yg

Vi, voltage is dependent on reference andelrometer sense capacitoEquation
4.2.1.11 expresses this relation.

N Rimamys
e bt ! !!n##! TN

(4.21.11)

By choosing G = (Cs1 + Cs9)/2, Viy voltage isequated into the gy voltage. Therefore,
Equation4.21.10 simplifies to the following equation.

| My ! V). (ACS)
i Cint

(4.2112)

where' Vout= Vouts - Vour , ' Cs= Caa1 BCs;.

Equation4.21.12 summarizes the relation betweabasense capacitors of accelerometer
and differential outputvoltageof front-end circuit As it is apparent from this equation
that dfferential capacitance difference is converted into the differential output voltage.
(Vaa — Ves)/Cins is the gain of the fronend circuit.

Reference capacitors and integration capacitors ifirtim-end circuithave a selectable
feature. One can select reference capacitors from 1 pF to 31 pF with 1pF steps. In the
same way, integration capacitors can becete from 500 fF to 15.5 pF with 500 fF
steps. Therefore, gain of the freemd circuit can be adjusténla flexible way.

The last phase of frornd circuit is the feedback phase. Differential output voltage of
the frontend circuit is processed throughahe othetblocks of the readout circuit and
feedback voltage is applied to the electrodes of the sensor according to the output of the
comparatorwhich is the last stage of the readout circlefore starting to apply
feedback voltage, reas SWitches vill be off to disconnect the accelerometer and OTA.
Then,, s switches will be on and feedback phase beghfiter feedback phase finishes,

the next cycle will start again with reset phase.

4.2.2 Operational Transconductance Amplifier (OTA)

OTA is the most impdant analog bloclkused in the readout circuit. It significantly
affects the power consumption, speed and noise of the complete system. Therefore, it
needs to be taken care of while designing.
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Sinceblocks in the readout circuit such as fremd, Pl conwller andintegrators in the
sigmadelta modulator have switchagpacitor implementation, there is no need to use
low output impedance OPAMPs. OTAs are more suitable to drive capacitive loads and
have easier implementation.

Frontend circuit employs fullyifferential pinput folded cascode OTAs shown in
Figure 44. The reason why folded cascode topology is selected idttbah easily be
used in buffer configurationt hasalsowider input common range and higher output
swing when compared with tetaspic structureln terms of power, it has moderate
power consumptionOn the other handt has some disadvantaget.hbs lower open
loop gain, ligher noise and lower slew ratempared with telescopic struct29].

vdd

- =

v2

S [ IHHC

outn og— — outp

- va -

—_—

Figure4.4: Schematic of fully differential folded cascode OT29].

Power consumption is the primary concern in designing the OTA because this thesis
aims to implement a lowower readout circuit. However, decreasing power
consumption restg in higher noise andbwer speed. There ia multiple tradeoff
between these three performance parameters.

Section 3.32 tells thatspring softening effectan suppress readout electronic noise at
low-frequency band. Therefore, it is possible to deswdéhe powerto some extent

(-!



without considering the increase in noise level. However, speed limitttps in here.
Speed of the frorend OTA, in other words settling time, is the major factor defining the
sampling frequency of the systentor deeper mderstanding of why it is the limiting
factor on sampling frequencynathematical expressions showing the dependencies of
settling time will help a lot.

Equation4.22.1 shows time constant relation of freamid circuit in integration phase
[29].

C;. Ceq + Cp,.Cipp + G M e
Tint = T !

(4.22.1)
I"#

where-in is time constant coefficient, Gs capacitance load at the outpug,iS the total
capacitance at the input, ,Cis the integration capaance and G is the
transconductance value of OTA.

Equation4.22.2 expresses the equivalent total input capacitance.
[P T T P T (4.22.2)

where C. is the reference capacitance,i€the sense capacitance of the acosheter
and Ci, is the input capacitance (gate and parasitic capacitances) of the OTA.

Load capacitance of the output has quite lower value thgan@d G. Therefore, it isa
reasonable assumption to examine time constant expression for the casé. By
inserting this into the guation4.2.2.1, following simple result is obtained.

