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Chapter 1
Introduction

1.1 Motivation

The sensing of various physical properties such as acceleration, rotation,
pressure, flow, proximity, and touch have been possible by exploiting capacitance
variations. Capacitive sensing has gained populdrtty toits high sensitivity to small
changes andow temperature sensitivity, making it a suitable choice for various
industries, including industrial and medical applications. Adddily, it tends to
consume lespowerthan other sensaransducetypes making it ideal fouse in portable
batteryoperated devices. Consequently, the design phciéive interface circuitgor
readouthas been criticalo fully make useof these advantageA capacitancéo-digital
converter (CDC}akes a capacitance variation from the capacitive sensor and converts it
into a digital representation that can be read ®ypically, a CDC is comprised of both

an interface circuit and an ADC, although in certain instances, these components may be

indiscernible.
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Figure 11. Survey of ADCs showing the trend of resolution decrease as sampling rate
increase$l]. Copyright © 1999IEEE



For ADCs, there have been thoroughly researched and established tradeoffs
between resolution and sampling rate. iy, while many capacitive converters
achieve attofarad resolutions, higher resolution tends to come at the cost di2$p8gd
[4]. In emerging pplications thataim at exploring high frequency effects in natural
systems such as the resonant frequency of bat hairs and using distributed sensing to
determine wing deformation in UAVs for fast attitude correctiboth speed and
resolution are critical The goal of ths wok is to achieve high resolutiowhile
minimizing the conversion timér CDCsto support the strict requirements of these

Sensor systems.

1.2 Technical Contributions
The primary contributions of this work are as follows:
1 Design of twostep SAR capacitanceto-digital converter
The design of a twstep SAR CDC is presented. The relationship between the
16-bit digital output representation and the sensed capacitance is d&ineded
how a twastep architecture produces sieimtofarad resolutionThe wse of non
uniform conversioais shown to improvepeed capabilitie€xplored noise and
offsetlimited achievable resolution
1 Testing oftwo-step SAR capacitanceto-digital converter
The proposed design wambricated and tested in a 0.5um and Qrh8
technology.The DNL and INL figures were determined and effective resolution
compared under different testing conditioi$ie design ehieves 9.8 ENOB for

64us/28us conversion times (Near fastest reported conversigven



overclocked,it achieves 8.2 EN® for 32us/14us conversion times (Fastest
reported conversion)This equates to lmear highest ENOB throughput (FoM2) of
150/350 kbit/s (Nominal) and 256/585 kisis (Overclocked) The nonlinearity is
exploredwith maximum averagdNL/DNL of 276 LSB/11.4LSB.

1 Demonstrated senar testing for higher input frequency sensors
Createda high frequencyarea changingapacitance sensarhe circuit vas tested
with high frequency sensors which is not reported by many publishedswork
considering their converter banuith capabilities. Demonstrated testing at

234Hz and 656Hz (Fastest reported testing speeds)

1.3 Thesis Organization

Chapter 2 provides background informati@mn capacencesensing angresents
someexamplesChapter 3 introduces capacitive interfaceauits and discusses design
considerations and potential sources of e@bapter 4 presents a novel design for
capacitancgo-digital conversionThe relationship between sensed capacitance and the
digital bits is derivedChapter 5 discusses measurenteasultsand quantifies the
performance of the proposed desigmally, Chapter 6 summarizes the workompares

it to the stateof-the-art, andsuggests future improvements and applications.



Chapter 2
Capacitance Sensing

2.1 Introduction

By lookingat the simplified model of a capac
in capacitance can occur with a change in
electrodes, or the distance d between electrodes. With these properties, capacitive sensors

have ben developed for various applications.

2.2 Permittivity Change

Variations in permittivity have been used in humidity sensors, chemical sensing,
and biomedical applications (e.g. cell culture monitoring).

The concentration of a substance can be measyreabhitoring the changes in
permittivity. As higher concentratisnof particles appear, the permittivity and,
consequently, the capacitanceangeslf the permittivity of the particle is greater than

that of the medium, the capacitance increa&esmpleexample is depicted in Fig.2

IAd

AA
N \\“‘4
\\\\\\‘5‘ Ag
A———
Change in Area Change in Distance Change in Permittivity

Figure 2.1. Capacitance variabilityypesshowing examples of change in area, distance,
and permittivity.



(a) (b)

Figure 2.2. Concentration ensor examples showing particle concentration changing
permittivity and consequently capacitance; (a) Vertical electrode configuratin
Horizontal éectrode configurationSource]5]

Another example of using the dielectqroperty for sensing is cell culture
monitoring in Labon-CMOS systemg6]. The dielectric properties at the interface are
altered by adherent cells as they settle onto tifaciadhere, proliferate, and eventually
detach dueo various factors like cell death, forced detachment, or other morphological
changes. The process of cell adhesiorucin three stages. Initiallyhey descend and
make initial contact with the slace Then they attach to the surface afidially flatten
themselvesntil reaching stable adhesipr]. Healthy cells remain firmly attached to the
suface and spread out as they grow and proliferate, while compromised cells contract
and may detach from the surface. The modiicet in cell morphology influgce the

dielectric properties athe interface, which can be quantified by changes in surface

capacitance.

Figure2.3. Cell culture monitoring exampkhowing how an adhering cell contributes a
changp in permittivity between ettrodes
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2.3 Area Change

Sensors that use a change in overlap area have beeto usedsure acceleration
[8] [9] and displacement (linear and angufdg] [11].

An example of a micro accelerometer using this principle is shown in2Eig.
The springmass system is used to detect acceleration, where capacitive transducers are
formed by movable etdrodes on the proof mass and fixed electrodes on the top die.
When the proof mass moves with respect to the frame and top die, a displacement in the
electrode overlap occurs, which is then converted into capacitance variation. Finally, the

interface circit detects this variation.

Fixed electrodes

 [1.Vp+
L Vp-

| | Solder

Spacing

Amplifier

Si0,

Figure 2.4. Schematic of the micro accelerometeingsan encodelike areachange
transducer. (a) Structure of the capacitive accelerometer. The-spaggysystem is also
used as a micro position actuator for the calibration of the capacitive transducer; (b)
Section view of the capacitive accelerometer, the electrodes on the topldleegroof

mass die form the capacitive displacement transducer (CDT); a photosensitive polyimide
(PSPI) is inserted for reducing thergsitic capacitance. Sourdéj.



One of the earliest examples thfe area changing capimnce principle is the
rotary variable capacitoHistorically used inradio frequencyRF) tuning applications,
the capacitor is formed by a fixed electrode and a moving electro@erotary axis.
Maximum capacitance occurs when the electrodes are dwiylapped( ¢ ~ )and
minimum when not overlapped at &llef 0). In practice, a set of interlaced electrodes are
usedwhich scales the capacitance proportionally by 2N, where N is the number of

moving electrodes

0 — (2.1)

0 0 — (2.2)

— Rotor —

Stator

(a) (b)

Figure 2.5. Rotary variable &apacitorexamples showing a rotating plate (rotor) passing
over a stationary plate (stator) to create an area changing cap@it8imgle capacitor;
(b) Interlacednulti-platecapacitor cross section.
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Figure 2.6. Distancebasedcapacitive sensor examples showing how a change in gap
distance between electrodes influences the sensed capaci@heecelerometer; (b)
pressure sensor. Sour¢g}

2.4 Distance Change

The most commonly used method of segscapacitance is by looking at the
variations in distance between electrodes. Sensing examples include acceleration,
rotation, pressure, flow, proximity, touch, and strain.

Accelerometers and pressure sensors are commonly manufactured using a MEMS
fabrication process. The micro machined accelerometer generally uses ansassg
system where a proof mass moves in the event of sudden acceleration and the capacitance
between electrodes changes due to the change in gap distémecpressuresensor
comprises a fixed electrode and a movable electrode in the form of a membrane, forming
a capacitor. Physical forces, such as pressure or acceleration, alter the distance between

the two electrodesExamples of th principles are shown in Fig.6.
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Figure 2.7. Capacitive touch sensaxamples showing how an approaching finger
interacts with the electrodes and influences the sensed capac{@nseltcapacitance;
(b) mutual capacitance.

Touch sensors are categorized into two types, namelgaeticitance and mutual
capacitance. The sethpacitive sensor detects the presence of a finger by measuring the
capacitance change caused by the distance between the finger and the touch ésctrode.
the finger approaches, the sensed capacitance incrbasentrast, the mutualapacitive
sensor detects changes in capacitance between two electrodes due to fringe field
interferenceln this case, an approaching finger decreases the capacidacee that
actual contact isnd6t necessary, which s
sensor.

Artificial hair sensors(AHS) generally use a cantilewéke structure which
extends oubf-plane and converts a mechanical deflection into an mektsignal.
Applications include flow sensing in air and water, inertial, rotational, and acoustic
sensing.

The sensom Fig. 2.8 uses a hair structure on a polymer diaphragm membrane to

convertlateral mechanical deflection of the hair into a changm@pacitance at the base.
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Figure 2.8. Capacitive airflow sensawhowing hailike structure on a diaphragm with
pie-shaped electrodes for directional sensif@ MEMS hair structure; (b) Cross
sectional view[12]

The electrodes effectively act as parallel plate capacitors that increase or decrease
their capacitance as the distance between each electrode and an underlyindeelectro
decreases or increases, respectively. When the hair deflects, electrodes opposite each
other experience equal and opposite changes in capacitance. Therefore, a differential
capaci t ant@2)dared€ observeédln both orthogonal directionsesponding
to the deflectn of the vertical hair. Fig2.8 showsthe structure and crosssectional
view.

Soft capacitive strain sensors have been used in many applications such as motion
detection, soft robotics, and tactile sensing. These sensofsgaig stretchable and
flexible allowing them to sustain high strains. The predominant variation in capacitance
occurs when the gap distance between the interdigitated combs increases or decreases as

the sensor istetched. The sensors shown ig.R2.9 were fabricated using a conductive

PDMS (cPDMS) to create the elastomer conductor.
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Figure 2.9. Soft capacitive sensor samples (left) and working principle (right) of the

proposd sensor: (a) Lateral comb (Ic) and (b) transverse comiSgayce{13]
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Chapter 3
Capacitive Interface Circuits

3.1 Introduction

Generally,capacitivesensorsusea change in capacitante create an electrical
signal which detection circuitgrocess foreadout Detection circuitonsist of a front
end interface circuit thaturns this variation into a voltagegurrent, frequency, pulse
width variation, or digital code.When the circit convers a capacitance into a digital
repregntation, it is considerech Capacitancéo-Digital Converter (CDC). Since
detection circuits are commonly used to communicate with other devices, such as
computers or microcontroller§DCs are the most popat way of samphg capacitance
variationsfor easy readout.

In this chapter, design considerations and potential sources of error are discussed
for capacitive interface circuitdExamples of front end interface circuits are presented
and roughly groupednto chargebased, oscillatebased, andridgebased approaches.
Finally, a comparison of CDC architectures is discussed with respect to resolution and

speed.

