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Abstract

This thesis focuses on the design and implementation of complementaryorig¢al
semiconductor GMOYS) based capacitive sensors for life science applicatibins.use of
CMOS capacitive sensors has shown to be effective in a variety of applications, including
chemical solvent monitoring, cellular monitoring, aDMA analysis.Despite significant
advances, major challenges still exist with the curr@MOS capacitive biosensing
technologies including extending the dynamic range of detection, diminishisgribiivity
to remnants, and rapid highroughput monitoring.

In the second chapter, a fully integrated capacitive sensor with a wide input dynamic
range [DR) and a digital output is proposedhe design concepts and constraints,
functionality, characterization, and experimental results with chemical solvents are also
demonstrated in this chapt®¥ith this novel topology, a significant increase in DR has
been achieved which is discussed in the same ch&ptéinermore, in this chapter, we have
proposed a novel calibratidfree capacitive sensing techniquEhe proposed technique
allows for uncovering the sudden changes due to the remnants as well as gradual changes due
to target molecules and cellBhe input dynamic range of the system is #0fédsed on the
postlayout simulation results. the measured resolution of the sensor is equal Wit a
up to 1.27 p input offset adjustment range using the programmable bank of capacitors with
a resolution of 10R.

In the third chapterye present a fully integrated capacitive sensor array for life science
applications.This sensing device consists of an array of 16 x 16 interdigitated electrodes

(IDEs) integrated with a chargeased readout and multiplexing circuitries on the same chip.



iii
This sensing device has a witl2R of about 100 F and a resolution of 150Faand the

capability of temporal, spatial, and dielectric sensihgiakes it possible to develop a low

cost, calibratiorfree sensing platform for life science applicatiotrs.this chapter, the
functionality and applicability of the proposed sensing device have been demonstrated and
discussed by introducing various chemical solvents including ethanol, methanol, and pure
water.The simulation and experimental results achievaflisiwork have taken us one step
closer to a fully automated calibratiree capacitive sensing platform for higiroughput
monitoring in life science applications.

In the fourth chapter, the applicability of the propo§#dOS capacitive sensor for
monitoring dried DNA mass has been demonstrated with experimental reSiitse
experiments enabled us to measure the linear effect of five different concentrations with a
resol ut i onDNA massin ultrgpgré waker With this novel application of the
CMOS capacitive sensor, we can monitor the drigdA for DNA storage monitoring
purposesBased on the results, the detection range ofpstdy mol has been achievedhieh
is compatible with the concentrations@NA used inDNA memory technologies.

In the fifth chapter, a rapid and accurate assessment of oral cells usiGMQ.B
capacitive sensor chips has been demonstrates kind of diagnostics allows for the early
detection and control of periodontal and gum diseases. the experimental and simulation
results demonstrate the functionality and applicability of the proposed sensor for monitoring
oral cells in a small volumefd pl saliva samplesThese results reveal that the hydrophilic
adhesion of oral cells on the chip alters the capacitané#=sf The presented results in this

chapter set a new stage for the emergence of sensing platforms for testing oral samples.
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Chapter 1. Introduction

This thesis focusesn the design and implementationcoimplementary metaixide-
semiconductofCMOS) based capacitive sensors for life science applications. These sensors
have attracted the attention of researchers for a variety of applicaticinsling chemical
solvent monitorind1], [2], cellularmonitoring[3]i [5], and DNA analysig6]i [10]. This
chapter presents the motivation, objectavad challenges associated with CMOS capacitive

sensorand briefly discusgsour proposedsolutions to these challenges

1.1 Motivation and the Main Objective

CMOS process tgconvincingly demonstratecbmpetitiveadvantages for developing
low-cost,high-precision high-throughput biosensing platformaith the possibility ofapid
launching into the market for cellular and molecular applicatighgd5], [11]i [17], [18].
For instance, a landmark DNA sequencing platform featuring millions eb&dective Field
Effect Transistors (ISFETs) has recently been commercialized for genetic afa8jsis
Similarly, CMOS-based biosensors consistingaofarray ofinterdigitated electrode$3ES)
have attractetheattentionof researcherfor other life science applications such awiimno
drug testd43], [4], [17], DNA storagd20], [21], andpoint-of-care(PoC)diagnosticq22],
[23]. In this thesis, our main objectivetstackle some of thexisting CMOS capacitive

sensors' drawbacks and deveddugh-throughput platform.
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Figure 1.1: The schematic of a capacitive sensing system composed oEM@S chip with
the IDEs on the topmost metal layewhich is partially encapsulated with epoxy fohe
protectionof pads fromliquid samples on a PCB with a microcontroller for control signals
and data acquisition. The captured dataeéstto acustommadeGUI via USB and visualized
in the GUI.

As shown inFigurel.1, such a sensing platform consists of an array oskEnected
to a capacitive interface circuit on the same chip, a microfluidic encapsulation, a data
acquisition system, aragraphical user interfa¢&Ul). Despitesignificantadvances, major
challenges still exist with the current MOS capacitive biosensing technologies. These
challenges includbut are not limited textending theletectiondynamic rangedecreasing
thesensitivity to remnanignd rapichigh-throughput monitoringTackling these problems
has been the main motivatidor this work Other challenges aclude lowering the power
consumption as well asducingthe noisdor higherresolution Although cecreas inpower
consumptionis desirable, it has not been considered among main challenges in this thesis
due to not being limited to battery powarthis applicatiorand rather having a source of

power through connectiorts the PC

1.2 State-of-the-art CMOS Biosensors

CMOS biosensors have successfully been used for biosensing purposes using different

measurement techniques including opti@dl]i [27], magnetid16], [28], electrochemical



[14], [29] [34], ion-selective field effect transistors (ISFEBased35] and capacitivé4],
[3], [36] as seen iTablel.1.

Optical microscopy is consideredgald standardechnique for clinical and research
purposes. As reported [84], CMOS-based optical biosensors consist of a sifigfi¢ or
an array of photodiodeR4], [27], obviating the need for bulky microscopes. Despite
significant size reduction and increase in throughput (e.g. 16 by 16 pixelsi@23&[26]),
acritical structural problem of oghip light source for excitation of labels (e.g. fluorescent
labels[37]) remains unmet IEMOS-based optical biosensors. Furthermore, these CMOS
optical biosensors require specific light bandwidth that can be achieved by developing
optical filters on the top dhe CMOS chip as reported if26], [27]. To date CMOS optical
sensors Table 1.1) have been used for many applicatioineluding breast and prostate
cancer cell detectiof24], [25] as well as the detection of cholesterol lewelserum[26].

In addition to optical sensors, magnetic sensors can detect magnetically labeled target
molecules or cells and thus can be used as a detection tool in cellular and molecular analysis.
For instance, a CMOS hall magnetic sensor can be effectively use@c¢tb fdettionalized
beads withantibodies The magnetic beads asarroundedy antibodies These beads are
used asa label to amplify the magnetic signal. For instanoe[28], a CMOS magnetic
sensolis usedto detectbreast cancer cells. Bnother effor{16], antibodies labeled with
magnetic beadsavebeenemployedor theselective detection of antiggnn this casgfood
pathogens. Labeling used in optical and magnetic sensors is a costly acdrisuening
processlt can also affect the natural living environment of-pasticles[3].

On the other hand, the electrochemical sensing techniques are consideadias
and labelffree approachethat can reveal the biochemical changes at the eleesadgon
interface[5], [38]i[40]. Electrochemical techniques are highly compatible with standard

CMOS technologywherein the topmost metal layer of CMOS can be used to host electrodes



without the need for further peptocessing or external components. Electrochemical
measurement technique is an umbrella term for potentiorf83}y[41], impedimetrid2],
[5], [38], [40], [42], [43] amperometryf14], [31], [33], conductometry44], [45], and
capacitance measuremef8], [8], [10], [13], [15], [17], [46][52] sensing. In the
electrochemical techniques, voltammet], [54] is based on measuring ohmic changes
in the biosensor due to the presence of analytes with a sweep of voltage as an excitation
signal. The induced current is measured, and an IV plot is generated. This technique has
been used iN29] for neurotransmitter detectipras shown inTable 1.1. Similarly,
amperometrymeasureghe output current for a DC voltage excitation. These techniques
have been used ii81], [33], [14], and [55] for glucose detection, analysis of chemical
solutions,detection of neurochemicaland bacterial countingespectively as shown in
Table 1.1. In another type of electrochemical technigtiee so-called potentiometric
technique, the presence of ionglie proximity of the sensing electrodes creadevoltage
that can be measured over time[41], this technique has been used to screen foodborne
bacteria rapidly Successful applications for these techniques typically include reactions
during which the concentration of ions changes. Additionally, impedimetric,
conductometric, and capacitive measurements that inttewveeasurement of resistive and
capacitive changes during the experiment are other types of electrochemical sensing
techniques. They become specifically more important when there is no significant ion
exchange due to the nature of reactions such as celirmat or antigemntibody binding
[2], [5], [40], [56]. [4], [36], [57], and[43] aresome examples of capacitive sensors used for
reattime measurement of cell proliferation, detection of single bacterial cells, cancer
stemcell monitoring.

Among the electrochemical sensing techniques, capacitive sensors implement direct

measurementf the capacitance without the need for indirectly extracting the capacitance



from the measured impedance. Thisturn, can bring simplicity to the reaplut circuitry
compared to impedance measurement techniduadde 1.1 lists some proposed CMOS
biosensors in the literature based on the type, application, electrode array size, type of
electrodes, and the implemented CMOS technology. Among various CMOS biosensing

techniqus, this thesis focuses on CMOS Capacitive sensors

Table1.1: Various CMOSbiosensors

Sensing . Sensing Detection
. Detecting Target Array # |CMOS Proced . . Ref
Principle Pixel Concentration
Breast and prostate can Normal 300
op Ceﬁls 32x32 | 018um | pD" | times diluted [24], [25]
blood samples
Test reports with Qdot 10 fM -48 zM of
oP - 65 nm PD [27]
only guantum dots
OoP Cholesterol 16x16 | 0. 35 PD 1.2 mM- 29uM [26]
3ng/mLi 100
MG? Breast cancer cells 2 0.18 um mC?1*® [28]
pg/mL
MG Mouse IgG 21 65 nm Mc 200 cellsfpuL [16]
ISFET DNA strands 1.2 milionf 0. 35 ISFET® N/A [35]
IM2 and 2007 500 uM
oV Dopamine 32and 2§ 0.18 um |Pte-MEAY a [29]
Zika virus lpyL-1mMm
IM . _ 16x20 | 0.18pum | Au'-MEA [58]
oligonucleotides
AM? H202 1 0.35 | PEMEA | 100 pLi 1mM [31]
AM Dopamine and glutama 2 0.13 CinT®2 N/A [14]
Microbeads with the san N/A
AM ) . 1024x102 0. 6 & Au™-MEA [55]
size as bacteria
Acetonitrile solvent, . All pH range
AM/PQF 2 0.35 Ti-Au [33]
TBAPF6 and ferroceng
PO Escherichia coli 512x128 65 nm ISFET 100 cfu/ml8 [41]
Human ovarian cance 1007 1000
CA’ 4x4 0.35 IDE [4]
cells cel |l s|
Staphylococcus 77100 c ¢
CA } o 16x16 | 0. 25 IDE [36]
epidermidis
Human lung carcinomg 100-200
CA 8x8 0.35 IDE [57]
cell kcells/mL

1 Optical, 2 Magnetic 3 Impedimetric 4 cyclic voltammetry 5 Amperometry 6
Potentiometri¢ 7 Capacitive 8 Quantum dots (QDs) are tiny semiconductor particles
nanometers in size, havingniqueoptical and electronic propertieShey are a central topic
in nanotechnology. When the semiconducting quantum dots are illuminated by UV light, the
transition of an electron from the valence band to the conductance band accrues. The excited
electron can drop back into the valence baraleasing its energy by the emission of light, 9
lon sensitive field-effect transistor, 10The currentsensing electrodesiave been post
processed by Platinum, 1The current sensing electrodeavebeen posiprocessed by Gold,

12 The current sensing electrodes has been-postessed by Carbon Nanotube, 13 The current
sensing electrodes has been ppsbcessed by titanium Gold Alloy, 14 IDEs passivated with
silicon oxide1l5 Photodiode 16 Micro Coil 17 Microelectrode Arrayl8 colonyforming unit
per milliliter .