Ly | T (4.22.3)

Equation 4.22.3 stresses that settling time of framtd circuit depends upon the
accelerometesense and reference capacitances, andf@Ge OTA. Accelerometer that
is used inthis thesis wrk has quite high sense capacitareand this leads to long
settling time. Thisexplains thereason whyfront-end circuitprimarily determines the
sampling frequency of the system.

Low sampling frequency can cause stability problems in complete systeSection
3.2.1, it ismentionedthat if sampling frequency of the systamnot high enough than
the input frequencyof the sigmadelta modulatorthere will be additional phase shift
between input and output. This phase shifty be sufficiently large esugh that it can
make the system unstable. Hence, settling time offriv@-end OTA cannot be very
long.



The only way to decreasettling time is to increasg, of the OTA.Equation4.22.4
shows G, expression of the OT3(].

o j”!!””!(!!_>!-- 1, (4.22.4)

Current and WI/L ratio of the input transistors can be increased to obtain higher G
Increase in W/L ratio can be considered as a first option for higheto havea low-
power circuit. It can be increased up toestain point becausexcessive increasef W/L

ratio makes the chip size bigger and increasesgggacitancetoo much. Hence, it is a
good design approadb primarily increaseW/L ratio of input transistorgp to a certain
point andthento increase th current to obtain desired settling time.

In fully differential amplifiers, atput common mode voltage is highly susceptible to
mismatches and parameter variations of the transistors and it can easily drop/jump into
the negative/positive supply voltagés.order to stabize output common mode voltage
there is a need to use a common mode feed{@2MEB) circuit which functions to sense

the output common voltage and compare it with arexfce voltage. Then, it gives
feedback by adjusting one of the biesltages & the amplifier and sets theutput
common voltage tthereference voltagg31].

There are two different types of common mode feedback circuits. They are continuous
CMFB and switchedtapacitor CMFB. Continuous CMFB is more suitable for
continuaus time circuits and switchezthpacitor CMFB is more suitable for discrete time
circuits. Since the readout circuit that is implemented in this thvesik consists of
switchedcapacitor circuits(discrete time),it is more convenient to usa switched
capacitor CMFB circuit. The svitchedcapacitor CMFB has several advantages over
continuous CMFB. Fir$f, it consumes far less power thtre continuous CMFB circuit

that requiresontinuous bias current. Switchedpacitor CMFB circuit consists of only
capadtors and switches that do noequire any bias current. Secondly, continuous
CMFB circuit adds extra poles to the output nodes that affect the frequency response of
differential amplifier and can lead to stability problems. NonethelbesSC-CMFB

circuit does not introducextrapoles. It only increasethe load at the output, which does

not cause antability problemg32].

Figure 45 illustrates the schematic of SCMFB circuit that is used ithe OTA. In
Figure 45, Vet Is the reference common medioltage, Vup is the positive output
voltage of OTA, Voun iS negative output voltagef OTA, Vpiasrer IS the reference bias
voltage and Y, is the bias voltage of OTAzquation4.2.2.5 defines the output common
mode voltage
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o ! rHS TS (4.22.5

SC-CMFB circuit uses two noeoverlapping clocks, namely,; and, ». In, ; phase, €
capacitors are charged tQ.yer P Viiasrer VOItage. In, , phase, € and G capacitors are
connected in parallel. In i phase, output common volta@é;) is sensed and changed
by Vhiasret B Von. Equation 4.22.6 shows the approximate output common voltage
expression32].

- H I 1"#$% I I I"#$%&' I ' " I (42.26)

If output common mode voltagé/.n) decreases to the value lower than reference
voltage (M:mref due to any reason, the bias voltage,(\dlso decreases and this leads to
decrease inurrents of nmos transistors. Thereforgy, \hcrease. It is apparent that there
is a negative feedblkanechanism in CMFB that keeps output common mode volage
the desired reference voltage.