Capacitive

Interface ADC
Sensor

I
I
I
I
I
L

Circuit I Readout
I
I
I
I
I

A

Figure 31. Signal chain from incoming signal to readotlibe sensor converts a signal
into a change in capacitance which the CDC converts into a digital code for readout.
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3.2 Design Considerations

Designing interface circuits faapacitivesensors requires prior knowledge of the
required sensor rangeesolution,frequency characteristics of the sensors and intended
application, number of sensors being interfaced to, and whether a differential reading is
necessary.

Knowing the sensor range and resolutiowill determine whether offset
compensation is necessary amavHarge orchip capacitors need to be

The freqency characteristics of threensor and the application will determine the
bandwidth of the circuit operation.

Large arrays ofsensos can be utilized to improve sensitivity, selectivity,
robustness,dynamic range, andunctionality, which requiresincorporating proper
readout capabilitie414]. The number of sensors ibg interfaced and the desired
conversiorratewill determine the kind of readoand additional bandwidthecessary.

It is common for symmetrical devices to experience variations in opposing
directions in this casea differential reading can be considered. A differential readout
may be used to reduce or eliminate certain common mode variatiahditionaly, a
differential reading can create a linearized output, when the individual components vary

nonlinearly, andlouble thesensitivity.

3.3 Sources of Error

Parasitic capacitance, external interference, and temperature/humidity are
important factors to atsider when designing capacitive sensors and systems. Parasitic

capacitance can be attributed to traces and contacts between one end of the sensed

13



capacitor to another layer on chip or on a PCB. Environmental interfehemmean
interfering bodyradiatd electromagnetic signal, noise from nearby electronic devices
can also affect #ncapacitance sensefhielding techniques can be used to mitigate these
effects by driving a shield at the sapw@entialas the sensor input.

Some other possible souscef errorfor the interface circuiinclude inaccurate or
noisy reference potentials, unstable gain stages for a given bandwidth, and offsets in the
comparators and sampdadhold stages.

In manycasesthe pivotal component of th@rcuit design is th@hysicalon-chip
capacitor itself When an array of capacitors is used, tbheuaacy and linearity of the
circuit depends on the capacitor tolerances of the process and how well the capacitors
match the intended exponential scalinfommon approaches to reducing mismatch
include using layout techniques such as unit elements in an interdigitated or common

centroid configuration.

3.4 ChargeBased Capacitanddeasurement

3.4.1 Rail-to-ralil

This technique for capacitance measuremwas first proposed in[15].
Originally proposed fomeasuringon-chip interconnect capacitance, the circuit uses two
pseudeinverters with noroverlapping clocks, Yand \4, to charge and discharge the

capacitorseenin Fig.3.2

14



Figure 32. Chargebased capacitance measuremeéZBCM) circuit where the sensed
capacitance is determined by finding the difference in net average current between both
branches.

The average current is measured for ldwdnches,

iO) " O (3.1)

wheref is the frequency o¥1 and \4, Vudis the supply voltage, and C is the capacitance
being charged and dischargetherefore, the sensed capacitancesfsccan be expressed

in terms of the average net current.

o © (3.2

0 — (3.3
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3.4.2 Charge Sharing/Balancing

A simplified circuit for capacitive sensing based on charge traisfgnown in
Fig. 3.3 The circuit repeatedly charges the sense capacitor and dumps the charge onto the
hold capacitor. Theensed capacitance can be found with two different approaches

To sample the charge on the sensing capacit@rseGwitch (i1 is closedand
switchesliz and (iz are openedAfter Csenseis chargd, G1 will open and G2 will close
allowing the accumulated charge transfer to the holding capacitGroi. OnceChoid is
charged i> will open and(isz will close which allows the now isolated sensing capacitor
to be discharged and reset for the next saniie.sensed capacitance can be estimated

immediately aftefi, with Eq. 3.4.

0 0 — (3.4)

T=1/f

)
LV,
/ + °

03 Cseusc Cho] d 0,
V]u | 1
I 1
[0} I |

Figure 33. Switched capacitor charge sharirigcait showing how charge transfer from
the sense capacitor to hold capacitor can be used to detersgine C
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Csense+ Chold

Figure 34. Output voltageof switched capacitor charge sharing circhiowing the RC
charging characteristic

Alternatively, by letting the output voltage approach the input voltage and using
Uz to reset the output afterwardbe sensedapacitancean be estimated based on the
RC time constantThe switches and &nsead as a switched capacitor resistor with
resistance depending on the switching frequency. The resistance and time canestant

defined in Eq. 3.5 and 3.6.

Y 5 (3.5)

T Yo 5 (3.6)
The sensed capacitancehsrefore found by using Eq. 3.7

0 — (3.7)
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Figure 35. Integrator circuit for capacitive @asurementvhere the sense capacitor is
placed in the negative feedback path of the amplifier.

3.4.3 Charge/DischargRate

The capacitance can be measured by comparinghtimge or discharge rate with
an RC configuration. Typically, this approach uses an integrator and the rates are
measured wh a counter. Depending on how many slopes are being measured or
compared, the approach will be retat to as a singlslope[16], duatslope[17], or even

triple-slope conversiofiL8].

W O — ® 00Q0o (3.9)

0 e — (3.9)

3.5 OscillatorBased Capacitance Measurement

Measurement circuits using oscillators have been studied extensively in the past.
This approach uses the sensing capacitor as a key element in an oscillataredties a
change in frequency with a change in capacitance. Examples of these types of circuits

include relaxation oscillators, ring oscillators, and LC tank.
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Figure 36. Switched capacitor relaxationsaillator drcuit where G is used as the
switched capacitor and:@he sense capacitor which influences the integrated chade
frequency

The switched capacitor relaxation oscillator presented in Fig. was first
proposed if19].

The circuit works by usinghonoverlapping signalsii and (2, to switch and
integrate the charge arapacitor G and pass it to a comparator to create a square wave

ouput signalThefrequency dependanceshown in Eq3.10.

N —— (3.10)

Here twk is the frequency of(i; andlz, while Vpp and \ss are defined with
respect to the virtual ground of the first opamp (assumed to be 0V). This equation holds
for Ca<< G

The ring oscillator approach uses a change in the sensing capacitor across one

inverter stage to produce a change in frequency.
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Figure 37. Ring oscillator circuit for capacitive @asuremeniith sense capacitor across
an inverter stage goroduce a change in frequency

The equation generally used for finding the oscillation frequenfcya ring

oscillator is:

o J— (3.11)

Where k is the drain current supplied by the B8, N is the number of stages,
Vsw is theswitching voltageof each inverter stage, and C is the capacitance at the output
of each inverter stage.

Alternatively, the Barkhausen criteria can be used forftilewing satisfied

conditions

D QYD QY EO Qs p (3.12

~

"0 — oweE YO — (3.13)
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Therefore, the oscillation frequency is given by:

1 — (3.14)

For the rng oscillator circuit in Fig3.7, the capacitor &nsecan be separated into

input and output Miller cagitors, Gui and Guo.

0 p 00 (3.19

0 p -0 (3.16)

Thefrequency rationship for Eq. 3.1 becomes Eq. 371and Eq.3.14 becomes

Eq. 3.B.

"Q (3.17)

1 — (3.19)

WhereA is the gain of a single stagR, is the outpit resistance of each stage,

andGC, is the output capacitance of each staghout contributions from €nse

3.6 Bridge-Based Capacitanddeasurement

3.6.1 Voltage Amplifier

Full bridge and half bridge froregnd structures have commonly been used for

accurately measuring capacitance.
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Figure 38. Half-bridge voltage amplifier iccuit showing the voltage betweesarying
capacitorsC; andC, amplifiedby gain A

In the voltage amplifier configuration, the sensing capacitor is placed in a half
bridge and the voltage of the center node is amplified by an amplifier with a gain A.

The outpuin Fig. 3.8, for a haltbridge structuregan be expressed as:

W —wo (3.19

If it is possible to arrange the sensor in a full bridgafiguration then the
interface would look likehe one irFig. 3.9.
In this case the outpig doubled due to the differential nature of the configuration

andcan be expressed as:

W (—w?o (3.20)
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Figure 39. Full-bridgevoltage amplifier ccuit showing the difference voltage between
varying capacitors Cand G amplified by gain A
3.6.2 Transimpedance Amplifier

The transimpedance amplifier interface uses the current created by the capacitive
half-bridge and amplifies through a feedback resistor

The output in Fig3.10, can be expressed as:

W Qs 1YS 6 Qs (3.21)
R
i y
Vae 7 © W
— ) Vo
- +
Vac ?é C, =

Figure 310. Half-bridge transimpedance amplifiefrauit showing theamplifier with
feedback resistor used to amplify current from varying capacitoan€C.
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Figure 311. Half-bridge damge integration iccuit showing the charge between varying
capacitors €and G being integrated through feedback capacitor.

3.6.3 Charge Integration

The charge integration interface, as the name suggests, integrates the charge
created by the capacitive hdlfidge.

In this configuration the output can be expressed as:

w —w (3.22

3.7 Capacitancédo-Digital Converters

When considering data converters for any applicatizemyperformance metrics
areused to determine whigh the most suitable solutioBomemportantmetricsinclude
speed, resolution, and power.

ADC architectures have been extensively studied with the tradeoffs in resolution
and sampling rate being well establish€dom Fig. 3.12 we see that the corner of
maximum speedand resolution occurs fAR architetures. Similarly, by comparing
many (DC architectureseported in the literaturior resolutionand conversiorrate we

see an identical trend occy29] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31].
24
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Figure 312 ADC architectures and applications for resolution versaimpling rate
showing the approximate state of the art tri@]. Copyright © 2005I1EEE

From Fig. 3.13 we find thatsigma delta £ ¢ approaches have the highest

resolution and slowest speeds whereas SAR approaches have the fastest speeds but lower

resolution.
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Figure 313. CDC resolution versus conversion ratengparisonshowing the state of the
art for different architectures.
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This is becaus@& garchitectures use high frequency oversampling techniques to
achieve high resolution and low quantization noisEhe output is a higtlirequency
bitstream which is commonly passed through a filter and decimation stage to effectively
downsample the signal and finally get a lower frequency representation of the
capacitance. SAR architectuyes the other hangyerform a binary search to tch the
sensed capacitance to a bank of capactwdigeh directly becomes the output code
representationHybrid architectures implement a combination of approaches such as
SAR andE Usually, the SAR stage is used for offset cancellation whildZthstage
handles the dynamic changes in capacitance. Oscillator based approaches use the change
of capacitance to generate a change in frequency. The output generally uses a counter to
estimate the number of Ises in a set time. Capacitaricetime (C/T) appro&hes use the
charge and/or discharge rate to determine capacitance. The output is commonly a count
representing the time or a period modulated signal proportional to the sensed capacitance.