1.3 CMOS Capacitive Sensors

Capacitive sensors have widely been used for cell or DNA detegbiglications, via
recording capacitance change on an interdigitated electrode (H3Ejeported in the
literature[4], [10], [17], [51], [59] [62]. An IDE is shown inFigurel1.2 (a). In the IDEs, he
attachment of biological or chemical materials to the surface of electrodes typically changes
the capacitance value in the equivalent circuit model of the eleattedeolyte interface.

The electrodeelectrolyte interface hosts doulieyer capacitare]63], [64] that can change

because of molecular adsorption onto the electrode intdBadd], [15], [62], [65]

1.3.1 CapacitanceSensing Electrodes

The use of IDHFigure1.2) for capacitive sensing purposes has widely been reported
in the literaturd4], [7], [9], [17], [47], [49], [59] [61], [66], [67] Figurel.2 (b) shows a
crosssection of an IDE in the presenceasfampleand the equivalent circuit model ofgh
interface G C(t) r epr es e ntsensingapaciaritafor themeasarenehte t ar
due to the solutiomr target molecules. $lr e pr esent s t h eesistigtynpl e s ol
Similar equivalent electric models are giverii], [62], [65], [68] [69]; howeverpC ( t )
which is thetime-varying capacitance due temnantsas been consideréud our work for
the first time The equivalent capacitance of the passivation layer and the double layer
capacitancarerepresented by CPL. In the case of a-mwductive analyte, Rsol can be
neglected thus,the equivalent capacitance of the IDE, CIDE, will be equal to Cofffset
2CPL+Cg(t) where Coffset is the total parasitic capacitance of the IDE with the underlying
CMOS layersand Cs(tr G C( t ) + AfsGPL >> €eh)Cgntthe righthand side,
Cp+C5(t)+Cp will be equal to §t) which can result in the highest possible sensitivity.

Etching the native insulating layers that cover the electrodes in the standard CMOS process



has been considered in some papers as a way to increase CPL and thus boost the sensitivity
[3], [4], [70]. On the other hand, the reason to keep this layer is to protect the sample from
direct contact with the metal surface of the electrode that migbkluetd bioparticles [13],

[68]. In this thesis, both types of electrodes have been implemented to benefit from the high
sensitivity of the nofpassivated IDEs and the stability of results in the-passivated

electrodes.

Rsol
C AAA
sol
AC(2) :l :
' —

IDE

(A) (B)

Figure1.2: (a) IDE, top view, (b) Crossection of the IDE with the sample and the
equivalent electric model.

1.3.2 Challenges and thestate-of-the-art

IDEs implemented on a CMOS chip come with an offset capacitaftoe offset
capacitance is the addition of Cstanding and Cssfagwn inFigure 1.3 [15], [46], [52],
[62]. This is a static offset that exists due to the topology of the electrodes and is sometimes
called the static offset.

Another type of offset is due to the accumulation of the remnants on the electrodes at
the time ofthe experimentThis type of offset is shown wittgC(t) in Figurel1.3 (b) and is

a result of sedimentation and accumulation of-tevget molecules al | ed @Ar emnant s



Despite exclusive benefits of CMOS capacitive sensors proposed for life science
applications, including high precision, low cost, and size, these sensors suffer from multiple
drawbackg67] due to these offset capacitand®se major drawbacdis the low IDR which
stems from output saturation when the value of offsehush higher compared to the
sensing capacitance. To simply quantify this, we define electrode capacitive ratio (ECR) as
Uc =100 1 dC/ Ceensing/¢apacitancedddCO standstfon the offset shares
of the electrod@analyte interface. Canceling the effect of CO can significantly help increase
ECR. For instance, ifil7] a capacitive bacteria detection sensor is reported with a 61
aF/ bacteria sensing and 2 fF offset capacitas
differential output to cancel the effect of CO dhfferentiatingtwo sensor readings, in the
presence and absence of the sample. They reported a 55 fF dynamic range for their topology.
In [4], the authors reported the use of several reference electrodes, implemented outside of
the active sensing area to prevent =electrod
they implemented differential output values by subtracting the output rectsaedhe
sensing electrodes with and without contacting the sample solution at the software level
within a 1 fF IDR.

Accumulation of chemical/biological remnants on the electrodes can significantly
increase CO in redlme resulting in a further drop in ECR during the experinfight[4],

[70], [71]. For instance, the presence of unwanted remnants was repdit&fhitich was

mostly composed of cells that had undergone apoptosis (cell death). The authors report that
their bacteria growth monitoring sensor was saturated because of these remnants resulting
in a drop in the maximum detectable bacteria concentratig@l]nit is pointed out to the
presence of protein residuals on the electrodes after cells are detached. This was found to
play the role of an unwanted insulating layer that lowered the sensitivity during cell growth.

Furthermore, these remnants are hardlyonsable without damaging the tiny electrodes and



are currently the main obstacle preventing the CMOS sensors from being reused for multiple
tests. For instancdsigure 1.3 (a) shows a 3D microscope image of our chip after being
washed multiple times following the water droplet test. The image demonstrates the
solidified remnants after evaporation of the sample (see sectah for more details.

In the presence of a reference capacitance to take the benefit of higher resolution,
another major drawback is the effect of mismatches in the IDEs as well as in the pixel read
out circuitry[3], [4], [17], [24], [72], [73] The mismatch can impose an offset on the output
that can lead to diminished IDR. [id], [75], current mirrors with digitally programmable
gain are used as a calibration tool for mismatch compensatigi0]n[76], the use of
floating-gate transistors with a combination of impaxtized channel hot electron injection
and FowlerNordheim tunneling mechanisms is suggested for mismatch compensation and
output offset cancelation.

In another effort, if4], it is shown that a capacitant@efrequency (CFC) conversion
scheme can provide a higher dynamic range than a capaeitanakage (CVC). This is
because the change of frequency can reach multiple times of magnitude higher compared to
the change in vtdge which is limited by the raib-rail swing room. Based on this
principle, a capacitane®-frequency interface circuit using a frgtage ring oscillator

loaded with five IDEs for bacteria detection is proposg@&jto reach a higher IDR.
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Biological/ chemical sample
Cells / Remnants/

Sediments

Electrode Metal - S€nsing Insulator

urface electrod

Salt Remnants

()

Substrate

®)

Figure 1.3: IDEs: (a) 3D microscope image of the IDE in the proposed capacitive sensor in
this chapter (using VHX 5000- Keyence microscope) (b) Crosection accompanied by the
electric equivalent circuit model of the IDE electrodes and the analyte.

In a nutshell, while differential methods can provide higher ECR, calibration schemes
are necessary for mismatch compensation and input offset cancelation. It is also important
to have a mechanism to cancel the extra offset capacitance due to sedimedtatioa
side, differential capacitance circuit topologies present themselves as necessary components
of highIDR CMOS capacitive chemical and biological sensors. On another side,
capacitancgo-frequency has become a more popular conversion scheme foer hig

dynamic range benefits.

1.3.3 Proposed Solutions in this Thesis

1.3.3.1 Linearity of the Capacitive Sensor

We have shown thatsing an integrating capacitor to integrate the curmhich has
been shown in the three generations discusseflegtion2.2.2 is the mainfactor in

introducing saturation and decreasing the nonlinearity of the CBCddit. We have
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proposed a novednhancedCBCM (ECBCM) circuitry that providesa significant linearity

increaseas discussed in detail @hapter2.

1.3.3.2 Input Dynamic Range(IDR)

In this thesisin addition toanincrea® in thelinearity through proposing tteCBCM
block in a wider range of inputwve haveproposed a newopology to integrate aurrent
controlled oscillato(CCO)into the ECBCM block. This way, the conversion of capacitance
to voltage has been avoided. Instead, the differential cuin@ntthe ECBCM block has
beendirectly convertedo frequencyThis topology has been explained in detaiCimapter

2, together withthe chip fabrication and measurement results based on this topology

1.3.3.3 An array of Capacitive Sensing Electrodes

In this thesis, we have proposed and demonstrated an array topology without adding
any switching element on the measuremmertes We have shown the functionality of this
topology wheremultiplexing takes place on thHéBCM clock signalsln Chapter3, the
details about this topology, fabricated chip and the experimental rdsaVes been

demonstrated.

1.3.3.4 Variation of Offset Capacitance

CMOS capacitive sensors that are used in life science applications are exposed to
aqueous samples the presence of bioparticles or othentargetremnantg67], [70]. The
presence of remnants can change the semsamling and can easily saturate the sensor
depending on their siz®ifferent calibrationtechniques discussed #ection2.2.2.2 are

only effective for preexperiment calibration. In this thesis, calibrationfree sensing
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paradigm has been proposed that uses a digitally programmable bank of capacitors on the
reference side of the ECBCM circuitat can revealthe operating point changes during the
experimenbecause ofhe depositionof nontarget moleculesThe detail of this technique

is highlighted inChapter2.

1.3.3.5 New Cellular and Molecular Applications

The quantification oDNA in the dry phase and the detection of oral @ksintroduced

in this thesisas two new applications for CMOS capacitive sensors.

1.3.3.5.1 DNA Quantification in the Dry Mode for DNA Storage Monitoring

The reported applications of DNA detection using CMOS capacitive sessolgas
the onesn Table 2.1, are limited to the detection of DNA hybridization in an aqueous
solution In the reported workghe hybridization ofa specific strand of DNA molecule that
covers the area of the electroddéth a targemoleculeresults in a change in capacitance

In data storage deviceshere DNA moleculesraused ashe medium of storagasing
the hybridization techniquéor quantifying the amount of DNAs less feasiblsince the
DNA is storedn adry phaseTo that endguantification of DNA in the range of nanogram
in the dry modas crucial to evaluate the data storageuracy For the first timewe have
shown the applicability of owtevice forthe quantification of DNA in dry mode. Chaptér
discussethe detailof the DNA detection that can pave the way toward future data storage
devicesusing DNA offering multiple times higher storage capacity per same mass

compared to the semiconductmaised storagaevices
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1.3.3.5.2 ScreeningOral Cells for Periodontal Point-of-care (PoC) Purposes

Many research papers have addressed uSiMOS capacitive sensors for cell
monitoring, as shown ifable2.1. In these works, cells have been cultured onGNEOS
sensor and the live cells that proliferated and attached to the surface of the electrodes have
been detectedHowever, br oralcellsscreeningn the saliva sampjeulturingis impractical
sinceoral cells have been inactivated after entering the mouth caviBhapters, we have
shown the applicability of the proposed CMOS capacitive sensor factkeningof oral
cells in saliva samplesithout culturing then whichcanset a new stage for developiRgC

diagnosticdools forperiodontal diseases

1.3.3.6 Design Metrics

The capacitive sensor in this thesis is intended to be a ggnepalse device without
being limited to a specific applicatioRor cell monitoring and DNA detection applications
a resolution in the range of stdmto farad is necessary from the literature. In addition, the
presence of remnants has shown to increase the capacitance of the IDE to the level of tens
of femtofarads. Masurement speed and power consumption are not major limiting factors
in the design mainly due to slow dynamic of the biologreactions and nestringent

power budget due to continuous connectivity to power sources such gsodSB

1.3.4 Organization of the Thesis

In Chapterl, themain objective of thigesearchthe stateof-art capacitive interface
circuits and thechallengeswere coveredIn Chapter2, we address the challenge of
developing a highDR andresolution interface circuit and demonstrate its advantages for

chemicalsolventmonitoring. The proposed circuitrigsimulation and experimental results
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of this chapter hae been publishedn IEEE Transactions on Biomedic&ircuits and