Figure 4.6shows AC simulation resuslbf the designed frorend OTA. The DC gain is
measured as 94 dB and phase margin is measurdd. &®gain is kept high irder to
minimize the gain error

Figure 4.7shows the noise simulation result of the designed feodt OTA.The circuit

achieves 7.9 n¥z input referred thermal noise floor and 2.7%\Z input referred
flicker noise. The flicker noise seems to be hidfut it is cancelled with CDS
capacitances.
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Figure4.6: AC simulation resuffof the frontend OTA
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Figure4.7: Noise simulation result of the froeind OTA



Table 41 summarizes the simuiab results of the designed OTA, arkigure 4.8
illustrates the layout of the fromind OTA. It was drawn fully symmetric in order to
minimize the input referred offset voltage. The effect of connmaide noise and even
order nonlinearity is also suppressed with symmetric layout [29].

Table4.1: Simulation results of the OTA used in frearid circuit

Parameter Value

Power Consumption 676 uW

DC Gain 94dB
Bandwidth(at 1pF load) 1.1 KHz

Gain Bandwidth Produdat 1pF load) 44 MHz

Phase MargiifatlpF load) 61°

Input referred flicker noise (1/8t 1Hz 2.7\ %z
Input referred thermal noise floor 7.9 N\OAHz

Figure4.8: Layout of the fronrteend OTA It measures 17 um in height and 29Qum in
width ina 0.35um CMOS technology
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4.3 Proportional-Integral (PI) Controller Circuit

Frontend circuit is succeeded by PI controller circuibich has a transfer functias in
the folowing equation.

TOIRIRE (4.31)

!
where K, is the proportional gain coefficient and,Ks the integral gain coefficient.

Figure 49 illustrates the circuitmplementatin of Pl controller and Figure. 0 shows
the requirediming diagam
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Figure4.9: Proportional IntegralPl) controller circuit diagram
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Figure4.10: Timing diagram of PI controller circuit diagram
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Operation of PI camoller starts wih , s phase.ln this phase, OTA is forced into the
buffer configuration and Ccapacitors are discharged. Aftgg switcheschange their
state from high to low, smp @and, smp2 9o into high.At thatinstant, input voltagef PI
controller, which is alsdhe output of frontend circuit,begirs to be sampled on €
capacitors. Sampling operation is performed durigg phase Chargesaccumulatedn
C,capacitors an be expressed as iqguatiors 4.3.2 and4.3.3.

Dpgg 1 1 (e 1 1 I, (4.32)

Dpgg 1 1 (e 1 1 I, (4.33)

whereQsamg is the charge on {n the positive input branch and. g is the charge on
C, in the negative input branch.

After sampling operation is completed, integration phstaets with, .. In this phase,
sampled input voltages on; Capacitors are integrated into the capacitoysaf@ G.
Assume that €is initially dischargedAccording to charge conservation principle, total
charge in sample phase will be equal to thaltoharge in integration phadequatiors
4.3.4 and4.3.5 show the total charge in integration phase.

Pogy D D b 0 1 (0! !!"#!)!ﬁ (4.34)

Ppgg 1o b D DU (0 !!"#!)!ﬁ (4.35)

where \; and V. is the positiveand negativénput voltages of OTA in integration phase,
respectively. Since OTA used in PI controller circuit has very high open loop gain, it will
equate the inpt voltages V and V. If the equations frond.3.2 to 4.3.5 are combined,
Equation4.3.6 is obtained.

"y ! (:—l :—)H - (4.36)

It can be inferred from above equation that output voltage that is proportional to
capacitance ratioss acquired At the beginning of the next cycleapacitors ¢ are
discharged with, .y phase while preserving the charges on capacitersTken, new
input voltages are samplexhd integrated agairEquation4.3.7 states the differentia
output voltage of PI controller at the end of two cycles.

e R U ey (4.37)



Equation4.3.7 can be extended into more generalized form. Equati8®8 gives the
outputvoltage at the end of N cycles.

: 4.38
"y (1) ! :—H p (1)1 ':_'Z' w1 (438

It is clear from the equation above that output voltage is consisted of two terms, which
are proportional and summatiderms. Summation operation thing but simply
integration in discrete time circuits. &tefore, the circuit in Figure.9 successfully
implements a proportional integral action

Equation4.3.9 expresses outptid input transfer function of duation4.3.8in z-domain.