To meet our objective of high speed and high resolution, we fugttpdore SAR

architectures.
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Chapter 4
A Two StepSAR Capacitanceto-Digital Converter

4.1 Introduction

The following design wa®riginally tailored to meet the specifications of the
flow sensor in our previous woil2]. As such the biggest technical challersgare to
retain sensitivity to relatively small changes while compensating for a large offset
capacitancé qpC/ C*) and rhe@ting bandwidth requireme(fts: 2*N*fnyquiss Where N
= number of sensoys The offset arises from the physical fabrication process and is not
exactly known in advance.For a single sensorhé samplingfrequency is double the
resonant frequency of the AHSefonani~ 10" Hz). This upper limit was targeted to
explore any pantial effects the natural frequency of the bat hairs contribute to sensing,
since they lie in the ultrasonic ran$s].

The proposed capacitive sensor design uses -atepwSAR capacitande-digital
conversion scheme showm Fig. 4.1. This architecture was chosen for the following
reasons. First, a briddemsed frontend lendstself easily for differentiatonfigurations
Second, a SAR approach digitizes the input capacitance widnlk of capacitors or
capacitor DAC CDAC) by balancing the bridgeThird, the sampling rate is only limited
by how quickly the CDAC can be switched on or off (Typically %10’ Hz). Fourth,

SAR approaches have been shown to be generally more ezféoggnt, even though,
this istraded for better resolution. Finallyhao-step approach is used because physical
attofarad capacitors are not feasible.

Two prototypedesigns are presented, the preliminary design is implemented in a

0.5um CMOS processand the final design in @181m CMOS processThe features and
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performance vary for both designs but the fundamental architecture is identical. The

differences are described in sections 4.5 and 4.6.

4.2 Circuit Architecture

The design presented in F§l is a single ended configuration of the circlilhe
coarse stage uses a SAR method where a CDAC is used to perform a binary search to
match the sensed capacitandéie CDAC and the sensed capacitance are placed in a half
bridge configuration where botmes are excited with periodic signals in gptiase,
creating a redistribution of charge on thg nbde between themrThis value is sampled
and compared to a reference voltages¥o sequentially determine whether to keep or

remove each capacitor in the CDAC array.

SO SISE Sn

S/H

Control
Logic

VRcf

EXC 1 12c f—

Figure 41. Two-step SAR capacitande-digital converter architecture showing the
coarse conversion balancing the bridge in the femut and the fine conversion
performing a SAR conversion on the amplified residue
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Vout

Figure 42. Sampleandhold circuit using opamps as buffers around the hold capacitor
and transmission gates to control the sampling

The voltageat Vx approaches Nefas the CDAC matches the sensed capacitance.
Once the best combination of capacitors is chosen, the bits are stored in a register waiting
for the PC interface to read it out.

The sampleandhold circuit uses a buffered input armltput around the
capacitor. A ra#o-rail opamp was used to adequately capture the range of voltages
during the front end comparisons and the amplified residue voltages laf@4]oifhe
circuit is shown in Fig4.2

A totd of 3 sampleandhold stages and 2 amplifier stages are implemented. The
amplifiers ae placed between the sampéadhold stages and use a switched capacitor
design to amplify the residue voltage. The amplifier stage takes an input voltage and
subtractghe reference voltage from it. It then amplifies the difference by the rgftit C

and adds it back to a reference voltage.
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Figure 43. Switched capacitor amplifier circuit using the ratio afddd G to amplify
the difference between input voltage and reference voltage witlalso setting the DC
offset of the output

W W W - (4.1)

The fine stage then takes the amplified residual voltage and performs a conversion
with a charge redistribution SAR ADC. Fthe final designan overall gain of 5Qs
achieved with the first amplifier usire G/C: ratio of 10 followed by a ratio of & the
second amplifier The resolution of the fine conversiaman be approximated dg50
times the smallest capacitor in the CDAC, or 200aF. Since the both stages use an 8 bit
CDAC and the gain is less than 256, there will be an overlap in bits. Thidomasto
reduce the strict requirements in comparator accuracy while still meeting a desired sub
femtofarad resolution. The fine conversion then repeats until the value saturates,
indicating the need to perform another coarse conversion for front end csatipen In

the ideal case, where there is no parasitic capacitance and the second SAR stage matches
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the input amplified residue voltage exactly, the sensed capacitancsimply be

expressed as:

0 —0 (4.2)

o} (4.3)

Where A is the gain of the switched capacitor amplifier stages;1@ the coarse
conversion capacitancepfz: is the fine conversion capacitanead Gsis the full scale
capacitance of one CDAC (i.e. 2.55pF fothi8 DAC with 10fF LSB). Therefore,

according to (2), the maximum sensed capacitaamgeis about 2.6pF.

4.3. Sensed Capacitance Derivation

4.31 Individual Configuration

The following steps were used to derive the relationship between the sensed
capacitance with the coarse and fine bits.

The frontend of the sensor is a key aspect for undergigritow compensation
and capacitanet-digital conversioncan beachieved. tlis best understood in two
phass ,1and «.. In «, the middle node ¥is initialized to \ker while the other endsf
Cbac1 and Genseare held atVpp and ground, respectively.l n », the endsof the
capacitorsare flipped in polarity while Y is free to move.If both capacitors €aci1 and
Csenseare matched exactlyhen we can see thatk\étays atVrer sinceno charge would

need to be redistributed.
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Figure 44. Frontend analysis showing the configuration in tplwases. The first phase
sets the initial conditions and the second phase allows charge to redistributeCpacy
is used to matclsense

4.
0 w O (4.4)
0 ®w o 6 (4.5)
O
Ve W w O (4.6)
0De wbd 4.7)
Using conservation of charge, we can solve for Vx.
O 0O 0 O (4.8)
w w 0 w 0 w0 W w O (4.9
W W —w (4.10)
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Having foundVx from the coarse conversion, we can now look at the fine
conversion stage. The final amplified residue voltage appearssasavid thematched

voltage k. from the fine conversiom Fig.4.5.

W W W 0 W (4.11)

W W W w —B — (4.12)

EqQ. 4.12 describes the voltage \in terms of the sum of bits\Brom Cpaca.
However, the equation can simply be rewritten in termth®ac2 capacitance divided

by the full scale capacitance<$bf the CDAC.

W W W w — (4.13

Control |
Logic

i SeSS, S
/Reset 0P172 P

v VRef

Figure 45. Fine conversion stagshowing SAR charge redistribution circuit used to
match the amplified residue voltage
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Now if we assume the fine conversion stage matches the amplified residue exactly

(i.e.VosHz= Vx2), we can solve for ¥.

W W 0 W W W w — (4.14)

W o (4.15)

Finally, by substituting Eq. 4.1for Vx, we cansolve for Gense

W —_—W W (4.16)
0 0 (4.17)
or
0 —0 (4.2
Where
0 (4.18)

If we include the effect of parasitic capacitangdrém Vx to ground and error
voltage \&rrfrom the mismatch in dsnzand ke, the complete sensedpacitance

relationship becomes

0 —0 —0 (4.19
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Figure 46. Frontend analysis oflifferential configuratiorin two phases. The first phase
sets the initial conditions and the second phase allows charge to redistribute@nad{
is used to match the differen€genser Csense2

4.3.2 Differential Configuration

The approachdescribé up until now is for an individual capacitance
configuration. However, the same analysis can be performed fordiffexential
configuration

In the differential case shown belp@paci now matches the differen@p Gense
between sensing capacitorsefserand Gense2 Since the only difference between the
individual and differential configurations is whap4c1 represents, the rest of the analysis
after the front end stays the santer Gsensezsmaller than €enses Cpaci is set in parallel

t0 Csese2t 0 mMa ke up t hesesekCehnde-eCeRen ce and @C

q“.
0 w O (4.20)
0 W ® O (4.21)
0 W ® O (4.22)
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.

De w w 0 (4.23)
0De wd (4.24)
0D b (4.25)
Y6 —0 —0 (4.26)

Again, by including the noideal terms Gand Ver, the complete relationship

becomes

%

Y6 —0 —0 —0 (4.27)

In the differential case, we see that knowing the capacitagge-Becomes

necessary for accurately determining the differential capacitance.
4.4. Resolutionand ENOB

When referring to resolutionn this work, an important distinction is made
between the capacitance resolution and the ENOB resolution. The capacitance resolution
is the capacitance value that the LSB in the converter represents and is eXpresss
of Farads. By contrasthe ENOB resolution is an accuracy figure of merit relating the
SNR performance to an ideal CDCs resolution with a certain number of bits (limited only
by the quantization noise)The ENOB resolution is expressed in bits and is a practical
way of determining osrall measurement accuracy of the converter. Sources of error will
affect a converters accuracy or precision which is reflected in the ENOB resolution.
Some sources of error may affect accuracy which is how far the measured value is from

the true value, wite other sources affect the precision which is the repeatability of

36



measurements. As an example, parasitic capacitance introduces a fixed offset error which
affects accuracybut not precisionwhile thermal noise introduces variations idgr
operationwhich affectboth accuracy and precision.

To determine théheoreticalresolution of the circuit, Eq. 4.1&n be used to find
the change in &nsewhen Gacz is incremented by a least significant {iSB) of 10fF
(the smallest capacitan the fine CDAC) The resolution and effective number of bits
(ENOB) due to quantization noigse plottedfor the convertersnput capacitanceange
In addition, the effect of varying parasitic capacitamgzen andfine conversionvoltage
erroron the accuracig presented. These cases reveal that gain variations affect the slope

of theresolutioncurve, while parasitic capacitance presents itself as an offset.

400 |

OpF
1pF
2pF

350 |

(aF)

250 ¢

200 ¢

Capacitance Resolution

0 0.5 1 1.5 2 25 3

Input Capacitance (pF)
Figure 47. Capacitanceasdution versus input capacitance determinedakng an LSB
incremental difference of Lnseequation. Theesolutionsaccuracyis shownfor different
parasitic capacitancglues
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It is important to note that no other error sources were included for the following
analysis which would reduce tlaehievable resolution. For this design, the two largest
limiting factors of resolution are thermal noise and comparator offset. The achievable

resolution due to these factors is explored in sections 4.4.1 and 4.4.2.
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Input Capacitance (pF)

Figure 48. Capacitanceasdution versus input capacitance determined by taking an LSB
incremental difference of &nse equation. The resolution is showar different gain
values

Figures 4.7 and 4.8 reveal the resolution scales with input capacitance.
Additiondly, parasitic capacitance and gain change the offset and dldpe solution,
respectivelyFinally, by looking athe effect of voltage mismatch for the fine conversion

stage we see that inakes very little differencetthe resolution Fig. 4.9reveals gen at

1V difference, less than 2.5 aF error occurs in the accuracy.
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Figure 49. Capacitance esolution error versugmput capacitanceshowing effect on
resolutions accuradyr differentfine conversiorvoltage erors

To express theonvertersideal performancewe consider the inputapacitance

and its corresponding resolutibmdefine the ENOBRas:

OOGU6T T G (4.28)

Using Eq. 4.28the maximumtheoreticalENOB is found to be 13.6 bits fan
implementedgain of 50 withno parasitic capacitancdhe coarse conversion and fine
conversion ranges will necessarily beedapping reducing ENOBbelow 16 bits, due to
the useof a gain less than 25@he 8-bit fine conversiorstage isscaled by this gajn
Therefore, a gain of 5@ads to thenaximum ENOB bein@.4 bits less thathe 16

available bitsand introduces redundancy between the coarse and fine bits
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Figure 410. ENOB versusnput capacitancehowing how performance is limited across
the converter range for increasipgrasitic capacitance
Fig. 4.10shows theeffect of parasitic capacitance on the ENQOBe increased
parasitic capacitance introduces an error in accuracy to the sensed capacitance which can
be accounted for as an offset in resolution. This decreases the input capdoitance

resolution ratio andmpears as a logarithmic curve when converted to ENSIBg EQ.