SystemgqTBIioCAS)j our n al i n a |pRafyleimtegratedtcapaciive Bevisord e
for |1 fe s ci[é/haodn |EEPTpahsacticnsninstransent and Measurement
(TIM) journal entitted i Ca |l i Hreea CMO& ncapacitive sensor for life science

appl i c[&8]. iCloaptar® addresses the challenges of developing high throughput
capacitive sensarrays for life science applications. This chaptexrs beersubmittedas a
paper titled A high dynamic rangel6x16 capacitive sensor arrafor life science
applicationsto IEEE Transactions on BiomedidaircuitsandSystemgTBioCAS)journal

[77]. In Chapterd, we demonstrate and discuss the applicability of the proposed circuitries
for DNA storageourposes. Théocusof this chapter is o®DNA quantification in dry mode
using the proposed CMOS capacitive senshe details othis chaptemwerepublishedas

a papetitled i C M z8pacitive dryDNA storage monitoringdesign implementatiorand
experimental resulisn IEEE Sensors Journpd9]. Chapter Hutsforward the advantages

of the proposedcircuitries for cellular monitoring This chapteris published in
Bioengineeringournalin the form of a papeartitied i O rcalls-on-chip: design modeling
andexperimental resulés [80] andfor the first time addresséhe challenge of monitoring

oral cells ora CMOS chip Chapter6 is dedicated to concluding remarks and future work
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Chapter 2 Wide-Input Dynamic
Range and Calibration-free CMOS

Capacitive Sensor

This chapterdemonstrates a new circuit and systanth a high IDR targeting
multipurposedetection inlife science applicationdn addition, thanks to the proposed
circuit topologya new measurement technigs@roposed that cdre used for the detection
of large capacitance chargggue to remnants as well as small capacitance chatugeto
target molecules without the need for calibrating the sensor. The proposed circuitries and
the achieved simulation and experimental results of this chapterbean published in
IEEE Transactions oBiomedical CircuitandSystemgTBioCAS)journal in a paper titled
AW iDRf ul ly integrated capaciti {7féelandi@elEBEor f or
Transactionson Instrument and MeasuremefilM) journalent i t | ed f@fi€al i br at

CMOS capacitive sensor|[78.or | ife science appl

2.1 Abstract

In this chaptera wide-IDR fully integrated capacitive sensisrproposed. Tie design
concepts and constraintiinctionality, characterizationand experimental resultwith
chemical solventare demonstrated his circuit is composedf anewCBCM block which

hasa feedback circuit at its outpuhat extend the linearity of theCBCM block, here
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designategisECBCM. Furthermoreatopologyis proposedn whichthe output current of
the ECBCMis directly converted t@frequency in &CQO, with a maximum frequencyf
300 MHz without converting it tovoltage. In this topology the integrating capacitor has
been eliminated anthe integrationof ECBCM output currenttakes placen the digital
domain usinghe CCOandacounter With this novel topology, an IDR of about seven times
higher compared to the previosscondgenerationCBCM circuits and about three times
higher compared to the CBCM with cascode current mifrassbeen achieved counter
serializergeneratethe digital output of theensor. Iraddition to the ECBCM block and the
capacitanceo-digital conversionin this chapterwe havepropose a novel calibratioffree
capacitive sensingtechnique. This technique relies on the implementation of a
programmable bank of capacitors on the reference side of the ECBCM block for the first
time. This programable bank of capacitors is crucial for sweeping the value of the reference
capacitance which allowsfthe creation of timeresolved threelimensional (3Dppecific
patternsfor the measurement of capacitance variations of the sagtggrode interface.
The main advantage of thischnique igherevelation of huge capacitance change due to
remnants intte sampleCMOS capacitive sensons life science applicationaretypically
reported tosuffer from significant capacitance changes caused by remnants and sediments
during the experiment within several biological and chemical reactitims.proposed
techniqueallows for uncovering the sudden changes due to theaets as welisgradual
changes due to target molecules and cells.

The circuit has been implemented and fabricated under AMS 0.35 um techaokbgy
has twoindependent circuitaith oneIDE connected teach The input dynamic rage of
the system is at least 460based on the post layout simulation resulise measured
resolution of thesensor iqual to 416 aF with up to 1.27 pF input offset adjustment range

(IOAR) usingthe programmable bank of capacitosth a resolution of 10fF. Having a
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measurement speed of 15 ps, this sensor is among the fast CMOS capacitive sensors in the
literature. In thischapter the sensoisfunctionality and applicabilityto life science
applicationshavebeen demonstrated throutite experimental results pfior monitoring 2
evaporating droplets of chemical solvents. By using samples of solvents with different
conductivity and relative permittivity, a wide range of capacitance and resistance variations
in the sampldDE interface electric equivalent modelsbeencreatedWe tested the sensor

using three different chemical solvents. The four different categories of curves that
constitute thespecific patternsof the chemicals showed a match with the pagout
simulation results. The generatepecific patternis valid for the chemicals with a
conductivity of up to 5 mS/cm.

Based on the results, our proposed device addresses the challenge of detecting small
capacitance changes despite large parasitic elements caused by the ions in the solution or by
remnants deposited on the electrotiéis chapter has been preparedardingtwo of our
published papers IEEE Transactions on Biomedical Circuits and Systé30CAS)

[77] andIEEE Transactions on Instrumentation and Measurelfiélt) [78] journals

2.2 Introduction

2.2.1 Capacitive Circuit Topologies for Life Science Applications

This section puts forward the recent advances of CMOS capacitive interface circuits in
three categories, capacitartcevoltage converters (CVC), capacitartofrequency

converters (CFC), and capacitarioecurrent converters (CCC).
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2.2.1.1 Capacitanceto-Voltage Converters (CVC)

Chargesharing circuits and chargensitive amplifiers are the two main circuit
topologies that convert capacitance to voltag¢81i and[82], a circuit based on a charge
sharing technique is shown for tracking breast cancer cell proliferatigaore 2.1 (a)
illustrates the circuit topology. In the reset phase, the capacitances of nodes N1 and N2, CN1
and CN1, are charged to the supply voltages, Vdd and Vss, respectively. In the evaluation
phase, the charge is redistributed between the capacitancesnoidge N1 and N2. The
output voltage is a function of the capacitance of the sensing electrodies @8l as other
parasitic capacitances, as show-ih

) # 0 & # 8
w " _
# # 0O 21

Some practical considerations for the implementation of this circuit are to minimize the
parasitic capacitances at N1 and N2 nodes such as the capacitance between the electrode
and the substrate.

Figure2.1 (b) illustrates a typical charegensitive amplifier (CSA) circuit used [83].

When 0 transitions to the high state, the

r

€

Amp charges the sensing capacitor, CS. Wh e

integrates a charge proportional to the difference between the sensingfenedces
capacitors. The output of this chargensitive circuit is given i@-2. An analogto-digital
converter (ADC) with appropriate resolution converts this voltage to a digital output.

6 0

0

w 22

where VA denotes the amplitude of -0 and

sensitive amplifier circuits are sensitive to parasitic capacitances unless used in a differential
topology to measure the differential capacitaf@4. In [85], a differential topology has

been implemented which uses a combination of three capacitors as a reference. A
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configurable orchip reference capacitor has also been usd8Ghwhere the reference
capacitance can be configured in the range of 250 fF to 15 pF in steps of 250 fF. These
circuits have typically small footprints but require precise timing signals. One drawback of

this category is the limitation of the output to acfran of VVdd, which limits the dynamic

range. Another issue is that the parasitic capacitances at the measurement nodes can decrease

the sensitivity.

o D
T 1L
Reset | Reset & CSTCRT '
Vad T _L_?__LReset ‘ - v
—I— l-I'Nl l_I'NZ'I_f Op-Am _DOut
M, [M,| M; L V.. D—

:I_fcp l:l_:CpZ Vss '
(@ (b)

Figure2.1: (a) Charge sharing circuit used [i81], (b) Charge sensitive amplifier circui83].

2.2.1.2 Capacitanceto-Frequency Converters (CFC)

Figure 2.2 (a) demonstrates a circuit in which atype device connected to a bias
voltage, Vb, creates a constant current to charge the sensing capacitor, CS. A comparator
compares the voltage of CS with a threshold voltage, Vth. The output voltage of the
comparato is initially zero. When VA reaches the threshold voltage, the output of the
comparator flips to high, resulting in CS being discharged by the switch controlled by the
output signal of the comparator. This topology, thealted relaxation oscillator, igtilized
in [87], [88]for labelfree sensing of neurotransmitter dopamine as well as labeled magnetic
based detection of microbeads. It is shown that the output frequency is a function of the

sensing capacitor value 3.
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6 &»
)

wheret is the delay caused by the comparator. A similar circuit has been implemented

0

T 2-3

in [8] using switches for reversing the direction of a single reference current and the creation
of two symmetric threshold voltages for a comparator working with a single threshold
voltage. As a result, a squared waveform is generated with a frequency inversely

proportional to the sensing capacitance.

Vdd
VOut— (Ijls VOuH
I D

DVow ¢ |

DH
Vi

(@) (b) (c)

Figure 2.2: Schematic of (a) comparatdrased relaxation oscillator used [B8], (b) Ring
oscillatorbased CF({4] (c) LC-tank oscillatorbased CFJ89].

As seen in equatio&3, the delay term can cause nonlinearity if the period of the output
signal is in the same range bf. Besides, comparattmased relaxation oscillators need
accurate current references and comparators.

In [4], [59], [68], [90] [92], a ring oscillatotbased capacitance measurement circuit
has been utilized for the measurement of the sensing capacitors as a varyiRgload,2
(b). The effect of change in the value of sensing capacitance is the change in the frequency
of the oscillator. The bottleneck of the ring oscillators is the high sensitivity of the output
frequency to temperature, process variations, supply voltage, momdlinear relation of the
output frequency with the load capacitaf@e].

In [89], [93], the sensing capacitors are inserted in an LC tank of an oscillator. The
change in the value of the sensing capacitance leads to a frequency shift in the output of the
oscillator. A typical implementation is illustratedrigure2.2( ¢) . LC osci |l |l at or 6

before exposuréQ, alters byY after the change in sensing capacitance due to the presence
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of samples. The relative frequency srﬁ(ﬁ)(of the LC tank is proportional to the capacitance

change over the initial capacitané/e)( 2-4, as shown if94].

wQ p 2-4
P Y6
P T

where CO is the equivalent capacitance consisting of the sensing capacitor, CS, and
parasitic capacitances. Another approach is givé89hwhere a phastecked loop (PLL)
circuit is used to fix the frequency shift to a nominal operating frequency. The DC tuning
voltage of the PLL loop is shown to be proportional to the change in capacitance value. The
required inductors are in the range éf that can occupy a significantly large area on the

die.

2.2.1.3 Capacitanceto-Current Converters (CCC)

The circuit proposed for this conversion is chdbgeed capacitance measurement
(CBCM). The technique inherently measures the differential capacitance and thus can reach
high accuracy by canceling the parasitic capacitaf@&gsThe core of this circuit topology

is depicted in the dottelihe block inFigure2.3.

V7

dd
T

_______________________________

ig(t, CR.) — ; M4:“_E_{I:M3§
. N L_I_' b1 2 v _lj'
is(t, Cg) CRT E M, _‘__TI—T_‘IS:MIE TCS

Figure2.3: CBCM circuit
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Two identical branches, composed of NMOS (M1 and M2) and PMOS devices (M3
and M4) provide the charge and discharge paths for the sensing, CS, and the reference
capacitor CR. Twoneover | apping <c¢clock pul ses, al and
switching signh s . When 01 and 042 are | ow, t he capac
pull-up switches (M3 and M4) up to, Vdd. Whenever these clock pulses transition to high,
the capacitors are discharged via gulb wn swi tches (M1 and M2).
differentialc ur r ent of the two branches is(t, CS)
02 is linearly proportional to the different
- CR) as given ir2-5.