Ppg ey ! oo b 1/ 439
O T T T @39
where !'I 1" ' w is input frequency andsTs the sampling timelf ! | 1" 't s
replacel into the Ejuation4.3.9, following result is obtained.
P by b e
Since!"#! | ————, Equaion 4.3.10turns into the Fuation4.3.11
!l"# ( ) !I !| !!"!!/!
“Fa"hyr ) g —
[ ' ' I | by ' " Uy (43'11)
! Lot s ()

By rearranging the terms imgHation4.3.11, theresult in Ejuation4.3.12is derived.

!!"# "ol !! !! ! ! "/I "/
At low input frequencies"#(! I, /1) ! 11 1, /1 and!" "*/' can be approximated to 1.
Equation4.3.13 gives theapproximatanput output transfer function.
s IH " | | ' 1 I
—Lattyr o S—— (4.313

Proportional gain coefficient Kand integral gain coeffient K, can be inferrecasily
from the equation aboveEquations 4.314 and 4.315 show K, and K values
respectively.
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[ (4.319

R (4.315

Kp and K values can be adjusted freely by selegtihe capacitance values of, C, and

Cs. K| also dependsn the sampling time of the system. Actually, it is an expected result
because sampling time defines how many summation operations occur in a certain time.
If sampling time decreases, there wil lmore summation operations in that certain time
and vice versa.

Pl controller includes a fully differential folded cascode amplifier with switched
capacitor common mode feedback circuit as in femd.In terms of speed, Pl controller
OTA does not driveas much capacitive load as fresrid OTA drives. Therefore, speed
is not that critical performance criterion of Rintroller OTA while designing. Power
consumption of the OTA is minimizeith such a way that noise performance is not
degraded very much. sb, open loop gain of the OTA is kept high in order to reduce
gain errors of Pl controller.

Figure 4.11and Figure4.12show AC and noise simulation results of Pl controller OTA
respectively. Table 4.2 gives the summary of simulation results.

Phase Margin = 80° I

Figure4.11: AC simulation results of Pl controller OTA
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Figure4.12: Noise simulation result of Pl controller OTA

Table4.2: Simulation results of the OTA used in Pl controller

Parameter Value
Power Consumption 236w
DC Gain 93dB
Bandwidth (at 1pF load) 600 Hz
Gain Bandwidth Product (at 1pF loac 14.4MHz
Phase Margin (atlpF load) 80’
Input referred flicker noise (1/8t 1Hz 3.3uVuz
Input referred thermal noise floor 13.5nVoz

4.4 SecondOrder Sigma-Delta (#-$) Modulator Circuit

Secondorder&-' modulator includes two integrators and-hit comparatorFigure 413
shows the topology of th&' modulator that isised in the readoudircuit. In figure
4.13, the coefficients A and B are the fefedward gain oefficients of integrated and
integrator2, respectively. Coefficients C and D are called as feedback gain coefficients.
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Input signal passes through two integrators and according to the accumulated signal at
the output of second integrator, comparatenayates digital outputs. Digital outputs are
then given as feedback to the inputs of the integrafdis. circuit implementation of
secondorder&' modulator is quite straightforward.

Integrator-1 Integrator-2 Comparator

Output
Input Q P

N
R
A

Figure4.13: Block diagram okecondorder&-' modulator

4.4.1 Integrator Circuit

As in frontend and Pl controller circuits, integrator circuit is also imgeed in
discrete time. Figure.44 illustrates the schematic view of the integrator circitihas
two differential inputs as shown in the figure;, \lhputs are connected to the PI
controller output and ¥ inputs are connected to the output of the contpaia order to
constitute théolock diagram in Figure.43,

Vmid d’smp
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P C 11 /.
fb Ll
Vg, /. | —
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X | |— -
Vm- q)\ 11 + Vout’
Vfb+ {np :
C i}
N
4174 Cri  Pim
N
\" ¢smp

mid

Figure4.14: Schematic view of integrator circuit
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Operation of the integrator circuit is simpléhere are two phases, which are sample and
integration. In sample phase, differential input voltages are sampled on the capagitors C
and G,. In integration phase, charges on these capacitors are integrated into the
capacitors (.