4.28
4.4.1 Noise Analysis

The noise analysis conducted focuses on the thermal noise and its effect on the
achievable resolutiorfzor this, thetotal noise in the fine conversion stageeds to be

determined since it defines the resolution of the whole converter.
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Figure 411. Noise contributios for front-end circuitshowing the thermal noise sources
from the CDAC, Gense and reset switches.

First, we bagin by analyzing the noise contribution of the fremd circuit The
thermal noise contributions are due to the on resistance from the switches. The noise on
the Vx node is found from three parts: the CDAC, the reset switch, and the sensed
capacitor. Sine these noise sources agsumed to bandependenaind lineay they can
be found separately and summed at the end.4Fld.shows the noise contributions for
the frontend circuit.

Beginningwith the CDAC, we note that the noise from each bit can be found
separately and summed up as well. Big.2 shows the contribution of a single bit. We

define the full scale capacitances@s the total capacitance from the capacitorspisc C

41



T2
A n,daci

Ron

o2

_ Vi
2C g ——

2
¢ v n,0
Vx
Cl—“S'21 CLSB -1 Csense; [ -1 Cload

Figure4.12. Noise contributiorfrom switch ofa single bit from Gac1 where the output
referred noisat Vx is afound from the capacitive voltage divider.

We also define the load capacitance onag the parasitic capacitandee b the

bond padplus the capacitance from the input of the sarapieéhold stage.

0 C po (4.29)

0 0 O 0 0 0 (4.30)

The thermal noise of theth capacitor is simply defined by thk&/C noisein Eq.

4.32, where Cis the tth capacitor in series with the combined capacitancecat & find

the output noise at )/ we just do a voltage division of the noise calculafdte total
noise from the CDAC ifinally found bysummng the noise contributions for every bit at

Vx.

o, — (4.31)

42



0 (4.32)

OF; Ol (4.33
o[ B Ul (4.34)
The noise contributiaifrom the reset switchnd the sense capaciierdefined in

Eq. 4.36and 4.38, respectively. The total noise at M therefore defined as the

summation from all three parts.

Ol (4.35)
ol (4.36)
OFy Ol (4.37)
Ol Ol Of  OF (4.39

For simplification purposes, theoise that reaches the fine conversion stage is
defined as the total noise from the framd amplified by the total gain of the
amplification stagedsAs this noise is independent from the noise on the other input of the
comparator, the noise can be modeled as being grouped at one inpuhoiBee

contributions in the fine conversion stage is shown in£&it3

OlR 0 U (4.39)
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n.reset

Figure 413. Noise contributions in fine conversion stagdowing the thermal noise
sources from CDAC2 and reset switches, as well as, the comparaterafgrued noise
added with the amplified noise from the framtd

The noise contributions come from the CDAC, thestasvitch, and the combined
inputreferred noise from the comparator and the amplified noise from theeindntjust
as before, the noise contribution from the CDAC is found by summing the noise from
each bit.The difference here is that there is no sereggcitor and parasitic capacitance
associated with a bond pad. Therefore, the load capacitance is just defined by the input of

the comparator.

o} o} o} (4.40)
Ol (4.41)
oy —— Ul (4.42)
ol B O (4.43
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The noise due to the reset switch is again idahto the frontend case and the

total noiseat Vx2 is the summation of all these sources.
oy —— (4.44)

Ol O OF O Ol (4.45)

If we assume the case wheresfeeand G are approximately equal tor§ then
the total RMS voltage due to noise at:\s calculated to be 1.4mV. To compare this to
the quantization noise, we convert the quantization noise capacitance found in Eq. 4.47
into a voltage by using Eq. 4.48or a CLSB of 10fF and pés of Vpp/2, the RMS voltage
due to quantization noise is found to be 1.9mV. This means the thermal noise is

comparable buhe converter is not noidenited.

06 — (4.46)

of o0 >0— (4.47)

To determine the achievable resolution including thermal noise, we combine it
with the quantization noise and convert it into a capacitance. This capacitaresenp
the RMS resolution of the fine conversion stage. Since the fine conversion resolution is
scaled by the ga, we can determine thENOB for the whole twestep converter by
usng Eq. 4.51, where the RMS resolution is multiplied $guare root of 120

approximatean LSB quantization

or

5«
cC-
-
¢
C
-

(4.48)

0 j of  — (4.49
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h

The maximum achievable resolution due to thermal noise is now 13.3 bits. This is
slightly smaller than whawas showrnn the ideal case. Fig.14shows this difference in

terms of ENOB.
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Figure 414. Noiselimited achievable resolutioshowing how the effect of thermal noise
reduces the maximum ENOB and includes the further reduced performance from
parasitic capacitance
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Figure 415. Offset voltage contribution in fine conversion stagfgowing the offset
represented as a voltage source at the input of the comparator

4.4.2 Offset Error

Another important limitation to achievable resolution for converters comes from
the comparator offsetrmr. A comparator offset voltageanarisefrom device mismatch
and cause¢heoutput to change for a zengput voltage diference If we include an offset
voltage at the input of the comparator (seen in Eig5, then we can write the new
relationshipfor voltage at W. with Eq. 4.53. We can then reinterpret the offset voltage as

an error capacitancesf, defined in Eq. 4.55.

W W W W W — (4.51)
W W W 0w — (4.52)
0 w — (4.53)

Since the offset voltage is considered to be a statistical variable, we can rewrite
the error capacitance in terms of the RMS offgeltage, and note that the RMS
resolution must be greater thag@ limit conversion error to one LSB.
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0 § Wi — (4.54)

To approximate the RMS offset voltage, the standard deviation of threshold
voltage corner values was used. This was calculated to be about 1F6haowing the
same approach as the previous section, we can determingotBe caseachievable
resolution de to offset error. This value is calculated to be about 10.4 ENOB, which is a
significantly more impactful effect than the thermal noise. Bid6 shows the offset

voltagelimited achievable resolutiocompared to the ideal case.

000638 aé Q= pB®OQOI (4.55)
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Figure 416. Offsetlimited achievable resolutioshowing how the effect of comparator
offset voltage reduces the maximum ENOB and includetuttiger reduced performance
from parasitic capacitance
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4.5 Preliminary Design

4.5.1 Digital Circuits and Timing

The only digital circuit implemented in the preliminary design is the control logic.
Both the coarse and fine conversion stages had their own dedicated control hagic.
control logic circuit is essentially a shift register that controls the CDAC switches while
simultaneously acting as the output bit encod@lbe circuit is shown in Figt.17.

When initialized, the first bit Qis set high while @Qn are set low. If the first

bit being high, which corresponds to the first capacitor in the capacitor bank being
connected, does not exceed the sensed capacitor, then we choose to kaspift tdre
high bit to Q on the next clock cyclelf this bit does exceed the sensed capacitor, then
the SR latch for Qis reset. The setting and resetting of the SR latches is controlled by
the output of the comparatorcdp  The circuit continuesot switch on and off the
capacitors in the capacitor bank until reachinga@d holds the bit combination until
being reset by the Reset signal. In this way, a binary search is accomplished to match the

sensed capacitor.

?o ?1 ?2 ............ Qn
o = o o o
9 - 0 2] = ('7)_
o o o o
0 o nx nx n
! —3& 3 v
1 1 |

VComp_ D Q [ D Q | D Q D Q D Q_ e — D Q

RST SET RST RST RST RST
CLK I T
Il

! ! ! ] !
Reser

Figure 417. Control logic drcuit made by using D flip flops as a shift register and SR
flip flops to latch the bits.
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All the clock, reset, excitation, and control signals were generateghipffusing a
MOJO V3 Field Programmable Gateray (FPGA). Additionally, the?C interface was
created on the FPGA which accepted all 16 bits directly wired as inputs.
The circuit constantly performed a coarse and fine conversion which would then
be read out on theéQ bus and resetDuring a cmversion, he control signalsriggered
the sample and hold and switched capacitor amplifier stages regularly. This meant that
the stages wer e constantly being updated
completed yet. Thisevitablyled toa waste in paer since the residue voltage had not
been properly defined yet. €hfinal designuses the control signalsfficiently by

modifying the timing scheme

4.5.2 Simulation

The followingsimulationresults shovhow thepreliminary desigmworks stepby-
step by showing the waveforms. Additionally, we show that by knowing thedeah
values of gain and parasitic capacitance, we can improve the acclifagimulations
tested witha sensingcapacitor of 1pF anén &bit capacitor bank with # largest
capacitor being 1.28pF and the smallest 18@th the coarse and fine conversion stages
use identical capacitor banks and the amplificatitageuses a gain of 100. Therefore,
the coarse conversiogtage has a sensing range 16ffF i 2.55pF wilie the fine
cornversion stage has a range df @5.628F. Thefinal output is expressed with 16 bits

andhas a total sensing range of E0f2.575¢F.
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Figure 418. Coarse conversion circuitchitectureshowing CDAC used to balance tt
half bridge with Csense.

Beginning with the front end of tharcuit, shown in Fig4.18 the ends of the
CDAC and the sensed capacitor are excited with an excitation signal and its complement.
The node Wig, between the sensed capacitor amdaBAC, then changes as described in
the frontend sensor analysif.V miq falls below Ve, then that means the capacitor from
theCDAC is too large so it is switched adhd the next one is turned.okig.4.19shows
Vmia during the coarse conversiancompanied by the excitation signals and the first 8
output bits Q. For Geense= 1pF, the capacitor bank settles on the output Q=01100011 or
0.99pF.

The sample and hold circuit samplesnd/during the second phase of the
excitation. This output, 34n, is compared with W using a comparator and its output

Vcompis used as an input to the contol logic circuit.
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Figure 419. Coarse conversion simulation showing hgmid changes as each bit in the
CDAC is tested and chosen (represented as Q).
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Figure 420. 1st stage samplandhold simulation showing how Vmid is sampled during
a coarse conversion.
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Once the coarse conversion is completed, the fine conversion can be fidwnd.
output of the first sample and hold stage will hold the residue voltage after the coarse
conversion is completed. This voltage is then fed into a switched capacitor amplifier
stage, a second sample and hold stage, a second amplifier stagehaticdample and
hold stage.