WL QI ®AQ Qo w 80 0 2-5

To use this topology in cellular and molecular detection applications, CS node is
connected to an IDE that can be exposed to samples. On the other hand, CR is designed in
different versions ranging from floating nodes or a dummy IDE to internal capaditas.
common point about all the variations is that the reference side is insensitive to samples.

Averaging is essential in this technique to maintain the linear relation of differential
current to differential capacitance. Therefore, the integrator is an essential building block in
the CBCM. A wide range of research uses integrating capacitor fquutpsse [3], [15],
[38], [40], [50], [52], [60], [61], [961[98]. In [66], to increase the sensitivity, current
amplification has been added to this circuitry. The high sensitivity of CBCM is demonstrated

in [66].

Table2.1: Summary of various circuit topology and measurement techniques discussed in
this section

L Tech Output Resoluti " Area
Ref.| Application Method DIND Array # Sensitivity)  IDR Vaa(V) | Power
(e M type n (mn?)
Single CVC by ChS 0.45 fR57
[36] . 0.25 ND A 16x16 | 450 aF| 55 mV/fF 01(DA)| 25 |29 ¢
bacterial (ChR) fF
Cell CVC by ChS 2.25 (DA),
[81] . ) 0.5 ND A 28 0.1fF - 25 fF 3
proliferatior (ChR) 0.16 (EA)
[83]|Localizatior; 0.35 | CVC by CSA| D D 320x32(0 21 aF 345 mV/fH - - 3.3
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L Tech Output Resoluti L Area
Ref.| Application Method D/ND Array # Sensitivity)  IDR Va(V) | Power
(e type n (mn¥)
of (ChR), externg
bioparticleg ADC
0.06 (AA),
[99]| Cancer | 0.18 SC+ SAR ND D 9 45 fF - 16.137 pH 09-1(2.1
8.76 (EA)
21 kHz/fF
Neurotrans
. @ 4.9 |12fR700
[87]| mitter 0.35 |CFChy Rel.d ND D 5x5 - MHz e - - -
d .
opamine @123 F
23 Hz/pF
330 pF 10
[8] DNA 05 |CFCbyRel D D 8x16 - @ 7.5 kHz nF 28.8 (DA) 5 -
@ 330 pH
Cell volume 2.25 (DA),
[92] 0.13 | CFC by RO D D 3x4 10 aF |235 mV/fH +/- 100 fF - -
growth 1(AA)
Cell 9 (DA), 33
[4] . . 0.35 | CFCbyRO| ND D 4x4 | 14.4 aF|590 kHz/fH 1 fF 0.0144 ' 8 mw
proliferation
(EA)
570 kHz/fH
. @ 1.37
59]| Singlecell | 0.35 | CFC by RO D D 1 14 aF - 4 (DA - -
[59]| Sing y GHz @ (DA)
500 fF
223 kHz/fH
Cells and @52
[88] |biomoleculg 0.35 | CFCby RO| ND D 8x8 2.5fF MH% - - - -
s
@ 23 fF
11 kHz/fF
@ 254 0.05 (AA),
[68]| Bacteria | 0.25 | CFCby RO| ND D 1 10 fF MHz - 0.0506 25 |29 mw
(EA)
@ 17.5 fH
Nanc and 10 fRF/mV
. CVC by
[100] micro- 0.18 CBCM ND D 3x3 1fF (or0.1 - 1.8 (DA) (1.2 to 1. -
particles mV/fF)
CVC by
[15] Cell 0.5 D A 6x6 15 aF [200 mV/fH 25 fF 3 3 165
CBCM
Bacteria CBCM+ K
[70] 0.18 ND D 3 110 aF [250 mV/fH 7 fF 2 (DA) 1.8 -
growth ADC
CBCM, E p
[57]|Cell growthl 0.35 ADC D D 8x8 10 aF [350 mV/fH 10 fF 9 (DA) - -
2,525,253
(DA),
[2] - 90 nm| CBCM,ADC| ND D 256x256 10aF - 1fF |(Radiusol 1.2 |15mwW
NE=90
nm)
DNA
[101] hybridizatiof 0.35 |TW, SC ADC| ND D 16x8 1pF - 10 pF10nH 10 (DA) - -
n

CVC: Capacitancdo-voltage converter, ChS: Charge sharing, ChR: Charge redistribution
method, CSA: Charge sensitive amplifier, ADBnalog-to-digital converter, SC: Switched
capacitor technique, SAR: Successive approximation register ADC, CFC: Capacitance
frequency converter, Rel.O: Relaxation oscillator, RO: Ring oscillator, CBCM: Charge based
capacitance measurement, TW: Triangulaaveforms analysis, ND: Nondifferential, D:
Differential, DA: Die area, EA: Electrode(s) area, AA: Active area, Vdd: Supply voltage, NE:
nanoelectrodes, D: Digital, A: Analog
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However the limitation of voltage swing of the amplifier from zero to Vdd restricts the
sensord6s output and thus i2i22thdrougtly neveewds ¢ r an ¢

CBCM-based circuit topologies.

2.2.1.4 Comparison of the Circuit Topologies

Table2.1 compares the stat#-the-art readout circuitry for capacitive sensors based
on sensitivity, IDR, resolution, power consumption, and array size. The sensitivity of the
sensors in the category of capacitat@&oltage or-current converters reaches a maxm
of 350 mv/fF for a CBCMbased technique presented5@]. The maximum sensitivity of
590 kHz/fF has been reported for the implementation of ring oscilt@eed CFC reported
in [4]. In terms of IDR, the implementation proposedd8], using a ring oscillatebased
capacitancego-frequency conversion, has reached 200 fF. The CB@bkd technique
reported in[2] demonstrates a significantly high resolution of 6.7 aF. As the table shows,
the power consumption varies significantly e
depending on the circuit topologiyowerconsumption up to a few tens of mW therefore
has been consideraah acceptedange with no significant impact on the performance of the
sensor. Besides, the largest size of array implementation has reached 320 x 320 due to the
small footprint of the circuit with a differential chargensitive approach reged in[83].

In general, techniques based on CBCM and CFS using oscillators present high
resolution in the range of some tens of aF and are among the most popular approaches used
for LoC applications due to their high dynamic range, low complexity, and smaltdrijpn

footprint[18].
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2.2.2 Core-CBCM Capacitive Circuit Topologies

An overview of capacitive interface circuits based on CBCM method is presented in

this section.

2.2.2.1 First-generation coreCBCM Circuitry

In an approach reported [iB6], the CBCM currents, iS and iR showrFigure2.4 (a),
are first amplified utilizing two current mirrors with equal gains of Al as depicté&iure

24(M).Wheni i s | ow and CS is charged rapidly,

t

h

Al .i' S and i 6R = Al .i R. After amplification

individual integrating capacitors, Cint+ and Cifthe voltages of theiegrating capacitors,

VO+ and VO are amplified by employing a differential amplifier. In this approach, the
common modeffset voltage, which might vary due to remnants in the sample, can result
in the saturation of the differential amplifier. Despite thigh resolution of about 10 aF, a
low dynamic range of 1fF has been repoffigg]. An extended version of the circuit has
been used ifl02] where typical current mirrors have been replaced with the cewodtaige
mirrors shown irFigure2.4 (c). (M6, M7) and (M12, M3) are the typical current mirrors
while the fourtransistor pairs (M5, M8, M9, and M10) and (M11, M14, M15, and M16) are
implemented as voltage mirrors. (M9,18) and (M15, M6) pairs create a virtual short
between the CBCMral output nodes of the current mirrors to decrease the nonlinearity due
to the dependency of the output current on dsaiarce voltage. To understand the virtual
short, we should observe that Vsg10=0 and (Vsg16=0), thus M10 and M16 are literally off.
The current path for M9 and M15 is through M10 and M16, respectively. Therefore, M9
and M15 will also be turned off dictating their Vsg voltage to be zero and thus creating the

virtual short. An increase in the sensitivity from 28.7 mV/fF to 47.73 mV/i§ heen
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reported with higher linearity achieved from voltage mirroring pairs compared to the typical
current mirror circuit. However, the cost of adding these voltage mirroring pairs is

diminishing dynamic range due to more limited output voltage swirfy.

CBCM, CBCMj
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Figure2.4: (a) CoreCBCM circuit, (b) a CVC topology where CBCM currents are amplified
in regular current mirrors and integrated individually on timbegrating capacitors creating
VO+ and VO voltages. The output is generated in a differential amplifier with VO+ and VO
as inputs, (c) the typical current mirrors have been replaced by cuwatdage mirror

topology.
Another alternative circuit has been proposed @8] and is shown ifrigure2.5. w

andw are used instead of Vdd and Vss, where @ . In the evaluation phase, S1

is closed and both CS and CR are chargedd to ® . In the integration phase, S2 is
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closed and i+ and iare integrated with two Cint capacitors while both CS and CR are
discharged tao @ where Vcm = (Vdd+Vss)/2. The output voltage is a differential

voltage on the load capacitors, CL, as expressebin

, WOW @ O
) - - 2-6
6 p O

where Cint is the value of integrating capacitor, stands for the gain of the

differential amplifier,,o 6denotes the input differential capacitance between CS and CR,
andw i s an arbitrary reference voltage. The
and wireless tags has been reportefl@#] as a wireless biosensor. The circuit has been
repeated to create a 4 x 4 array of sensors. In the array structure, the integrating capacitors
and the OpAmp are shared among all 16 blocks. The selection of blocks has been
implemented using Nype and Rype arrayclock controllers. The main disadvantage
reported for this topology is its low sensitivity of 3 mV/fF and consequently its low

resolution of 10 fF.
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Figure 2.5 A switching capacitive interface circuit proposed[i03].
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2.2.2.2 Secondgeneration CoreCBCM Circuitry with Differential Current

The second generation of caBBCM circuits include a differential current mirror that
can generate the difference between the current of the sensing side and the reference side.

In this section thesarcuitshave been explained in detail.

2.2.2.2.1 Charge-based Capacitanceo-Voltage Converter (CVC) Using Differential Current

Figure 2.6 demonstrates the implementation of the circuitry proposdd08]. This
circuit differentiates the CBIDMtypedevicesnt s, [
This circuit mitigates t heomhgnmadeffsetvoitagen ge 6 s |

in the CBCM firstgeneration circuits by differentiating the amplified currents.

VM

\ M M,
Potentiometers j r__
for calibration
M r

r ! Dl%m
CBCM, CBCM { ' l\-c

Current Differentiation H

L Circuit | H
Mlor__‘l IIZLM‘JE VRst

H

)

frmmmemem———=q

Figure 2.6: A secondgeneration CBCM circuit with a current mirror composed of M10 and
M9 for differentiating the current before integration for increasing the dynamic range.
Potentiometers as well as a current mirror with programable gain have been used for
calibration.

In the second generation, the mismatch of the devices on the sensing and the reference
branch has been reported to be the main source of error in the readings. To alleviate that
problem, a calibration mechanism has been proposed using two potentiomBtermdR
RP2 (sedrigure2.6) to manually adjust the gain of the current mirror composed of (M6,

M8) at the time of characterization. In addition, since only a coarse adjustment can be
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performed in RP1 or RP2, M8 has been implemented as a connection of multiple transistors
in parallel, connected to switches that can be digitally turned on or off. In this
implementation, the gain of the current mirror that is on the reference sideGB@ can

be digitally adjusted before putting the sample. The aspect ratio of W/L of M8 has been
increased in a binary fashion as show@-in

w had 27
0

C - C

. E
0 0 ¢

®
5
A sensitivity of about 250 mv/fF in 0.18 ¢
and an increased IDR of about 2.7 fF with a resolution of about 10 aF have been reported
for this circuit. In the early chips published[#6], [52], [105] the output of the chip was
an analog voltage and external ADCs were required to convert the voltage to a digital output.
To cancel the effect of parasitic elements of the PAD and I/O F@8jna source follower
buffer has been added consisting of M11 and M12 to the output of the circuit shown in
Figure2.6, (seeFigure2.7 (a)). The buffer also makes it possible to drive a larger capacitor,

CL, for further highfrequency noise filtering. This circuit has been used for the detection

of Salmonella and E. coli bacteria.