Equation 4.41.1 expresses the differential output voltage ofititegrator. Derivation of
Equation4.4.1.1 is very similar to the derivation of Pl controllertput voltage given in
Equation 4.39. Hence, ifs not derived again.

"y (1) '.I—#'Z' r (! ,'—#'Z' O (4411)

i 1

Equation 4.41.1 can be converted into thelomain easily as indtiation 4.41.2.

» IR TI E I T N
%(!)! ( T )!” ! (4.4.1.2)

Figure 415 shows the schematic view &' modulatorintegratorswith electronic
feedback from the comparator outpuEggure 4.16shows the associated timing diagram
of these integrators.

Vmid ¢/smp Vmid d}int
¢|ntZ
¢mt Clntl d)Int : \ Cintz ¢int2
Cinr — l_/_ v | Chv — I_/_
vfb- fb-
ST S ~_ e ~_ Vs
v, . .

N
Pine

Vios D—\—I—— _(ljm L — Veos D—\—I—— _|Cmz o

I ¢i"tl cmu ¢|nt [¢ [ CIntZ ¢int2
int2
N N

¢smp V ¢in(

5< E]
V.Qj
]

el e
' +
\ .
\v
<$ U

out-

mid

Figure4.15: Schematic view o&' modulatorintegrators with electronic feedback
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Figure4.16: Timing diagram o®-' modulatorintegrators
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According to the tirng diagram in Figure .46, while first integrator is transferring the
charges on input capacitors to the integration capacitggg) (€ integration phase ),
second integrator begins to samplg;@oltage on G, capacitors and feedback voltage
on Gy, at the same time. After, phase finishesntegration phase of second integrator
(, in2) begins and corresponding output voltages are obtained.

There is an important point here to notice. Second integrator output is forwarded to the
comparator athcomparator generates digital output. However, this digital output is given
as feedback to the integrators in the next cycle. Hence, there is one cycle delay in the
feedback path. This delayasso represented with itsdomain equivalent ifrigure 4.13

The gain coeffiients A, B, C and D in Figure ¥3 can be expressed asthe equations

from 4.4.1.3 t0 4.4.1.6. Capacitance values are selected in order to obtain desired gain
coefficient.

[ (4.413

P (4.4.1.4)

[ (4.415)

2L (4.4.1.6)
igey

OTAs used in&' modulatorintegrators are the same as in Pl controlleuit since the

specifications of these circuits are quite similar. Therefore, a new OTA was not designed

in &' modulatorintegrators.
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Figure4.17: Layout of the integratolt measures 36QAm in height ad 365um in width
in a0.35um CMOS technology.

Figure 4.7 shows the layout of the designed integrator. It has also a symmetrical layout.
Integrator OTA is placed between the power rails, and capacitors and switches are put
above the power rails as saarfFigure 4.7.

4.4.2 Dynamic Latched Comparator

The final stage of the"2order &' modulator is ibit comparator. The comparator
sampleghe output of the second integrator and converts it taligieal output. It keeps
output voltage until the next sample.

While choosing the type of comparator and designing it, there are some performance
parameters that are taken care ®fieed, gain, power dissipation and offset are the
important onesin the&' modulator a dynamic latched comparator topology is selected
due to its zero static power consumption, high speed, and full swing digital output level.
Nonetheless, dynamic latched comparators suffer from the high input referred offset
voltage. Using a preamplifier stage in front of the dynamic latched compaiaior ¢
reduce offset voltage in considerable amount. However, there is no need to use a
preamplifier in sigmalelta modulators because the integrators used before the
comparatorsuppress the input offset voltage.
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Figure4.18: Schematic view of dynamic latched comparator

Figure 418 shows the dynamic latched comparator circuit that is used in&the
modulator. It includes two baeio-back inverters constituting the latch and it needs a
clock signal. When thelock signal goes to low, the outputs of the comparator are set to
low voltage. At the rising edge of the clock, the comparison operation beginstdack
back inverters providgositive feedback convertingpe small voltage difference at the
inputs of thecomparator to the full swing digital output.