The amplifier ci r caadlb, toamspéfsthetdifevencp ma s e s ,
voltage between ¥ and Ver such that Mut= Ci/Co*( Vin T Vief) + Vrer. For this design
C>= 900fF and €= 9pF for the gain to be 1QJsing two anplification stages, an overall

gain of 100can be achieved.
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Figure 421. 1st stage switched capacitor é"ﬁ}plifienslation showing how the sample
andhold output is sampled and amplified.
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Fig. 4.21 shows the amplifier output omp in red, the sampled residue voltage
VosHin orange, the reference voltagesW n bl ack, and tiaer dtinmmo pha
purple and blue. ¥ is sampled at 1.6578V anthamp settles orl.7213V. Thismeans
the residue voltage is amplified withlgainof 9.14 for this stage.

Fig. 422 shows the second stage amplifier outpdinye in green, the sampled
output from the previous amplifier stagesM in red, the reference voltageeMn black,
and the t woi1grhdaisrplp ant lslue.4H2is sampled at 1.7169V and
Voamp2 Settles on 2.252V. This means the voltage is amplified with a gain of 9.00 for this
stage.

After the two amplifiemand sampling stages, the output is held and compared with
a comparator and the fine CDAC. Both inputsm\and Voshz are shown in Fig..23

while the fine conversion output Ghanges below.

e e LS ] B N A s W e it I I
M VoSH2 2z
W VoAmpz @
. ref
/ 1 L] b ] N f 1 / 1 {
=t ——"=7T "7 "= L o "7

W Phi_2

. Phi_t

“,

Figure 422. 2nd stageswitched capacitor almﬁ;plifieﬁraulation how the output of the first
amplification stage is sampled and amplified again.
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Figure 423. Fine conversion withthe outaat of the final sampbndhold stagebeing
used as a reference fofref2 to match with each bit in the CDAC tested and chosen
(represented as Qf).

The fine conversiopgapacitor bankettles on the output:© 01100010 or 0.98pF.
The sensed capacitanoan be found by usinthe derived equatiowith the coarse and
fine conversion valuess inputs. In this case thestimatedsensed capacitands
0.9938pF, only 6.2fF off fronthe actualCsense HoOwever,by taking into account an
actual gainof 82.26, the final conversion becomes @88, which is 5.4fF off. Ithe
parasitic capacitance onmM is also taken into account, then the final conversion
becomes @®999pF, which is pproximately D0aF off. This shows that th@ccuracy can

be improved with calibration.
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4.6.2

4.6 Final Design

4.6.1 Individual and Differential Capable Freahd

The front end was designed to interface with 4 of the capacitor electrodes and a

common electrode to perform both differential and single ended capacitance conversions.
The CDAC is always connected tBXC while the electrode switches &nd drection

switches § are set depending on the conversion mode. For single ended conversions, the
capacitor selected for conversion is set to EXC to complete the half bridge, while the
other electrodes are disconnected via the correspondirgyitches. Fordifferential
conversions, €nseiand Genseform a half bridge together, whilesgsezand Gensesform
another half bridge together. This means eitheraBd $> or Sz and $4 can be on at a

time. During the coarse conversion, the very first clodkopeis used to check which
capacitor of the pair is larger and setss8ch that the smaller capacitor is in parallel with

the CDAC. In this way the coarse conversion attempts to make up the difference
between the capacitors and the code output repeesergpC  w reprdsenti@g the
direction. This configuration allows using the same back end circuitry for all conversion

modes.The frontend circuit is shown in Fig..24.

Non-uniform Conversion Time

The time for one conversion depends on a nundbeiactors. The very first
conversion is both a coarse and fine conversion. After, as long as the input capacitance
does not exceed the fine conversion range, the next conversion performed is only a fine
conversion. As such, repeated fine conversiossparformed until the input changes

enough to require a full case and fine conversion.
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Figure 424. Frontend circuit showing the capability to match 4 different individual
sense capacitors or differentially match eithesgetCsense20r CsensesCsenses

Fig. 425 shows the timing diagram of a full conversion followed by just a fine
conversion.The input clock is divided by 4 to generate the excitation signal. The same
SAR control logic is used for the coarse and fiiis to reduce area and power. To do
this, the SAR input clock, comparator output, and bit selection gets multiplexed
depending on whether a coarse or fine conversion occurs. As a result, the coarse and fine
bits are stored in separate register avoidbeing overwrittenThe SAR clock is identical
to the excitation signal during the coarse conversion and after 9 clock periods (1 period
for direction check and 8 periods for CDAC comparison), the clock waits for the residue
to be amplified and then switch&o a faster clock speed for the fine conversion (identical

to the input clock for 8 periods).
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Figure 425. Timing diagram showing a full coarse and fine conversion followed by only

a fine conversion

All signals are themeld until the data is read and acknowledged byBéus. If

the fine bits are 0x00 or OxFF, then that signals a potentialfenainge and the converter

attempts another full conversion, otherwise, fine conversions are repeagteahd/\oa2

representhe output voltage of the first and second afigaltion stages, respectively.
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Figure 426. Histogram of conversion time test data showing percent occuroérfaé
coarse and fine conversions and just fine conversions.
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4.6.3 Digital Circuits and Features

The digital circuits weremplemented by synthesizingerilog HDL codeusing
an RTL compiler Then the layout was created by using Cadence Encoltitae &
Routesoftware The digital circuitblock is in charge of four ain functions: iC readout,

SAR control logic, ck signal generation, and mode select.

4.6.3.1 [°C Readout

The PC readout was implementdsy modifying an 4C slavecore written in
Verilog [35]. It is usedo readfrom andwrite to thechip and reduce the pins needed for
communication to just two (SDA and SCLJhis two wire bus supports up to 128 unique
7-bit addresses. The code was modified to allow f@ealddress to be defined by wires
off-chip. For this implementatiorthe 7-bit addressvas defined a®0011XX where XX
are the last 2 bits pinned ourthis allows for 4 separate addresses to be defined.
Additionally, separateegisters were created for the read data and the write data. The
write data is stored as the moskgdect value, while the read data is the converter data to
be read. The last change was detecting and passing an acknowledge flag when the first
byte of data is read so that the second byte can be selected.

Using this design allows the readout speedetsdiby however fast the SCL line
can be driven. This was important sirlewer communication speedould limit the
speedthat conversionsould be read oufThe SCL linespeedwas setto 2.2MHz by a
Teensy 4.0 microcontrollerSince this$ not a starard selectablespeedtheWire library
was modified to allow for the higher communication r&th the higher speed, smaller

pullup resistors had to be used to reset the line fast enough.
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4.6.3.2 SAR Logic

The SAR control logic determines whichpacitors of the CDAC to keefuring
a conversiorby checking each bitThe SAR logic was written in such a way to use a
single control logic block and simply multiplex the conversion bits depending on the
conversion phas&Vhen a coarse conversion iscaoing, signal S stays low to allow the
comparator from the coarse stage to reach the control logic. When the coarse conversion
is complete, S goes high and the faster clock Closk#assed to the control logithis
approachreduces area since each conversion phase no longer has its own dedicated

control logig like in the preliminary design

Clock _\ AR CIK Control Logic Smpln
Clock2 — J 8 )
L~
4 S<7:0>
I\ //_ _\
’C+« MEM1 MEM2 P> 12C
CDAC1 CDAC2
Coarse Fine
Check Check
Cmpl Cmp2
> ¢ \\_4/

Figure 427. SAR logic epresentatiorshowing how only one control logic circuit is
necessary if multiexed between coarse and fine conversions
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4.6.3.3 Clock Signals

The dock signals generatedet the timing for the sample and hold, switched
capacitor amplifiers, reset, SAR coarse and fine clocks, and excitation sighals.
control signals for the switched capacitor amplifiers were passed through-a non
overlapping clock circuit presented kig. 4.28 The circuit works by generating two
complementary clock signals that have a time delay between them. The delay was
createl by placing a capacitor to charge/discharge between logic gates. Having non
overl apping signals ensure that glitches

phases.

Pl

Figure 428. Nonroverlapping clock circuitising a latch with delays to ensure the logic
transitions at Voutl and Vout2 do not coincide

Figure 429. Non-overlapping clock signalshowing an example of thedgetransitions
for Voutl and Vout2 with a given Vin signal
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Figure 430. Level shift arcuit showing the two inverters with lower voltage rail to shift
down and two inverters with intermediate pullup structures at higher voltage rail to shift
up: (a) Shift dowrcircuit; (b) Shift upcircuit.

TABLE |

LEVEL SHIFT TRANSIST®R SIZING

Device M1, M3 M2, M4 M5, M7 M6, M8

WIL 3.6/0.3 1.4/0.35 2.0/0.3 4.0/0.35

The analog and digital circuits operate at different voltageshgn As such,
level shifting circuits are necessary for any signals that communicate between the digital
block and the rest of the circuit. For example, the output from the comparators heed
shifted down before being input to the SAR logic. Also, all control signals from the
digital block need to be shifted up before controlling any transmission gates in the rest of

the circuit. The circuits are shown in Fig30

62



The down shifting cinait simply uses two inverters with the source of the PMOS
transistors connected to 1.8V. This allows the output to follow the input signal with a
maximum value of 1.8V for safe interaction with the digital circuits. The up shifting
circuit uses a cross cpled pair of PMOS transistors connected to 3.3V and NMOS
transistors driven by the lower voltage signal through inverter buffers to create an

adequate driving signal at the output.

4.6.3.4 Mode Select

The mode select allows for eight different conversptions and two test options
and is selected by writing to the device VA@.l The test options use an-omip 9-bit test
DAC as an input to the converter. The test DAC can also be set to ground for
measurement and calibration. The test DAC was designed with a 6.3fF LSBdhd a

scalecapacitance of 3.22pF.
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TABLE I

MODE SELECT OPTIONS

Mode Description
0 Switch bet\_/veen d_ifferential E1/E2 an
differential E3/E4
1 Cycle through singlkended E1E4
2 Differential E1/E2
(default)
3 Differential E3/E4
4 Singleended E1
5 Singleended E2
6 Singleended E3
7 Singleended E4
8-13 Not Used
14 Test DAC input
15 Test DAC measurement
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Chapter 5
MeasurementResults

5.1 Introduction

The performance was characterized with a few different approaches. The first
approachuses an otwthip test DAC to perform &near capacitance sweephen, to be
able to more carefully see output code transitian®fined sweep is performed using an
applied voltageemulatinga change in capacitancd-inally, these two measured results
were compared to the simulation resufsa sweeping input capacitance. Additionally,
the effect of applying off chip offset capacitors is investigated.