2.2.2.2.2 Charge-based Analogto-Digital Converter (ADC) Using Differential Current

Anonchi p Emp modul ator with | ow comg@gl]lexi ty h
to generate digital output that is shownHFigure2.7 (b). In Figure 2.7 (c), a conceptual
model of operation for this ADC is illustrated. The digital output is O in every clock pulse if
the accumulated voltage on the integrating capacitor is lower than a reference voltage, Vref.
The output becomes 1 as soon as VOut >= Viiis condition triggers SZ switch that
discharges the integrating capacitor. Considering a predefined number of bits for the output,

higher capacitance results in more 1s in the output which translates to a higher output value.
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Figure 2.7 (a) Source follower output buffer, (b) simple model of tBegppmodulator, (c)
applied clock pul ses, di fferenti al current, E o
sensor.

The proposed circuit has been examinedé®l, [61], [65] by using polyelectrolyte
solutions, chemical solvents with known dielectric constants, and bacteria for growth
monitoring in[70], [105]. In[98] (M5 and M7) and (M6 and M8) pairs have been biased in
the subthreshold region instead of the saturation region. The objective was to benefit from
the increased gm, which is exponential in the subthreshold region in contrast to quadratic in
the saturatiomegion. In addition, this could mean the operation of the sensor in the ultra
low-power region. A simple circuit with one current mirror was fabricated to test this idea.
However, the transistors in the subthreshold region are higher nonlinear whictm in tur

resulted in significantly limited IDR.

2.2.2.3 Third -generation CoreCBCM Circuitry

The third generation of col€@BCM circuits include differential output and -chip

analog to digital converters that has been explained in this section.
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2.2.2.3.1 Two-stage Current Mirror -based Circuitry

Singleended structures suffer from limited dynamic range. An idea has been proposed
in[50],[62]t o use two copies of thea ORI fafserweentli aals
i 6S, t o cr e a t-terailaoutpli vbltage.r Tais dirguit ot onlyamitlgates the
common mode noise but also doubles the IDR compared to a-smdgel outputseeFigure
2.8 (a)). In this circuit, in an ideal case, Cint+=C#int, and both currentp+=iS-iR, and
p+=iR-iS are amplified with current mirrors with equal gains. The differential output
voltages (VOutzt) are given &8 [62].

, b&8 ® w 8Q | , -
w m - w w -
0 8Q

where Vdd and Vss are dual supply voltages, and Vcm represents the conochen

voltage at the output nodes. VoffN denotes t
. Integration is performed during a single periodiafandd 2 Equation2-9, describes the
differential outpu{62].

o, cH o8 ® W W 8Q .
Yw = - Yw 2-9
o0 8Q

The equation i s st r a-Vdff@, Wwhch enly hagpensfundepV o f f

ideal conditions. In practice, the output has some offset voltage due to the mismatches
between the sensing and the reference sides of the circuit.

In [15], [62], to alleviate the offset voltage and reach a higher dynamic range, floating
gate transistors for the M7 and M12 in the current subtractors are utilized in the current
mirrors. Furthermore, a combination of electron injection and tunneling has beendeporte
as extra calibration techniques. The gate of the transistor must be isolated viaadtigyh
insulator (SiO2) to provide a reliable charge storage node.

In [106], simple current mirrors are replaced by cascade current mirrors shbigatia

2.8 (b). The motivation has been to achieve higher linearity in the output of current mirrors.
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The sensitivity of this sensor is increased to 1.42 V/fF. Despite showing a significantly high
resolution, the output voltage swing restriction due to cascade current mirrors limits the IDR

to about 0.3 fF.

Typical Current Mirror

M; l—jM” Cascode Current Mirror
_ M,

. "
i'gi's i's-i'y
] I-:Vout Vout+0l

. . !

Il:lMg (b)

@)

Figure 2.8: (a) Thirdgeneration CBCM capacitive sensor, (b) cascode current mirrors
replaced in[106] for higher linearity.

2.2.2.3.2 Differential Charge-based ADC

In[75], an extended ver s|[6Yisprapbseditdbeimpemented d ul at
on a chip and provide a digital output (§égure2.9 (a)). If VOut+VOut- > VRef+VRef-
, the comparator will close Sz+ and Switches. As a result,-avill be subtracted from the

positive diffiedRndndli zuourwielnlt b Sadded t o th
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Figure2.9 (a) A E gmodulator adapted to a fully differential co@BCM capacitive sensor,

(b) the related signal diagrams.

Figure2.9 (b) illustrates the generated signals. Similar totgenodulator in[61], the

ADC reading was considered in a predefined n number of clocks that resulted-litan n

output. Thissensor has been characterized using chemical solM&jtsadopting 10 bits

for the digital output. A sensitivity of about 350 mV/fF and a dynamic range of 10 fF in 0.35

em CMOS technology has been

reported

2.2.2.4 Core-CBCM Capacitanceto-Frequency Conversion (CFC)

A combination of CBCM and CFC circuitries enables a figgolution and highDR

differential input circuitry and is proposed|[i07]. The circuit proposed if108] is shown

f

or

in Figure2.10. Since the output of CFC circuitry is frequency rather than voltage, higher

bandwidth is possible to be achieved. In this circuit, two integrating capacitors are used to

convert the output currents into the output voltage. The output voltage is compaired t

and passed to a delay gate, D. As soon as the output of the delay gate is transitioned to high,

the integrating capacitors are discharged. The output frequency is shown to be a function of

t

hi
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the capacitance that is being evaluated. To achieve a high resolution, small integrating
capacitors are required while for a large dynamic range, larger integrating capacitors are
needed. In this scheme, first, the CBCM current is converted to voltagbeanitie voltage
is converted to frequency. Thus, the voltage swing limitation still exists, and a small IDR of
a few femto Farads has been reported.

Another circuit is proposed i8] that uses a combination of an integrator, and a
Schmitt trigger which is illustrated Figure2.11. In this topology, currents from the sensing
and the reference sides of the CBCM circuit are separately mirrored and integrated into both
charging and discharging cycles creating a triangular signal. The Schmitt trigger block is
used to convert the triaotar signal to a square wave signal and a counter is used to create
a digital output. The difference is calculated in the software based on the digital outputs of
the two sides. The main challenge within both topologies is to achieve a high resolution

since the differentiation takes place at the output stage instead of using a CBCM differential

+—
—r_ VRef

}.1

:

bias

current.

Figure2.10: A combination of the CBCM method and conversion to a frequency.
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Figure2.11: circuit topology proposed if48]

2.2.2.5 CBCM-based Array Implementations

In [3], [75], [100], [15], [62], an array of capacitors is implemented as shoviAigare
2.12 (a). In this implementation, the CBCM block has been repeated for every cell, as
depicted irFigure2.12 (a), in a column, and each cell has been connected to a shared current
mirror circuitry using PMOS switches to enable the cell (via Enn , n=0,1,2,3 signal). Each
one of the command lines EnO, En1, and En2 can activate one row to do the measurement.
Each olumn has independent integrating circuitry forcuntert o1l t age conver si or
ADC. One drawback in this topology is the addition of parasitic capacitances of the Enn
switches to the common node of the current mirror. As a result, the nonlinearnibcesase

if the array size grows.
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Figure2.12 A 3x3 sensor array configuration with the capabilatfsimultaneous evaluation
of three different capacitances.

In another CBCMbased array design, as showrFigure2.12 (b), an array of 8 x 8
electrodes has been implemented by adding switches in the path of current to fulfill the
multiplexing of the electrode’4]. The bottleneck of this technique is the addition of
parasitic capacitances of many switches that can hinder the implementation of a large array.
In Chapter 3, a novel CBCM array chip has been proposed that supports a large array size

using a single shad reference for all the electrodes.

2.3 The Proposed Circuitsand System

A schematic of the proposed system is illustrateBigure2.13. The building blocks
of our proposed systewn-chip includea CBCM circuit, a calibration circuitry consisting
of an array of switched capacitors, a feedback cirauiturrentcontrolled 300 MHz
oscillator, a counteserializer, andhe IDEs realized on the topmost metal layEne output

of the chip is connected to a microcontroller through which the data is transmitted to a
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customized GUI. In this section, we demonstrate the details of the design of each block and

discuss the characteristics of the proposed system.

IDE
dC to dI dl Feedback
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Figure2.13: The systemlevel block diagram of th@roposed capacitive sensor

2.3.1 IDE-sample Interface Model

The proposed capacitive sensor has been implemented in AMSUM3EMOS
technology. This sensor consists of two almost identical interface circuits connected to two
IDEs. To increase the sensitivity, the passivation layer on the electrodes is etched using PAD
masks. As a result, an aluminum oxide layer forms natumallytop of the aluminum
electrodes when they are exposed to air and acts as a passivatiorrigyer 1.3 (b)
illustrates a crossection schematic and the equivalent circuit model of the electrode when
it is exposed to the sample. The electric equivalent model is similar to the one slibin in
[68]; however, the effect of remnants, modeledib§ (, is gonsidered in thihesisfor the
first time. CPL represents the capacitance formed by the Al203 passivation layer, in series
with the doublelayer capacitance, CDL. Rsol models the resistivity of the solution, in
parallel with the capacitance of the solution material, Csol. The presence of bioparticles in
the proximity of the electrodes, or attachment to the surface can change the strudtase, an
a result, alter the capacitance which is shown witl (in dhis model. The relative
permittivity, Or , 0 d$ed df AIZ03 Is egqead to YvehileiitsB80fdray e r

a typical watetbased ionic buffer sample medium solution. The thicknesheofAI203
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layer that is naturally formed on the electrode reaches a few tens of nanometers while the
thickness of doubKayer capacitance is around 1 ih®9]. Considering the thickness and

the relative permittivity values, CPL is much smaller compared to CDL. Thesotal
capacitance of the series structure of CPL and CDL is close to the value of CPL. The
presence of CPL is therefore crucial for eliminating the effect of CDL as one of the

components of the overall offset capacitance for increased ECR

2.3.2 Enhanced CBCMInterface Circuit (ECBCM)

In Figure 2.14, the secondgenerationCBCM topology is demonstrated in gray. The
purpose of this circuit is to transduce the differential input capacitance (dC =CRJEto
thedifferential current. An integrating capacit@int, is conventionally utilized to convert
the differential current to the output voltage as shown in gray dotteddsmdscussed in
2.2.2 Inequatior2-5), we showed that the transfer functioh(  /dC) where( ) isthe
average obutputcurrentof the CBCM blockis linear.However, withCint asaload, the
drainsource voltage of N2 (VD), varies following the chaegel discharge of Cint, while
the drainsource voltage of N1 (VC) remains fixed for a given CR. In the circuit shown in
grey, 11 and i'R also depend on the draisource voltage due to the channel length
modulation effect. As a result, 11, which is required to be equaRtocan significantly
deviatebecause; the channelength modulation parametas nonzero. The use dbng
channel devices for N1 and N2 can to some
completely solve this systematic deviatidd0]. Cascode current mirrors are also known
and have been considered to alleviate the adverse effect of channel length modulation by
utilizing an additional stage to shield the current mirrors from being affected by the variation

of the load voltag¢l11]. Despite the improvement, cascode topology still has restrictions
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due to the limited voltage headroorfhe use ofcurrentvoltage mirrorsin [102], as
discussed irBection2.2.2.1 and cascode current mirrors[it06], as discussed iSection
2.2.2.3increase the linearitgt the cost ofrlower dynamic range.