4.5 Bias Generator

Bias generator produces all the bias voltages and currents of the readout circuit. It
includes four main partswhich are bandgap voltage generationeference current
generationcurrent DACsand voltage DACsIt totally generates 6 bias voltages and 4
bias currents for the OTAs used in the readout circuit.



Figure4.19: Schematic view of bandgap generation cir{2.

Bandgap generation piaces a temperature and supply independent voltage for the
reference generation block. Asmme suggestdandgap generation block produces a
voltage around 1.2 V, bandgap energy of the Silicon. Bandgap circuits in the literature
needs two components. 8$e are the negative temperature coefficient -basger
voltage of BJT and the positive temperature coefficient voltage. These two voltages then
add up with the right coefficients to build a temperature independent voltage. Positive
temperature coeffient voltage is generally created from the current that is proportional
to absolute temperature (PTAT) and a resistor.

In Figure4.19, currents flowing through all the branches are same and proportional to
absolute temperature. The valoé the PTAT current is determined witthe BJT
multiplier factor, N, and the resistance, R1. The current flowing through the branches
can be written aR29]:

lugoer | —— (4.51)

where, hanchis the branch current, \is the thermal voltage, N is thBJT multiplier
factor, and Ris the resistance. The output voltage can be found as;



b (4.52)

where, \, is the output voltage of the bandgap generation blogkj3/thebaseemitter
voltageof , N is the diode multiplier, Rand R are the resistances. Whemr ttherivative

of Equation 4.52 w.r.t. temperature is takemaseemitter voltagebrings negative
component, and thermal voltage brings positive component. WithgheR,, R,, and

N, temperature independent voltage is obtained, and it is close to the bandgap energy of
the Silicon. In this thesis work, 213V of bandgap voltage is obtainet¢h case of any

failure in bandgap generation, bias generator also allivg external bandgap voltage.
Therefore, the rest of the circuit will not be affected and will work properly.

After the temperature independent bandgap voltage is generated, this voltage is used for
reference current generation. Reference current wiluded to obtain necessary bias
voltages and currentfReference current generated by this circuit is 1R&ference
current is then mirrored to be used in current and voltage DACs.

Bias generator includes 4 current DACs and 6 voltage DBih can be pogrammed

by digital controller with &bit selection. Current DACs have a range ofAland 31. A

with 1. A steps. Voltage DACs have a range of 0.1 V and 3.3 V with approximately 100
mV steps.

4.6 Digital Controller

The dgital controller generates all the fing signals of the readout circuit thate
necessaryor proper operation. It alsallows adjustingoias currents and voltages of the
readout circuitandchangingprogrammabldeatures of the readout circuitch asgain

of the frontend circuit, K, andK, values of Pl controller, gain of sigrukelta modulator,
sampling time reference capacitor selection, optional external timings and optional
bandgap reference voltage.

Figure 420 shows the block diagram of tlikgital controller that is implemented ihig
thesis. Digital controller is consisted of three main blocks, which are serial programming
interface digital memory and timing generator.
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Figure4.20: Digital controller block diagram

4.6.1 Serial Programming Interface

The wrial programming interfacprovides the communication of the chip wekternal
electronicssuch as FPGAIt uses 4wire communication. &ial dda input, serial clock
andactive lowenable signadre input wires and serial dabutput is the output wire.

The communicatiorntype used in this serial programming interface is adedvassd
communication, which means that it needs address information writthg teemory or
reading back from the memory.

Figure 4.21shows thel5-bit register content of the serial programming interface circuit.
It includes 8 bit data,-6it addressad 1 bit read/write registers

14 13‘12‘11‘10‘9‘8 7‘6‘5‘4‘3‘2‘1‘0

W/R address<5:0> data<7:0>

Figure4.21: Serial programming interface register table
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To be able to communicate properly with the chip, FPGA should send data from least
significant bit (LSB) to mossignificant bit (MSB). Figure 22 showsthe serial interface
timing diagram. At each time @t data 6-bit address data and 1 bit read/write data are
sent to chip (write mode) or sent back from the chip to the FPGA (read nitatede,

one communication period lasts 15 clock cycl&éhe aable signal goes low when
communication starts and it remailow until the end of communication.