To analyze the performanceder dynamic conditionshe test DACwas usedo
create a sinusoidal input signalth varying signal amplitudeand frequencies. A heat
map was created for these results at 1IMHz awerclocked at2MHz input clock
frequencies.

The final testing examples show the preliminary and final designs tested with
actual capacitance sensors. The preliminary design was teted wapacitance strain
sensor while the final desiga tested at high speeds wahpropeller variale capacitor

device
5.2 InputSweep

Before using the test DAC as an input device to the conyetteeeded to be
characterizedThe test DAC was put in measurement mode and each capacitor in the
DAC was measured individually. The measurement was performed by applying a step
voltage through a known resistor in series with the test DAC in an RC configuration and

measuring the risentie to infer the capacitance.
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EXC

Crestbac B<§10>

CDACI

EXC
Figure 51. Test DAC setupnternally as input to converter freehdwith switches being
driven by offchip microcontroller
Once measured, the test DAC was used to apply a sweeping inputtmiester
with each bit of the DAC being controlled by a Teensy 3.2 microcontréler test DAC

uses 9 bits with a designed LSB capacitance of 6.3fF and full scale capacitance of

3.22pF.An example of the output is shown in Fig2.

| _Csense
Test DAC
L'g 0.1
@
Q
[y
8
=)
(1)
O
[0
O 0.05
0

12 12.2 12.4 12.6 12.8
Time (s)

Figure5.2. Example data of test DAC input and sensed capacitance output bioeiag
sweep

66



EXC

Vop =11
Source | Vs 0
Meter N
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Reset/ v B
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+
VRef % . .
Coact —— Q

EXC

Figure 53. Frontend circuit for voltage sweep input capacitance emulaimwing the
off-chip setup using annalog multiplexer to switch between the source meter voltage
and VDD The excitation signal controls the multiplexer instead of driving the sense
capacitor directly.

To emulate anore refinecchanging capacitance input, a sweep voltage is applied
to a 2pFcapacitor. The voltage was swept from 0 to 3.3V at 40uV stbjh translates
to approximately 24aF stepBhe sweep voltage was supplied by a Keithley 2400 source

meter and passed through a ©B4B analog multiplexer. Fidh.3 shows the circuit and

how this was implemented for the single ended case.

W W —_—wn —® (5.1)

Where the input capacitorsgaseo= 2pF and the emulated capacitanceefseis

found withEq. 5.2

0 —0 (5.2)

67



Sweep Voltage (V)

3 2 1 0
2.5

L 27F

=

k]

L

C 15}

‘O

v}

o3

G 1}

5

a

o}

O 05¢

D 1 1 1 ' J
0 0.5 1 1.5 2 2.5

Input Capacitance (pF)

Figure 54. Output capacitance versus emulated input capacitsmoeing the linearity
across the voltage sweep range compared to the expected@tameutput is scaled by
removing offset and gain errors.

The following data was collected with the converter in differential mode which is
similar to the approacshownin Fig.5.3. Fig. 54 shows the emulated capacitance for an
applied sweep voltage and corresponding output capacitance.

The output is scaled to follow along the ideal or expected relationship curve
before determining the DNL and INL performance. Since ipleltconversions occur
during each voltage step, the average is used to compare to the expected value. The
maximum DNL and INL, using this approach, is found to be 11.4 LSB and 276 LSB,
respectively. The mean and standard deviation of the DNL is 0.02ab8R.1 LSB.

The mean and standard deviation of the INL is 1.5 LSB and 73 IB&linearity for
this design is influenced by physical mismatches in the CDAC and variations in gain that

scales the fine bits.
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Figure 55. AverageDNL for emulated input capacitansgveepshowing the dference
between the measured step width and the ideal value of.1LSB
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Figure 56. AveragelNL for emulated input capacitansgveepshowing the dviation, in
LSB, o the measured conversion from the ideal or expected line
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Figure 57. ENOB versus input capacitance comparing test DAC, voltage sweep, and
simulation dataThe voltage sweep does not cover the whole converter range and is
extrapolated.

The results of the test DAC input is compared to the emulated capacitance
approach andhe simulation results in Fig. 5 A maximum of 9.8 ENOB occurs for the
test DAC input and 9.2 ENOB for the voltage sweep input at 2.92pF input capacitance.
The simulation results indicate a predicted 10 ENOB for the same input capacitagce.

resolution was defined by looking at the standard deviation at each capacitance input and

multiplying it by square root of 1@/hich approximates an LSB quantization.

00006 aé QM_— (5.3)
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out 4

v

Figure 58. Exampleof how the capacitance resolutiois measuredor linear sweep
experimentsThe standard deviation is found at each input capacitance dualing the
sweep.

5.3 Offset Capability

Although the input range is limited to about 3pF, we look at the effect of
offsetting this range by uggnoff-chip capacitors. Fig..8 shows how the ENOB is
affected by 1pF, 2pF, and 10pff-chip capacitooffses. The capacitance resolution was
again found by looking at the standard deviation at different points along the converter
input range described in Fig.85The performance is degraded mainly due to slew rate

limitations of the frontendat the degjned operating speed.
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Figure 59. ENOB versus input capacitans@owing the reduction in performanter
different offchip capacitor offsets

5.4 Dynamic Testing

The test DAC was used to generate a sinusoigalt tapacitance. TheNR for a
sinusoidal input is defined below. A heat map was created for varying input signal
frequencies and amplitudes at two different input clock frequencies. The ENOB
definition is adjusted to account for the varying amplitude. Tlelt® indicate better
performance at smaller amplitudes and lower inpujueacies. Additionally, Fig..b1

reveals the tradeoff in performance émerclockingthe input clock frequency 2MHz

YOYcr T C in (5.4)

000 6 (5.5)
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Figure 510. ENOB heat map for sine waveput at 1MHz input clock frequency
showing best performance occurring at smaller input signal amplitudes and frequencies
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Figure 511. ENOB heat map for sine wave input overclocked at 2MHz input clock

frequencyshowing bestperformance occurring at smaller input signal amplitudes and
frequencies

73



5.5 Sensor Testing

5.5.1 Preliminary Design

The preliminary design was tested with a c#pae strain sensor shown in Fig
5.12 The sensor was provided by the same group who dssigind fabricated it ifiL3].
For this test, the sensor was stretched and released, by hand, multiple times under a
microscope. When the sensor is at rest (t = 0s), the sensed capacitance is stable at about
1.9pF. Then, when theensor is stretched (t = 8.4s), the sensed capacitance decreases to

about 1.2pF.

Sensor Data
T T

Capacitance (pF)

k\vﬂw\‘/””‘\w

. . . .
0 5 10 15 20 25
Time (s)

Sensor Data

TN,
l*l.\/.»‘»f"”\f’"ﬂ’aw

Capacitance (pF)

L L " L
0 5 10 15 20 25
Time (s)

Figure 512. Capacitance output with capacitive strain semsanually stretchedhowing
how an increase in gap distance between the comb fingers reduces the overall
capacitance
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5.5.2 Final Design

While many CDCs boast high conversion rates, all reported test results have been
done using devices operating at 100Hz or slower. Tahestonverter with a device that
varies at highr speeds, a variable capacitor was created using a 7mm DC coreless motor.
An aluminum foil sleeve was placed around the motor and propeller with a threaded wire
brushing against it to form one of the eled#s. The other electrode was fixed 1cm
away and formed a 5mm gap with the propellére resultis anarea chaging variable

capacitor.

Figure 513. Photo of assembledrqgpeller variable capacitor prototype with aluminum
foil sleeve electrode over propeller and motor

Figure 514. lllustration of popeller variable capacitance device wahuminum foil
sleeveelectrodeover propeller andmotor. A threaded wire makes contact with the foll
overthe motor.
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Figure 515. Control experiment where propeller is manually rotated to ensure
capacitance variation is a result of electrode ovatapnot a confounding factor
Fig. 5.15 shows theontrol experiment wherpropeller is manually rotatesb as
to demonstrate the capacitance shift without the potential of EM interference caused by

actuating the motorin both the control experiment and the dynamic experiments, the

peakto-peak amplitude of the capacitance ipraximately 500fF.
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Figure 516. Output capacitancef propeller variable capacitor rotatirey 234Hz.The
continuous contact with foil produces a sinusoidal output.
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Above around 400Hz, the aluminum sleeve fails due to ftistion of the
brushing wire. A modified design was created with the wire making contact with the
propeller as it rotates. The advantage is now the speed could be increased. The
disadvantage is there no longer is continuous contact, but instead briaftcamtthe

propeller passes over the other electrode. The result is a mordikeilsehavior.

C-

Figure 517. lllustration of popeller variable capacitance deviegth aluminum foil
sleeveelectrodeonly over propellerA threaded wire makes contact with the foil over the
propeller.
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Figure 518. Output @pacitanceof propeller variable capacitor rotatirey 656Hz.The
non-continuous contact with foil produces a pulsed output.
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The results of thpropeller variable capacitor are compared with the few reported
test results. Also, the test DAC results from section 5.4 were added. FronilBigvé
see a drop in performance for increasing sensor input frequency.
TABLE Il

DEMONSTRATED TEST PERFORMWNCE SUMMARY

[22] [23] [26] [28] TestDAC Propeller
ENOB | g3 | 181 | 106 | 89 9 | 88| 73| 67 | 52
(bits)
Input

Frequency 100 | 0.015 | 0.004 | 0.0016| 0.2 | 1 | 10 | 234 | 656
(Hz)

18
[23]
16 =
14
O A
E 12 [26] A C/T
2 #% C/V+SAR
m 10 [28] TestDAC | TestDAC [22]
% b4 ® ® ® 2StepSAR
m 8 TestDAC Propeller
®
6 Propeller,
4
0 0.001 0.01 0.1 1 10 100 ik
Input Frequency (Hz)

Figure 519. Tested sensor resolution versus input frequeswaymaryincluding test
DAC and propeller device result§he reduction in performance is shown as the input
frequency increases.
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Chapter
Conclusion

6.1 Summary

SAR CDCs have the fastest conversion speeds, but their resolution is limited by
the smallest physitacapacitor in the CDAC. A twgtep SAR approach is presented
which increases the effective resolution while maintaining speed capability with repeated
fine conversionsA nonuniform timing scheme is implemented to improve conversion
rates and not waste time and power on redundandpalls the FC interface was
included on the chip along with the clock signals and reference voltages that drive the
different stages, to reduce the number ofabiip wires and signals.

The peliminary design wasproposed and implemented as a prootofcept
which resulted in a 9.2 ENOB and 6.25kHz conversion speed. The final design further
improved this to 9.8 ENOB and 15.6kHz conversion speed for full conversions or
35.7kHz for repeated fine conversiollhen overclocked, this results in 8.2 ENOB and

31.2kHz conversion speed for full conversions or 71.4kHz for repeated fine conversions.