The focus othis chaptehas been on showing the effectivenesthehovel feedback
loop for CBCM circuits that reduces the abawentioned tracking error for a wide range of
input differential capacitance values. The proposed ECBCM topology has a feedback path
composed of N2, N3, and the @pnp, shown inFigure2.14, that forces VD to track VC
regardless of the value of CIDE. Simulation resultSigure2.15 (a) show the deviation of
VD from VC for different CIDE values in typical CBCM with CinEigure 2.15 (b)
demonstrates that in the ECBCM topology, the dsminrce voltage of N2 successfully
tracks the draiwsource voltage of N1. The result is that 11 will be equéRpregardless of
the value of CIDE. Equation210 and 2-11 show the transfer function of the ECBCM

circuit.

—|—Vdd The Connecting Stage to the CCO~a_
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Figure 2.14: (A) Proposed circuit: The CBCM CVC is shown in grey with an integrating
capacitor for currento-voltage conversion depicted in dotted lines. The proposed feedback
path consists of the N2, N3, and @ymnp blocks shown in black that along with the CBCM
circuitry form the ECBCM topologythe opAmp is used from th@SMC 0.18 pym CMOS
Standard Cells Library tsmccl018g_sex_2004g3v1[112] without any change
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where kdenoteghe gain of current mirrorsomposed of RP3 and P24, VTP is the
threshold voltage of the-hannel MOSFET devic®/ and Lstand forthe width and length
of devicesrespectivelyVdd is the supply voltage, and iB, givenZ11, denoteghe offset
current from P5. The equation is not linear, due to the termsw /p _w andiB. To
alleviate the nonlinearity, long channel transistors are used for the realization of N3 and N4
at the final stageseeTable2.2 for sizing) which helps to fulfilLw L pand_o L p
conditions. Thus, the nonlineartepn _w /p _w can be approximated as unity. To
decrease the effect of iB, W/L of P5 is minimized. Thigs, Q Q1 Q and
equatior2-10can reduce to a linear equation give2-h2. It is noteworthy to mention that

in 2-10, the channelength modulation effect of P3 and P4 are not considered for simplicity.

In a typical CB(;M circuit, Vi, deviates 1350 V,, tracking V. in the Proposed - —_ Z
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Figure2.15: Performance of proposed circuit using ECBCM versus CBCM (a) VC (solid) and

VD (dashed) for different values of CIDE when the output is connected to an integrating
capacitor, (b) The same simulation for the ECBCM with the feedback loop, (c) The transfer
function of the proposed ECBCM, the CBCM with adding cascode current mirrors similar to
cascode topology used [111], and CBCM circuit.

- 2-12
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Besides, P5 is added to the topology for adding a bias current which is proportional to
the value of reference capacitance as a baseline. This helps when the CCO has nonlinear
behavior foiverysmall currents (the CC@sed in this circaishows nonlinearity for currents

of less than 1 pA)Figure 2.15 (c) demonstrates the transfer function of the proposed
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ECBCM and the CBCM with Cint circuits with and without cascode current mirror
topologies. We have considered the dynamic range of each circuit to be the maximum input
differential capacitance variation for which the transfer function {(dC) maintains above

98% linearity with respect to linear regressi¢fior the linearity of the proposed ECBCM
circuit see Sectio2.4.5. FromFigure2.15 (c), the IDR is about 200 fF (from 100 fF to
about 300 fF) for the CBCM circuitry, about 600 fF (from 100 fF to 700 fF) for the CBCM
with cascode current mirrors, and about 1800 fF (from 100 fF to 1900 fF) for the ECBCM.
These numbers might slightly vamyrfdifferent sizing (for the sizing in thehapterefer to

Table2.2) but in general, reflect the effectiveness of the proposed feedback loop

Table2.2: Devicesizing

DEVICE WIL (M) EQ! DEVICE WIL (uM) EQ
P, P 05/4 @3) Ny, N, 20/0.35 @
Ps, Py 40/0.35 @3) N; 8/10 ©)
Ps 0.4/05 ) Nq 4710 ©)
Ps 6.8/0.35 @ Ns, No 0.4/10 &)
P, P 0.4/10 4 N, 3/0.35
Po, PioPio, P | 3.4/0.35 2 Ns, No 22035 &)
Py, Pua 34/0.35 Q] Cot,Co2,Cos 50 FF )

1 Eq: the equation that the sizing is calculated from -)2 Qbtainedempirically.

2.3.3 Digitally Programmable Bankof Capacitors

The reference capacitance, CR, is implemented using a bankcbfoapacitors in a
topology shown inFigure 2.16. This topology allows the implementation of a digitally
programmable capacitor. It consists of seven NMOS switches, S1 to S7 in series with seven
capacitors, C1 to C7 where Cn =@n-1. Considering the ON/OFF state of each switch,
the equivalent capacitance value can be obtained as 0 Y ¢ Y

E ¢ Y where"Y is equal to 1 if the switch of the ith branch is ON and is 0
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otherwise. The primary role of the bank of capacitors on the reference side is to provide a
wide range of capacitance to cancel the total offset capacitance, inapdiofgremnants

to maximize ECR during the experiment. This topology makes the necessary calibration
possible with a wide input offset adjustment range (IOAR). C1 is chosen to be 10 fF in this
implementation, thus, CR of up to 1.27 pF with a step of 10 fFgehé&h2 dB) can be
programmed. The effect of all parasitic capacitances of the NM@&hgs on each path is
compensated by adjusting the size of the CPOLY cap of that path in théaymst

simulations.

0

C.L C. £ C +

7

= C,
I

~

0

Figure 2.16: Digitally programable bank of capacitors ranging from 10 fF to 1.27 pF with a
10 fF resolution.

2.3.4 Differential Current-to-Digital Conversion

The output current of ECBCM (iout Figure2.14) feeds a currentontrolled relaxation
oscillator similar tothe one proposedn [113]. The topology is shown iRigure2.17 (a).
The WIL ratio of transistorséeTable2.2 for sizing) in this oscillator has been modified to
increase the IDR of the CCO to around 280 pA where its oscillation frequency can reach
300 MHz. CO1, CO2, and CO3, in series with the SO1, SO2, and SO3 switches are added
to the topology to create a pragnmable oscillation frequency for test purposes. The path,
consisting of P6 and N4 is added to connect ECBCM to the CCO. To generate the digital
output from the oscillation frequency, a counter is implemented. A serializer is designed and
implemented that oads the counterdés value in every
value during the next cycladeFigure2.17 (b) for the counter and the serializer topology,

Figure2.17 (c) for the circuit that creates the timing signals, &glre 2.17 (d) for the
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timing diagram)Wh en 01 becomes éarecharge. ChHs, thenndmbeErloD E

pul ses must be counted while 01 is | ow. The

this condition. The serializer outputs the number that was loaded in the previous cycle with
the clock pul se of 03 numbenis leagedln parallet intethe t h e
serializer as soon as 02 becomes high. The
the counter value at zero during the time that capacitorsbeirey discharged. The
implemented counteserializer has 12 bitsséesection2.4.1); however, only 3 bits are

shown inFigure2.17 (b) for simplicity. The frequency af 3must be chosen high enough

to output all 12 bits when 01 is | ow.
T
programmble
frequency P P, P,
| | F":

I[P, P, |_"_|':“P13 Py }:‘l_
co [ o]
== CCO VR0er= >
J_ J_ Output 1.85mV \=
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1
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Figure2.17: Implemented circuit topologies: (a) The line@COusing a relaxation oscillator
topology introduced inM113], (b) Counterserializer topology (DFFs are digital fliflops),
(c) The circuit generating the timing signalsl) Counterserializer timing diagram

2.3.5 Maximum Measurement Speed UsingCBCM

Figure 2.18 shows the reference (P1, P7, and N5) and the sensing (P2, P8, and N6)
branches of ECBCM ci r alowlevel (evaldationiphage). Atthe and G
onset of the evaluation phase, P7 and P8 turn on in saturation and stay in saturation as long
as VCR < |VTP7| and VIDE < |VTR8gspectively, where VCR is the voltage drop on CR
and VIDEstands fothe voltage drop on the IDEs. When P7 and P8 are in saturatiBi P1

and P2P8 pairs constitute current sources. The current value is a function of W/L of these

pairs, as given ir-13, where pp and Cox arthe mobility of holes and gate oxide

capacitanceina-Phanne|l MOSFET. We <call this phase t
5 00 % w5 @ sy
o" Q — ”’w - ~f 213
C 0] ) oy ) d) o
& 4] 0 o

When VCR > |VTP7|, P7 enters the triode region. The same happens to P8 when VIDE
> |VTP8|. In this phase, P7 and P8 act like resistances, shown as R, with the value given in
214 We cal l t his phase t laechdrdeQlie cprbntisthkee As C
path decays, and the voltage drop ondingle connecte®1 and P2 decreases. Therefore,
V rises, and the value of R reduces according-1d. VIDE in the constant current mode

region is given irg-15.

. P
Y Qw , , 2-14
T W W S
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The sensitivity of the interface circuit to dC is zero in the constant current mode since
iR,cte = iIDE,cte. Therefore, the minimum time for proper measurement should include the
RC phase. The time, tWvhen thecircuit is in constant current phase can be calculated
from2-14 2-16 by putting VIDE = [VTP7|. The equation for calculating t1 is giveR-iy.

Q

— o] 2-17
0

Y @ p 0T @ os

Since 4 x RC is required for the settlement, the minimum time for proper measurement
will be Tmin = t1 + 4 I RC. Since R varies,
wh er e, abd its value can be obtained either empirically or using simulation. The
maximum frequency of CBCM neaver | apping c¢l ocks, al and
Fmax= 1/ (Tmin + Tdischarge +Tnaverlap) where Tnooverlap is the time overhead
for creating thenon-overlapping signals, and Tdischarggnds forthe discharge time.
Since, in our interface circuit, the evaluation of the capacitance completes in one cycle,
Fmax represents the maximum measurement speed.

It is noteworthy to mention that, based on the above discussion, minimizing the length
of P7 and P8 for a given width, results in a faster respdiadse 2.2 shows that we have
notused minimum length fahese devices. This suggests that the topology has the potential
to achieve even faster speedtiis neeagd There are some considerations that we would
like to mention about the sizing of P7 and P8. First, P7 and P8 are critical devices in terms
of device noise in this topologyhe main reason is that noise of these devices is amplified

by the current mirror gain composed ofP3 and P24 pairs. Thermal noise of MOSFET
devices is related to gr‘r6 TV "Y[Q, (transconductanc® is inversely related to the L,
"Q A — w w . Fliker noise has lso an inverse relation with L,d(_

—— 8—) [110]. Since with avaluelarger tharthe minimumlength an acceptable speed

has been reached, we have chosen a longer L for lowering the noise. Additionally, from the



46

mismatch perspective, larger devices suffer less from mismatch which is another benefit we
wanted to consider in this circuit dedicatechtgh-accuracy sensinddoreover from the
application point of view, shortéengths ofP7 and P8 allow significantly higher transient
currensat t he onset of the transition of 01 froc
sensor is lifescience, sudden changes in the excitation voltage or current, with significant
magnitude might result in biologitstresg56], [114]. Another consideration is the error

due to the charge injection mismatch in the CBCM topology remuthat the size of

devices be minimizedBased onguantitative analysis ifiL15], the total error caused by
charge injection mismatch for PMOS device sizes of WarhOand L=0.6 pm is less than

4% when the capacitance under test is less tlienThe error decreases to less than 3% for
larger capacitances under tests of >20 fF. The 4% error in the capacitance reading can
typically be acceptable for quantitively analyzing the surface changes in most of the life
science applications. Besides, tlagiable reference capacitance that has raptemented

on the reference side can be usmdcbmpensating mismatches (see Se@idr).