There are two modes in communication, which are read and write modes. Chip
understands in which mode it is working by looking at the last bit of the serial data. If the
last bit is zero, read mode is active and wieesa.In read mode, ®it data bits are donOt
care bits. Only address bits and W/R bit should truly be specified to get back the memory
data. Read data is sent serially from serial data output wire. In write mode, one should
also send ®it data correctlyalong with the address bits and W/R bit.

An important point is thathdp samples the serial data at the rising edge of the serial

clock. Therefore, FPGA should change the serial data at the falling edge of the serial
clock.

data<0>
data<1>
data<2>
data<3>
data<4>
data<5>
data<6>
data<7>
address<0>
address<1>
address<2>
address<3>
address<4>
address<5>
read/write

serial_datain —I—I | | | | | ‘__l ‘_J l__l—l_
serial_clk m

enable_b —| | [

Figure4.22: Serial interface timing diagram

4.6.2 Digital Memory

Digital conroller includes 51 byteegister typealigital memory whichstores theontrol
bits related with timing generator, bias generator prmjrammablefeatures of the
readout circuit.Digital memory has a structure that provides opportunityetd the
contents of ithrough the serial programming interface to the external world

4.6.3 Timing Generator

The readout circuit needs total fifital timing signals and their cqutements. Timing
generator block produces these timing signals. It provides high flexibility to obtain
desired signals. Figure2B shows one period of a timing signal along with system clock.
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Rising and falling edges of a timing signal can be adjustesdyfii@ timing generator.
Rising edge of the signal is determined&lit memory datdhat is represented with set
count in the figure below. Similarly, falling edge of the signal is determined by another
8-bit data that is represented with reset coista result timing signals can be tuned
with one clock cycle precision. In addition to this, timing signals catodpgled. One bit
memory is reserved for toggling operation. Therefore, a timing signal is controlled with
17 bits.

Line count defines the ped of timing signals. In other words, it specifies the sampling
time of the readout circui8-bit data is reserved for line count in the memory.

Timing generatorcircuit also allows external timing signals to be used in the readout
circuit instead of tinng signals generated inside the chip. This is due to any possible
problem causing digital controller not to work properly. In that case, external timing
signalscan be used to make readout circuit still work.

A
v

Line
Count

v

A

Reset

€——> Count
Set

Count I |

Timing signal

Figure4.23: lllustration of a timing signal



Figure 4.24 shows the layout of digital controllBigital controller occupies 2100x480

um’ area. The layout is composed of three mainisiobks The first one is the serial
programming interface, which is placed at the top in the given layout. The second one is
the digital memory, which is the large array placed in the middle of the lajoatlast

one is the timing generator placed at the bottom of the layout.

Figure 4.24: Digital controller layout. It measuresl@ pum in height and 48 pm in
width ina0.35um CMOS technology.



4.7 Top LevelIntegration

Individual layouts of the designed readout circuit blocks are combined to have a top
level layout. Figure 4.25 shows the floor plan of-tepel layout. As it is obvious from

the figure that digital controlleés placed at the bottom side oftlkhip and it lays from

one end to the other end. It occupies most of the chip area due to the fact that high
programmability requires plenty of memory space. Attthyeside frontend circuit, Pl
controller, seconarder sigmadelta modulator and bias genator are placefifom left to

right.

The chip measures 2900x1900 pm in 0.35 um CMOS process and includes total of 42
pads, three of them armt used Table 4.3 shows the pad list of the designed readout
circuit. Timing signalsof readout circuitcan also be driven externally in case of any
failure in internally generated timing signalst digitaltestsignal pads arplaced into

the pad layout fothis purpose3 analog signal pads are also used for similar purgose.
pads are used for the communicatadithe chip with exterdavorld. The chip has one
system clock pad, one reset pad and two digital output pads. Accelerometer interface is
provided by three pad3hese pads arecBe Pos and Acce Negsed to drive positive

and negative electrodes of the elecometerand Proof_Mss Drive used to drive proof

mass of the acceleromet&ests of the pads are power supply and ground pads. They are
separated with digital, analog and high voltage power pads.