6.2 Comparison to State of the Art

The testing resultfor the fabricated chips are compared to other CDC
architectures Table V summarizes the preliminaand fnhal results compared to the
stateof-the-art, while Fig. 61 visually compares the effective resolution and conversion
rate.

From this comparison we see that thisrk outperforms all but two other works

in ENOB throughput (FoM2). It should be noted thaving a large capacitance range is
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an important factor foa largercalculatedSNR and this work has among the smallest
reported rangeslf the range were increased by two bits in the coarse conversion, then
the input range would increase to about 11 .&péF the effective resolution to 11.8
ENOB. With two additional bits, the conversion time would increase to 72s for full
conversions but stay at 28us for repeated fine conversions.

The figureof-merit (FOM) is calculated using E®&.1, where P is the powe

consumption, Jonvis the conversion time, andRs the effective resolution in bits.

"O¢ 0 (6.1)

The effective resolution is found using the sigimahoiseratio (SNR) calculated

by Eq. 6.3 where the absolute resolution is the foman square capacitance resolution.

OO0 0O — (6.2)

YOYCchT C ) (6.3)

For comparisomf resolution and speede define aotherfigure of meritalso

referred to aENOB throughput

"O¢ Q (6.4)
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Figure 61. CDC resolution versus conversion ratanparisonshowing the state of the
art for different architectures including this work

6.3 Future Work

The designpresented leaves room for further improvembytimplementing
offsetcancdation techniques

As previously demonstrated, the offset voltage significantly reduces the
achievable resolution when laftirestrainedOffset cancHation teclmiques have shown
to reduce offset voltage to values on the order obpdl even remové/f noise[36] [37].
A simple passive technique reduce offset is by using trimming. Trimming involves
measuring the offset and using simple circuitry such as a resistor divideljust the
offset. More complex dynamic techniques inclualgozerang andchopper stabilizatian

Autozeroing samples the offset during one clock phase and then subtracts it for input
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signal in the following phase. Chopper stabilizatisna modulation technique winc
translates the signal to an eftband frequency and then demodulates back to e
noise and offset are modulated to harmonics of the chopping frequency which can be
filtered out by a low pass filter.

Additionally, interfacing and testing the circwvith other capacitive sensors for
applicationswhere both speed and resolution is criticah be exploredExamples of

such applications are described in the next section.

6.4 Applications

6.4.1 Distributed Airflow Sensing on a Batwing

Biological sensty systems are often exquisitely sensitive and robust, and many
researchers have developed successful artificial sensomsirbigking natural systems
[38] [39]. One class of such sensors is the hairser The field has been inspired by
examples in biology, such as the lateral line system of fish and cercal system of crickets.
The motivation of developing an artificial equivalent is to gain further understanding of
the function these sensor systeseve from a biological perspective and to further
improve manmade systems and technologies from an engineering perspective. The
challenge, however, is to replicate the properties of these sophisticated mechanical
sensors and incorporate them easily fopleations such as inertial or flow sensing on
small unmanned aerial vehicles (UAVS) to support flight control.

Bats are uniquelthe onlyknown mammals capable of sustained flight. They are
exceptionally agile flyers and have developed specialisedsors that provide
aerodynamic feedback folight control. In particular, hair sensors ameplemented as

microscopic hairglistributed over théad s w i negchonesurrbunded by a ring of
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tactle receptors. This allowshem to measure airflow aslosr as 23cm/s in a
directionally sensitig mannerlt is believedthatthesebat hair sensors are specialized to
monitor flight speed and airflow conditiotisat indicate stalf40]. This allows them to

fly at slower airspeedshereby allowing for tighter turns and increased maneuverability.
This workcould be appliedo learn from natural senspmich as those found on hdty
designng a sensor system that can collect airflow information in flighis information

can futher our understanding on the role hair sensors play in a biological system, such as
t he bat 0 slsobaabto suppgrt flight control on small unmanned aerial
vehicles (UAVs), particuldy on flapping UAV platformg41].

The proposed systemlesignuses the hair structure to transduce airflow into a
change in capacitance which is measured and converted to a digital value. This data is
communicated on arfC bus to a microcontroller.Although, i initial prototypesa
commecial-off-the-shelf (COTS) chip (AD7746)can be usedo establish proof of
concept this part lacks the speed to support multiple sensors.pdmig@rovidesan RMS
resolutionof 40aF and conversion rate of 90H20]. In order to achieve the required
sensitivity, speedand area specificationg,custom capacitance readout clvpuld be
designedand implemented. Additionally, a reductiontbke physical dimensions of the

sensomould allowit to bedistributed angblaced in more locations.

Figure 62. System echitectureshowing airflow sensor interfaced to CDC and output
bits conditioned for 12C reado{2]. Copyright © 2016, IEEE
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The sensor and readout chip cobkl pla@d on a flexible PCB, which woulde
attached t osilastrakedin Big & wihex@OTSachip provides sensing and
readout but requires a relatively large area amd-bonding from the hair structure to the
PCB. A custom desigeould replace this scheme, with the potential for the $&sotto
be fabricated directly on the IC. The overall system is intended to transdse

airflow data during free flight undéaboratory conditions.

The goal would beto ultimatelypl ace mul ti ple sensors
locations illustrated in Fig..8. These could be single hair sensors or arrays of sensors
per site. The batancarry a backpack with battery and microtroller to communicate
with the sensors. In this implementation th@ bus has been selected for the ability for
multiple devices to share the same 4 lines (Power, Ground, Serial Data, and Serial

Clock).

Figure 63. FlexPCB csignshowing traces running across bats arm to sensor on
knuckle(measurements in mni2]. Copyright © 2016, IEEE
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Bat instrumented w/ hair sensors

Readout chip

Sensor chips

Figure 64. Instrumented bat ancept showing sensor locations along bats wi
interconnected by flexPCB tracg]. Copyright © 2016, IEEE

As more devices are added, theyuld be programmed with unique addresses
using norvolatile memory such as poly fusé®ating gatesor hardwiring

There are foreseeable challenges to overcome or account for with a system such
as the one presented. Fromaverall system perspective, for example, delamination of
the flex PCB from the bat when it bends and flaps its wings could be a problem. The
PCB should not be too rigid and designed to bend appropriately at different joints.

Braided wires could be afi@rnative if they are small and light enough.

6.4.2 Distributed Strain Sensing on Airfoil

Animals such as birds, bats, and insects have extensive sensor arrays in their
wings that give them information about air flow and force distribution, helping tlesain
with windy conditions. Small unmanned air vehicles (UAVS), on the other hand, can
experience strong disturbances in roll due to changes in wind angle over their wings,
which current attitude control systems using inertial measurement units (IMU) ahay n
be able to stabilize fast enough. Consequently, previous studies have shown that sensing
wing deformation in UAVs and arm deflection in rotorcraft can provide faster flight

control than centrally mounted inertial sensors, similar to teehanosensoryystem in
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insects[42] [43]. Therefore, incorporating force and flow measurements into small UAV
attitude control systems can offer potential benefits, with strain sensors showing promise
for total momehmeasuremerjt2].

Engineered strain sensors can be used to measure UAV wing deformations, but
the task of embedding hundreds of these sensors on a UAV wing is not easy. The sensing
system needs to minimize flow perturbatiooletate collisions, and be able to measure
larger strains without constraining wing deflection. Larger numbers of sensors can
provide numerous benefits, including better disturbance classification and noise reduction
[44]. A numbe of studies have proposed distributed strain sensing systems which can
sense wing deformation during flight, tosignificant challenges remaja5] [46]. These
include maintaining high sensitivity whildistributing sensors across a larger area and
dealing with tradeoffs between number of sensors, sample rate, and noise when collecting
and processing data from a large array of sensors Hiimeal

Although current commercially available ICs have beerd use reattime data
collection in these systems, their bandwidth is severely limited. Incorporating the
capacitance to digital converter proposed could allow the ability to fully capture the
dynamic motion of the airfoil without having to subsample th&esyand populate the
wing with more sensordAdditionally, the addresses are customizable removing the need
to multiplex commercial chips that may not offer théi@p Exampleof strain sensing

sysem is shown in Fig6.5.
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Soft capacitive strain sensor

Organism in nature

Cuticular Cuticle

dome —\

—_—
Dendrite Cell Translate P
body -~

Campaniform sensilla

Figure 65. A large-area soft sensing skin to measure wing deformations in small UAVs.

a) lllustration of a hawkmoth's wing with embedded strain sensors (campaniform
sensilla) on its forewings and their reflection in the engineered small UAV wings used in
this work. b) Photograph of a single UAV wing integrated with the laagea soft
sensing skin and a flexible PCB for capacitance measurements. Most of the sensors were
embedded to detect normal strains (orange circles) with two shear strain sensors tilted at
+ 45° (blue circles). ¢) Image of the measurement electronics in the sensing skin system
including a capacitance measurement unit, a multiplexer, and a microcontroller unit.
Figure used with permission frop5].
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6.5 TechnicalContributions
The primary contributions of this work are as follows:

1 Design of twostep SAR capacitanceto-digital converter
The design of a twstep SAR CDC is presented. The relationship between the
16-bit digital output representation and the sensmggacitance is derive&howed
how a twestep architecture produces sieimtofarad resolution. The use of non
uniform conversions is shown to improve speed capabilities. Explored noise and
offsetlimited achievable resolution

1 Testing of two-step SAR capadtance-to-digital converter
The proposed design waabricated and tested in a 0.5um and Qrh8
technology.The DNL and INL figures were determined and effective resolution
compared under different testing conditio$ie design ehieves 9.8 ENOB for
64us28us conversion times (Near fastest reported conversiodWhen
overclocked, it ehieves 8.2 ENOB for 32us/14us conversion times (Fastest
reported conversion)This equates to mear highest ENOB throughput (FoM2) of
150/350 kbit/s (Nominal) and 256/585 Kis/s (Overclocked) The nonlinearity is
explored withmaximum averagdNL/DNL of 276LSB/11.4 LSB

1 Demonstrated sensor testing for higher input frequency sensors
Createda high frequencyarea changingapacitance sensarhe circuit vas tested
with high frequency sensors which is not reported by many publishedswork
considering their converter bandwidth capabilitid@emonstrated testing at

234Hz and 656Hz (Fastest reported testing speeds)
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Appendix A
A.1 Batinspired Hair Sensor

The followingdesign of a directional airflow senssiinspired by the hair senso
on the bat wing40].

Various designs of artificial hair sensors were considered and simulatéukefor
proposed application. Ultimately, a capacitive hair sensor design was chosen because
they can generally offer directionality, high sensitivity, good frequency response, low
temperature sensitivity, and low power consumption. The hair structurenfeekse
derived from the work ifl12].

In order to achieve the necessary directionality and tsatsi the structure in

Fig. A.1was originally designed.