Vb
IDEcte [V
P
0_| 8 Vioe = Vgl R 3 Vipe > [Viesl
C
0 PL
2 =
N6 sol
. . C
Eyaluatloq, Evaluation, Evaluation, ™ Evaluation, Crom
P in saturation P, in triode P in saturation Py in triode

(@ (b) (© (d)

Figure 2.18: Modes of operation of the CBCM reference and sendingnches during the
evaluation phase, necessary to obtain the maximum measurement speed: (a) Reference
evaluation in saturation mode, (b) Reference evaluation in the triode region, (c) Sensing side
evaluation phase in the saturation region, (d) Sensing@ ®daluation phase in the triode
region.

2.3.6 Input-output Transfer Function of the System

The transfer function of thenalogto-digital conversionfumber of pulsesersis )

is obtained by podayout simulations and is given kigure2.19. The transfer function of
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the linear region is fitted to the curve N=11.227 + 135.7. This linear regression yields
R2 =99%. As a result, the inpatitput transfer function of the system is described-h

and the transfer function of the CCO.

3500 ‘ ‘ : 120
Linear Region . Non-Linear Region
30007 A~ —— a0y
- N=11275n+1357 /) =
Z 2500 bl taut T 255001 \ 0
Z / ;,% 80 2
wl
9 2000 f/j \ a8
z f(,,.f \ 60 ©
» 1500 = \ ~
. = 40 g
5 1000 A,,ff x‘% 2
< / \ o B
3 500 / N 5
/ ) X A
N =8

g -y il s, ] -y ] e g ]

—_—— — —

Figure 2.19: Left vertical axis: transfer function of thanalogto-digital converter block
based on an evaluation time of 10 pus using p@stout simulation results. Right vertical axis:
maximum error in the number of pulses due to device and supply voltage noise during the
sametime frame

2.3.7 Maximum Sensitivity Analysis

As seenin Figure2.19, the oscillation increases linearly until 280 pA and then-non
linearly decreases until it stops at around 420¢dchiscalled he fAosci |l | ati on t
in this thesis The sensitivity of the system is a function of the sensitivity of the ECBCM

block and the frequency of the oscillator, giver2ih8.

Y PR G X056 2-18

where is the average of the output current of the ECBCM circuit
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2.4 Results

In this sectionwe present the simulation and experimental results using the microliter

droplets of three different chemical solvents.

2.4.1 MeasurementSpeed

Simulation results ifrigure2.20(a) show that t1 for the maximum possible capacitance
on the reference side, 1.27 pkF, i's about 4 (
in Tmin = 10 pus.Moreover Tresetis 3 usfor the reset phasandan extra 2 uss also
definedto createthenenver | apping signals. Thus, the op
signals will be 15 us. (frequency = 66.7 kHz). Also, freigure2.19, the maximum number
of pulses can reach 30@@ring 10 pys Therefore, a 1-bit counter is utilizedor generating

digital output

" Cx= 100 fF

iR (LA)
Ver (V)

Time (ps)

@
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Figure 2.20: Waveform trends of theeference, sensingnd output of ECBCM circuit with
respect to different solution conductivities: (a) Charging current curve (Left) and the voltage
(right) on the reference side for different values of CR, (b) Charging current curves on the
sensing side for different valued parallel resistance, (c) Output current waveforms for fixed
values of capacitances and variable Rsol

2.4.2 The Effect of the Solution Conductivity on the Output of ECBCM

Figure2.20 (b) demonstrates the simulation results for the sensing side cwiierg
the electric equivalent modetliscussed in Sectidh3.], is considered for thEDE-sample
interface It illustrates iIDE waveforms for a fixed value of Citd Ctotal= Csolg C + ¢pC
and Coffset whil e Rs ol -coenductivigy solutio),dhe coRstant| <

current phase becomes larger than the evaluation period and as a result, the sensitivity to dC

2 C
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becomes zero (curve in blue). On the other hand, when Rsol risexdimuctivity
solution), CPL in series with th€total capacitance becomes dominant and the current
waveform trends (shown in red) becofilee the pure capacitivbehaviorseen for the
reference sideseeFigure2.20(a)). The regionm between is the medium range of resistance
(curves in yellow) Figure 2.20 (c) shows the simulation results for the output current of
ECBCM block, iout. Fron2-12, iout is a function of iR and iIDE. The waveform for the
high-conductivity solution is shown in blu@he pattern for the medium conductivity
solution is shown in yellow. As the figure shows, for medium high-conductivity
solutions, part of the curve lies under the oscillation threshold whereas fdplomediunm
conductivity, the whole curve is undtre oscillation thresholdAlso, low conductivity
curves, shown in red, stand under the oscillation threshbigs, we setvo different output

patterns that are discussed in SecAaghQ

2.4.3 Sensitivity Considering the Effect of Solution Conductivity

The  ¥QOocurves are illustrated ifigure 2.21 for different values of Rsol. The
hi ghest sensitivity happens for Rsol >100 M
translates to a sensitivity of 2.46 pulses per fF change in capacitance-1@ritherefore,
the resolution will be 416 aF. The stopf the curve reduces as Rsol droppundRsol =
200cY, the sensitivity becomes zero. The mini
P1-P7 and P28 sizing.By increasing the W/L ratio of P1 and P2, the value of constant
current will increase, which will reduce t1 and, consequently, makes it possible to measure
capacitance variations for Rs ol < 200 kY

dimensionsseeSection2.4.10.).
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2.4.4 Oscillator Noise

The bars ifFigure2.19 demonstrate the deviation in the number of pulses due to device
and voltage supply noise for various input current values. The deviation is insignificant in
the linear oscillatiommegion,but they become considerably higher wiiea input current
exceeds 280 PA. The experimental results, shown in se2ttod are obtained based on

sweeping the bank of capacitors in the full range, as a resulat some point exceeds 280

HA. This especially

570.0 s
520.0 r
470.0 Decrease in R, /

Average 1,

100 MQ

0 200 400 600 800 1000 1200

dC (fF)
Figure 2.21: Sensitivity analysis for different values of Rsol.

happens when the reference sidediamich smaller capacitance than the sensing side.
The same happens when Rsol is in the range of low to medium allowing a high transition
current to be passed on the sensing side. If the measurement takes place in the linear region
of oscillation by adjustinghe value of the bank of capacitors to a proper value, the average
oscillation noise will be insignificantThe sensqrtherefore can achieve its highest

resolution in the linear region since noise is minimum there.
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2.4.5 Nonlinearity Analysis

The transfer function of the ECBCM entexrsionlinear region for significantly high
input (CIDECR). Overall, P4 entering the triode region andADpp entering saturation
can be two reasons for the nonlinearfigure2.22 demonstrates the degree of nonlinearity
in different givenIDRs. The linearity of above 98% is preserved for a change in the

differential input capacitance ofggF.
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Figure2.22: Linearity of the ECBCM block for different givelDRs.

2.4.6 RandomnessAnalysis

2.4.6.1 Monte Carlo Analysis for Mismatch Evaluation

The randomness effect of fabrication on the transfer function of the ECBCM block is
illustrated inFigure2.23. 200 runs are performed to obtain iout in the ECBCM block for the
CIDE-CR=L pF, for which the linearity of the transfer functioraisove 99%. Based on the
simulations, the typical current is 284.3 pA and the standard deviation due to mismatch is

12.52 pA. 113 runs fall undeweraget standardleviationwhich is about 60% of the chips.
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The effect of mismatch on the oscillator, shown in the blue histogram, is near optimum

where 148 runs fall under the typical condition.
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Figure 2.23: Monte Carlo simulation results including 200 points. For CHCR=1pF where

the linearity of the transfer function is still more than 99%, varies between 256.{A and
314.4uA with anaverage equal to 284 48A anda standard deviation of 12.52 pA. The effect

of mismatch on the maximum oscillation frequency is given with the histogram in blue. The
oscillator is significantly more resilient to mismatch as 148 runs show no variation from the
nominal value.

2.4.6.2 Corner Analysis

The summanpf simulation result®f fast and slow process variation and temperature

corners for the ECBCM block are shownTiable2.3.

Table2.3: Summary of Corner simulations

Process Corners| Temperature Corner§g) . o ©r Cpe-Cr= 1 pF(UA) # of pulses in 10 pfor , ,=260 pA
0 375.6
Fast 27 355.1 3928
100 351.7
0 202.8
Slow 27 200 2106
100 195.8
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2.4.7 Discussion on theEffect of Randomnesson Sensitivity

According to the mismatch analysis, in the warase scenario, can varyby about
+10% (as shown irrigure 2.23, can vary from 256.71A to 314.4pA because of
mismatch) The effect of mismatch on the maximum oscillation frequency is given with the
histogram in blue. The oscillator is significantly more resilient to mismatch as 148 runs show
no variation fromthe nominal value. Thughe overall change in the sensitivity can be
approximated to varlgy £10% which translates to +0.24 pulses/fF. The woase scenario
of thechange due to the corners is from high temperaturethatblow corner (195.8 pA,
2106 pulses) to low temperature and faster(375.6 PHA, 3928ulses). This constitutes
about £ 31% variation in the and about £30% variation in the maximum frequency of
oscillation. As a result, the whole variation due to the corners is expected to be +61% which

translates to £1.46 pulses/fF.

2.4.8 The Effect of the Sweepof CR on iout Curvesin Fully Capacitive

Mode

The peak and average of the neestiaped current waveform of the reference side, IR,
increases when CR is swept fraisiminimum to its maximum value. Frof12, iout is a
function of CR as well a€IDE. Thus, br a given iIDE, an increase in iR decreases the
differential current (iIDE iR) resulting in a negative slope curve of iout with respect to CR
as illustrated in simulation results kigure2.24. In Figure 2.24, three different values are
assumed foY6 o . Y6 0 =200 fF represents a small amount of remn#fit © =700 fF
denotesmedium residuals and® 6 =1200 fF mimics a sample that creates a high amount

of sedimentationFigure 2.24 demonstrates that the average current entering the oscillator
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linearly drops when CR grows for a given CIDE. It is noteworthy to mention that the bank

of capacitors can create CRMin < CR < CRMAX with a step change of CRSTEP. The
linearity of the ECBCM circuit with the transfer function given2ii2 for CR < CIDE <

CR + CRSTEP is crucial for the linearity of the sensor and its whole dynamic range. In other

words, the resolution of the bank of capacitors should be such that theuteeidcuit

remains linear when the change of measurand capacitarfmdwesen two consecutive

values of the reference capacitan©@.another side, the minimum detectable differential
capacitance, (CIDE- CR) determines the applicability of the sensor for different
bio/chemical applications. lour desighnECBCM ci rcui t 6s output r ema
the postlayout simulations shown iRigure2.24 for the programmable bank of capacitors

that can create capacitance values between 10 fF to1l.27 pF with a step change of 10.
Therefore t he maxi mum Aof f seis 1.20 gppwhch taa e e 0, (o o]

compensated in our design.
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Figure 2.24: CR sweep curves for the average of
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2.4.9 Patterns of Sensor Output Curvesand the Calibration Scheme

As shown in2.4.8, by reading the output of the circuit at each reference val@é, a
curve with the value of reference capacitance at thgixcan be created. This curvan

alsoreveal the conductivity of the solution medium and the value of total capacitance.
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Considering the solution conductivity, inversely related to Rsol, and concerning the
oscillation threshold as discussed in SecBagh4 four different types of curves are created.
When the conductivity of the solution is high, the output curve becomes a straight line as
shown in gray irfFigure2.25(a). This pattern corresponds to the type of curves demonstrated
in blue inFigure2.20 (c). The reason fathe creation of this pattern is that during the CR
sweep, for each step increase, the iout curves slightly shifétaht, leaving a larger area
under the oscillation threshold. This in turn means a greater number of pulses at the output.
On the contrary, with a lowonductivity solution, where the capacitil@havior is
dominant, curve patterns drke the ones shown in black Figure2.25 (a). FromFigure
2.25(a), the change in dC results in a shifthe point wher¢he peak happens (horizontal

axis value). Besides, when the conductivity of the solution is mediungko the curves

will be like the ones shown in gray Figure2.25 (b). The reason is that iout waveforms,
shown in dotted yellow lines iRigure2.20 (c), shift down as a result of an increase in the
CR. Two curves with dC =400 and 800 fF are shown that the CR value in which the curve
peaks is shifted. Finally, when the value of conductivity is low to medium, the output
waveforms become like the cung&sown in black irFigure2.25 (b) since only a portion of

the iout waveform stays under the oscillating threshold. In this mode, an increase in CR
shifts the whole curve down as demonstrditediCs rangingrom 400 fF to 800 fF. These
curves therefore can serve aa measurement schepas explained. Another measurement
scheme can be considered by using the curves obtained from the sweep methigadifsee
2.25(a) and (b)) to choose a fixed value of reference capacitance. For various applications,
such as biological cell culture, this is more suitable since the sensor tliackeingesn

cell attachment on the surface of the chiperefore one can cancel the effect of offset
capacitance at the beginning of the sensing procedure and throughout the experiment. The

scheme for finding the value of reference capacitance through calibration procedure takes
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all the four regions discussed above into account and includes the following st@ptait
the output curve by sweeping the CR;O®tect the CR for which the output curve peaks;
3- Fix the CR to the detected value;Monitor the changes in the numhsmpulses with the

fixed CR.
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Figure 2.25: Simulation results showing the output patterns of the sensor with respect to

different measurement capacitance and solution conductivitigg High-conductivity
solution (Rsol < 2 0cO0o nkdqu) c tiinv igtrya ys oalnudt iloorw ( Rs ol >
Out put trend for |l ow to medi OMgrondubbktaektgnd]l Me
to high conduegt Reioly <(200Mqlkqin gray.