2900 pm
22 34
+ IUIDIUIUIDIUIDIDI”IHIHIUI
21 |» w35
- 2"d order . ?
Front-end P 5-A Bias
- - Circuit Controller Modulator Generator .
= ]
o = -
o
a| [= -
o 0
—
o . . -
| Digital Controller
14 | m m| 42
AR IDIDIDIDIDIDIDIDI | II—IIDI

13 1

Figure4.25: Floor plan of toplevel layout
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Table4.3: Pad list of the designed readout circuit.

Pad Pad Name Pad Pad Name
Number Number
1 Digital Test 0 22 Acce Pos
2 Digital_Test 1 23 Acce Neg
3 Digital_Test 2 24 Proof Mass_Drive
4 Digital_Test 3 25 High Voltage Supply
5 Digital_Test 4 26 High Voltage Ground
6 Digital Supply 27 High Voltage Ground
7 Digital Ground 28 Analog Supply
8 Digital Ground 29 Analog Ground
9 Digital_Test 5 30 Analog Ground
10 Digital_Test_6 31 Pad_vdd
11 Digital_Test 7 32 Pad_gnd
12 Digital_Test 8 33 Analog Signal
13 Digital_Test 9 34 Analog Signal
14 Digital_Test 10 35 Not used
15 Digital_Test 11 36 Not used
16 serial_datain 37 AnalogSignal
17 s_latch 38 Digital Output-
18 serial_clk 39 Digital Output +
19 system_clk 40 sdout
20 rstb 41 Digital_Test 12
21 Not used 42 Digital_Test 13

Figure 4.26 shows the tofevel layout of the designed readout circuit chifne chip
measures 190Qm in height and 2900 pm in width in @35 pm CMOS process. The
given layout is drawn according to floor plan given in the Figure 4.25.
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Figure 4.26: Top-level layout of the designed readout circclitip. The chipmeasures
1900 pum in height and 2900 pm in widtha0.35 um CMOS process
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CHAPTER 5

SUMMARY AND CONCLUSIONS

The research conducted in this thesis focuses on the design of-powev and
programmablecapacitive CM@ integrated readout circuit fohigh performance
accelerometers with various electrical and mechanical propefties.results of this
work can be summarized as follows:

1. The readoutircuit designed in this thesis wodonsumed.8 mWpowerusing a
3.3 V supply voltage When compared with the previous wdik], the power
consumption is decreased #@bout 1/9" of the power consumption othe
previous work.

2. The readout circuit is designed to have many programmable features allowing to
control the gain, laising, and timing of various analog blocks in the chip, making
this readout chip suitable for a various capacitive accelerometer sensors with a

wide range of sense capacitance values from 1pF to 31 pF.

3. Alinearized modelwhich completely matches with tisémulation results of the
nortlinear MATLAB -Simulink model, has been developed. Statyiland noise
of the system caaasily be analyzed using tHisearized model.

4. Theimmunity of the systemo sensor pameter changesnd the linearity of the
systemare increaseddue tothe high open loop gaimprovided by this readout
circuit utilizing a PI controller

5. The output noise ofthe system is simulated as 5%z using the
accelerometer with the parameters given in T&hlelt has been found that the
output noise is dominated bthe Brownian noise of the accelerometdihe

readout circuit noise anthe quantizationnoise are suppressed down to the

Brownian noisdevel.

6. The input range of the system is calculated #K9.5g assuming the
accelerometer paranees given in Table 2.1This result corresponds to a
dynamic range 0£28.5 dB
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7. 1t should be noted that the readout circuit developed in this thesis provides
similar noise and dynamic range values with a fraction power of the previously
developed readout rciuits, in addition to several programmable features
simplifying overall system integration.
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