Sum

SU-8

200 um

300 nmthick metal

10um
|__c1.__PDMS [ C

—

e T e T

Figure Al. MEMS hair structurecrosssection showing the air cavity and PDMS
diaphragnthat form the base with dimensions
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AC vs. Deflection
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Figure A2. Differential @pacitance change with increasing deflectioh MEMS
structureshowing capacitive range

For a deflectionof 8um, the differential capacitanagC = 250aF. The designed
structure achieves directional sensing with the use of 4 electrodes on a flexible
membrane.

To achieve similar sensitivity with less aggressive sizing, the cavity height and
diameter are scaledp accordingly. Also, asilicon disc is placed on the flexible
diaphragm to serve as a base for the vertical hair while providing mechanical
amplification for high sensitivity.

Multiphysics Finite Element Model (FEM) simulations were performed to
charaterize and optimie the structural design. Fig. AsBows the velocity magmde as

air deflects the hair.
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Figure A3. FEM velocity field simulation for airflow speed of 0.5 nglsowing the
fluid-structure interactiowith the sensof12]. Copyright © 2016, IEEE

The structure has been designed so that it exhibits 225a#iffefential
capacitance (FigA.4) for an airflow speed of 0.5m/s. The expected bat flight speed
ranges from 08m/s. The sensitivity of the structure da@ adjusted by changing the

height and/or diameter of the cavity, and the hair length.

Differential capacitance vz, Adr flow
3000

2500 =
. / /
1500 /

1000

——
—

0 0.5 1 15 2 25 3 35
Air flow speed (ma's)

capacitance (aF)

Differental

300

Figure A4. Differential @pacitance change with increasing airflaf MEMS

structure showing capacitive range for typical bat flightests.[12]. Copyright ©
2016, IEEE
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50 um

Figure ADL. Interference model for differential capacitanegth grounded sphere
displaced from center of both electrodes.

The benefit of using a differential capacitance reading is ite toterance to
noise. Additionally, offset capacitances can almost completely be eliminated as the
common mode capacitance should approximately be equal.

To analyze how much of an effect an interfering body makes on the differential
capacitance, the following model was also simulated.

A grounded sphere is displaced from the center of circular electrodes E1 and E2.
The capacitance C1 and C2 corresponds to the capacitance between each electrode and
the sphere. The differential capacitance in Riggr e f er s t-©@2 fompdifferent C 1
sphere radii R.

40
35

30
== (.5 um

25 == um
20 2um
15 == 10 um

20um
10

Differential Capacitance (aF)

50um

=@ 100 um
0 aiEENERSeSRR e —— ]
0 5 10 15 20 25 30 35 40 45 50

Displacement from center (um)

Figure A6. FEM simulation of interference model for differential capacitandth
grounded sphere displaced from center of both electrodes at different heights.
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The results show that the biggest change iraciégnce seen is on the order of
tens of attofarads. This simulation was performed at a fixed height of 100 um, which is
considerably close to the electrodes. As the interfering body gets further away, the added

differential capacitance becomes even nm@gligible.

A.2 Power Supply Rejection Ratio

The power supply rejection ratio (PSRR) was also simulated foswlitehed
capacitor amplifier of thereliminary design and shown in Fig. AThe PSRR is greater
than 77dB for frequencies below 100kHz aras$ la minimum of about 14dB at around

150MHz.

PSRR (dB)

| I B ST

0 P o a il Lo aaanl PR | PR "
10' 102 10° 10* 10° 108 107 108 10°
Frequency (Hz)
Figure A7. Frequency sweep of PSRIRowing higher noise rejection in the pow

supply at lower frequencidsr different supply voltagpeakpeakvariations
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A.3 Circuit Detailsand Layout

A.3.1 On-chip BiasGeneratoCircuit

The bias circuit implemented arhip was a Betanultiplier, slf-referenced bias

circuit [47]. It consists of three main parts: a sigptcircuit, Betamultiplier circuit, and

current mirror circuit. The output of the circuit generates three bias voltages (Vn, Vp, and

Va). Bias voltages Vn and Vp connect to the NMOS and PMOS transistors dwttitag) t

currents of the raito-rail opamp circuit, respectively. While, bias voltage Va sets the talil

current for the opamp in the switched capacitor amplifier cir@uit the comparatoA

3.7kq resistor is used anw. t

Beta-multiplier

~1

o Sear

he

______________________

ot her

M16

I Va

e Jnn=
TR =

Figure A8. On-chip biasgeneratorcircuit consisting of a startup,
current mirror circuit to generate the required voltages.
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TABLE V

BIAS GENERATORTRANSISTOR SIZING

M4, M6,
Device | M1 Mz [M3MSHue 11l mio | w12 | m13 | mis | MG | v2o
M7, Mo [0 1 M19

WI/L 1.2/2.410.35/0.39 7.0/0.35 12/0.3 | 6.0/6.0({28/0.35 24/0.3|0.7/0.7|1.0/0.35 0.6/0.3

Figure A9. Bias generator circuit layaut

A.3.2 SampleandHold Circuit

The sampleandhold circuit is shown in more detail below. The transmission
gates (MiM6) have dummy devices (MDMD12) around them to reduce charge
injection. The dummy devices are half the size of the size of the transmission gates and
are driven by antiphassignals. A 500fF MIM capacitor is used for the sampling

capacitor.
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Figure A10. Sampleandhold circuit with dummy switches for charge injection

MD3 MD4
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@, o _ =
1
M35
T M6
vo7|l mps @, MDIT| MDI2
_ ]
<1>1-c| |—<1>1 ! |_(D1
D, o,
MD9 MDI0

reductionand opamp buffers around the hold capacitor.

TABLE VI

SAMPLE-AND-HOLD TRANSISTOR SIZING

Vout

MD1, MD3, MD2, MD4,
Device M1, M3, M5 M2, M4, M6 MD5, MD7, MD6, MD8,

MD9, MD11 | MD10, MD12
W/L 1.05/0.35 1.2/2.4 0.525/0.35 0.6/2.4
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Figure A1l Sampleandhold circuit layout

The opamps werémplemented with a crossoupled raHto-rail design shown
bel ow. A resistor value of 5kq and compen:
first two sampleandh ol d st age opamps, while 10kqgq an

sampleandhold stage.

M2 M3 M17

I_

= Ce

e -
b—

b3

Vp

o

=
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v

[3%]

M4 |
| |

- B

Figure A.12. Crosscoupled raito-rail opamp @cuit for wide input and output swing
implemented in the sampéndhold circuit[34].
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TABLE VII

RAIL -TO-RAIL OPAMP TRANSISTOR SIZING

M2-M3, M11- | M4-M7, M9-

Device M1 M14, M16, M18 M10, M15, M17

M8

W/L 7.710.7 3.85/0.7 9.78/0.6 19.56/0.6

S i N e e vt

5 5 %
R S 2R PSR ERAR 5 4 X 5 X
A N O R A O N R g A S

RV N S S i F O e Y O RO S Yo i i S0 Y
R S S YR R S D R R
& WA ¥ s R SEAe &

5

Figure A13. Railto-rail opamp circuit layoutvith 5 k gesistor andLpF compensating
capacitance
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A.3.3 Switched Capacitor Amplifie€ircuit

The switched capacitor amplifier circuit is shown in more detail below. The
transmission gates (MW6) have dummy devices (MBMD12) around them to reduce
charge injection. The dummy devices are half the size of the size of the transmission
gatesand are driven by antiphase signals. Capacitor C2 is implemented with a 340fF

MIM capacitor and C1 with 1.7pF or 3.4pF MIM capacitor depending on the gain stage.

MD7 MDS
@, I—El
MD5 MD6
MDI MD2 (DI'C”:I:I D,
c1>1.<1 I_61 o, M5
MD3  MD4 &
odf s
_ [ M6
D, @,
4 Ml
||
Vi.n_ II
C
M2 C, ?
@, | >
(D2 I Vout
4 M3 +
V —-—
ref Vref
[ M4
@,
‘I’z'cl I_52 =
+
MDI1 MDI2
aalE
MD9 MDI10

Figure Al4. Switched apadtor amplifier drcuit with dummyswitches to reduce charge
injection errors
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TABLE VI

SWITCHED CAPACITOR AMPLIFIER TRANSISTOR SIZING

MD1, MD3, MD2, MD4,
Device M1, M3, M5 M2, M4, M6 MD5, MD7, MD6, MDS8,

MD9, MD11 | MD10, MD12
WIL 1.2/2.7 1.05/0.525 0.6/2.7 0.525/0.525

The opamp irthe amplifier circuit is presented below. A two stage opamp is used

with a resistor value of 5kqgq and compensat
P
M4 M5
|D— \ Mi:i I
R
V- V+ |
Cc v
M2 | REYE 0
Va I I

Figure A15. Two stage opamgircuit used in switched capacitor amplifier
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TABLE IX

SWITCHED CAPACITOR ORAMP TRANSISTOR SIZING

Device M1-M3, M7 M4-M5 M6

W/L 5.6/0.7 4.8/0.6 9.6/0.6

Yogamnt

D)

oo

g

g

3
3
¥

Figure A16. Switched capacitor amplifier circuit layout
A.3.4 Comparator Circuit
The comparator circuit was implementading a two stage opamp. A resistor
value of 10kqg and compensating capacitance

with the resistor and capacitor implemented with a poly resistor and MIM capacitor,

respectively.
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//
M4 M5

|_v+
Cc
Vo

Figure Al7. Two stage opamp circuit used as compardtor coarse and fine
conversions.

TABLE X

COMPARATORTRANSISTOR SIZING

Device M1 M2-M3, M7 M4-M5 M6

WIL 11.2/0.35 5.6/0.35 4.8/0.6 9.6/0.6
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Figure A18. Two stage opampgomparator circuit layout

A.3.5 CDAC Layout

The capacitor DACs for the coarse conversion, fine conversion, and test DAC are
shown below with transmission gate sizes listBd.reduce mismatch, unit capacitors
were placed in a common centroid configunatsurrounded by dummy devices around
the outside. The Modgen tool in Cadence was used to generate the CDACs with a guard
ring surrounding the structure. The unit capacitors for the coarse and fine CDACs use

10.3fF MOM capacitors while the test DAC uses 3B MOM unit capacitor.
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Figure A19. Coarse CDAC with common centroid configuraticlummy devicesand
guard ring

TABLE XI

COARSECDAC TRANSMISSION GATETRANSISTOR SIZING

S-S Se1-Se4 So Reset

Device
NMOS| PMOS | NMOS | PMOS | NMOS | PMOS | NMOS | PMOS

W/L (2.8/0.35 1.2/0.3 | 2.8/0.35| 1.2/0.3 | 1.4/0.35| 2.4/0.3 [{0.525/0.39 6.0/0.3
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Figure A20. Fine CDAC with common centroid configuratiodummy devicesand
guard ring
TABLE XII
FINE CDAC TRANSMISSION GATETRANSISTOR SIZING
So-Sr Reset
Device
NMOS PMOS NMOS PMOS
W/L 1.4/0.35 0.6/0.6 1.4/0.35 0.6/0.6
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