Thus, scanning CR can be repeated multiple times during the experiment to observe any
change i n t beeause afl eunen aonft spp®dr Rs ol due to a p

concentration.
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2.4.10Fabrication and Measurement TestBench

2.4.10.1 Chip and the printed circuit board ( PCB)

Table2.2 reveals the sizing of the devices and the corresponding equoatiavergor
obtaining the size. A die micrograph of the chip is demonstratEdyure 2.26. This chip
occupies 2 mm x 1 mm. We have implemented two IDEs, 220 um x 110 pm with 10 fingers,
electrode widthand pitch of 10 um, with two identical interface circuits. After receiving
the chips.all chips have been partially encapsulatisthg hyso epoxyresinto cover the
pads and bond wirdg&igure2.27 (b) and (c).

To practically utilize the chip, a dedicatéest benchincluding both hardwarésee
Figure2.27 (a)) and softwardseeFigure2.28) has been developed. The chip requires two
sets of supply voltages for digital and analog parts and a reference voltage. The supply
voltages are fed through Texas instruments low dropout voltage regulators TPS75901KTTR
with adjusting the output to 3.3 V. @sidering that we have separated the left and right
circuits, four voltage regulators in total were used. The CCO requires a 1.85 V reference
that has been supplied through the NCP705MTADJTCG adjustable output regulator from
ON Semiconductor. Required clong signals were generated using an Arduino DUE
board, and theerial peripheral interfac&SPl) port of the board was used to capture the
digital output dataDetailed technical information about the tégnch can be seen in

Appendix 1.

2.4.10.2 GUI Development

The use o&test benchvithout a GUI is not very practical and udgendly. As a result,

a GUlhas beemmplemented in Python, enabling the users to configure their required set of
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experiments as well as perform data visualizatibgure 2.28 illustrates a snapshot of the

GUI. Users can select to capture data from right, left, or both chaamelalscchooseto

obtain curves when the reference bank of <carg
measured at a single point by determining the reference point \Fluhermore by

determining the number of samples, multiple measurements will be performed at a single
reference point that can be averaged for better noise immunity. Users can set the GUI to
obtain as many curves dssired or set the tirAdeased measurement settings for the time

interval of data acquisition and the experimenttim

—= (,ounti.r— serializer DEs

R

Figure2.26: Die micrograph
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Arduino DUO |

Encapsulation layer

\

Electrodes

Figure 2.27: (a) An Arduino DUE microcontroller board together with a custorade
electronic board holding the chip, (b) The chip, (¢) The microscopic image of the two
electrodes and the surrounding encapsulation layer with a hole for thqpassivated sensing
electrodes

The visualized data is a 3D curve with the chip's output (number of pulses) on the z
axis, the values of theeference capacitance on th@xs, and time on the-gxisthat has
been explained in detail iBection2.5.3 The GUI also extracts the value of capacitance
from the captured dat&xplained in detail irsection4.4. Snapshas of the visualizedD

data for botitheright and left channelareshown inFigure2.29 (a) and (b), respectively.
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Figure2.28: A snapshot of the GUI.

1200 o

(A) (B)

Figure 2.29: The visualized data captured by the GUI in r¢iahe: (a) for the left IDE, (b)
for the right IDE.

The realtime visualization and signal processing capability that the GUI provides
enables monitoring of the experiment and detection of the time that the sample has been
introduced as well as the time that the sample evaporatdscassed in detail i@hapter
4 and 5Figure2.30illustrates the flowchart of the operation of the GUI that communicates

with themicrocontroller (Arduino DUE boajd
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After a serial communication channel has been established between the GUI and the

microcontroller unit (MCU), the GUtonverts the user input settings to four different types

of command, namely the number of samples, and the value of the reference capacitance,

and the channel of interest. If writing the commands were successful, the GUI initiates the

measurement command. After receiving this command, the MCU transmits the

measurement dathrough the SPI port to the GUI.

Set up a Serial
Communication

Convert User
Configuration to
Commands

Send Number of
samples Command

S B

Send Cy, Set
Command

——

Send channel Set
Command

Successful

Send
Measurement
command

(‘ailcd

Figure 2.30: The flowchart of the GUI data acquisition from the Microcontroller: After a
serial connection is set up between the GUI and the microcontroller, the user can input all
the settings shown irrigure 2.28. The GUI generates three commands based on the user
settings and sends them to the microcontroller. Then, the serial port is checked again before
establishing the measurement command on the serial port. Next, the data is received from the

chip and read fo m

t he

mi

crocontrol

er 6s

SPI

port

2.4.11 ConsistencyTestof the Fabricated Chipsand the Repeatability

buf fer.

In total, five chips have been fabricated using the AMS 0.35 pm technology. All the

chips have passed the functionality test. The output curvassaan mode without any
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sample on the chips are obtained. All the obtained csivesedhe pattern expected for a
capacitive model with infinite resistance due to the absence of the sokigoine2.25 (a)

for low conductivity patterns)Figure2.31 demonstrates the distribution of the peak of the
curves for all 10 runs. Each characterization has been repeated 10 times to test the
repeatability of the saip. The difference between the number of pulses is only 1 at the peak

because obverallnoise

10 i .

©® ohip &1 chip #2 -

g 38 chip #3 :

c chip #4 s

& g I chip #5

5

8 4

=

<, n I I
o — o — o — — ol
& & & &R K& S S S S

Number of pulses when the curve Peaks

Figure 2.31: The summary of chip characterization shows a variation among the 5 received
chips. Each characterization has been repeated 10 times to see the repeatability of the
experiments. The difference between the number of pulses is only 1 which is a resuis®f no

2.5 Calibration -free Capacitance Measurement Technique

The effect of environmental factors, systematic errors, parasitic effects, and
experimenttime offset change caused by the remnants of biological and chemical samples
are among the main challenges of CMOS biosensors that can diminish the accuracy of
obtaned result$69]. Calibration helpso decrease the inaccuracy in the assessment of the
desired sensing parameter. In the multimaasisoyreported in[12], a current digitato-
analog converter (DAC) calibration unit is embedded in the stimulation units to compensate
the effect of parasitic capacitance on the outpy#]lra CFC sensor is reported that utilizes
a calibration curve obtained by a distance measurement platform to model the capacitance
variations and readout calibration. In the-cedled sensors, calibration circuitry has

significantly increasethe footprint and the complexity of measurement.
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In CBCM methodsnoridealities like the mismatches between the sensing and the
reference channels atitedeposition of biological and chemical remnants on electrodes can
limit the dynamic range of the measurement by creating a large input offset. Digitally
programmable current mirror69], [70], [74], potentiometerd69], and floatinggate
transistors[15], [76] are some of the #nircuit trimming elements reported for the
compensation of mismatch and offset in CBCM circuits and discussed.th While the
offset resulting from mismatch is timievariant and can be adjusted with calibration,
sediments from biological and chemical samples can gerasageificant offseduringthe
experiment timg17], [116]. Thus, a coarse calibration of the offset capacitance based on
the conditions before the exposure of the electrodes to the analyte might not cancel such an
instantaneous experimetitne offset change.

We address this issue by proposing the sweeping of the value of variable reference
capacitos at periodical time slots to uncover the instantaneous and gradual capacitance
changes in a wide range during the experiment without calibrating the sensor. The generated
2D curves, when plotted with respect to time, form an informative 3D graph which is
hypothesized to be a signature thpécific ptters the capacitive properties of the biological
and chemical samples at the interface with electrodes as wedichssdis the sedimentation

of nontarget molecules such as dead cells, etc.

2.5.1 Offset Cancellation-relatedWorks

With reference tdrigure 1.3 (a), where CStray represents the parasitic capacitance
between the electrode atite underlying interconnect layers or substrate, CStanding stands
for the parasitic capacitance in between the fingers of IDEs, four compensation schemes
have been introduced to cancel the effect of parasitic and offset capacitances for CBCM

circuits until reently.
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In the first scheme, CScl, implementedlB], the node of the reference capacitor is
left unconnected to the electrodes making the capacitance at the reference node equal to

0 0 . The disadvantage of this technique is that the standing capacitance, CStanding

will not be compensated, and the IDR of the circuit will be restricted by the offset introduced
by CStanding. The main reason for employing this scheme is to create smadlsrimi
arrays.

The second scheme, CS{E%], in which the sensing IDE is replicated on the reference
side, is an approach to compensate the standing capacitance. In this case, the reference
electrode is either insensitive to or not in touch with the analyte. In an ideal case, where the
two sides ofthe circuit completely match, the capacitance at the reference node will be

0 0 0 . This technique aims at compensating the invariant offset

capacitance more precisely. However, in practice, inevitable mismatch in the devices results
in compensation error. Compared to the first scheme, this technique can provide higher IDR
at the &pense of larger pixel sizes.

In the third scheme, CSc3, like[B0], [70], [74], the reference side has tunable current
mirrors and potentiometers. In this schethe offset capacitances, 0 , can
be compensated by the reference capacitor as well as the mismatch can be compensated by
adjusting the gain of the current mirror on the reference side. The adjustment can replicate

the effect of electrode mismatch. In this case, CR can be formwdatéed o
0 0 , where Cos is the equivalent value of reference capacitance after

proportional adjustment. The advantage of this technique is that thénttar@ant offset
capacitance can be compensated more precisely. However, this technique requires
configuring the opmum gain of the digitally programable current mirror before each
experiment and per each pixel which makes it a cumbersome teclespaeially for a chip

with a large array of electrodes.
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In the fourth scheme, CSc4, which is employed[9h offset capacitances are
compensated without replicating the sensing structure. In this technique, an offsetting
capacitor (Cos), has been implemented by interlayer dielectric capacitances and has been

added to the reference node. Thus, CR can be exgresse 0 0 . This

technique is the closest to our wphnkwever, due to a fixed value of the reference capacitor,
large offset capacitance during the experiment because of sedimentation and remnant cannot

be compensated. This in turn limits the IDR of the sensor.

2.5.2 Capacitive Signature

AssumingqiC(t), a capacitance changesultingfrom remnants (see Sectiog.3.]),
stays constant over a period between t1 and t2 ahdlt2> T 4, a reference c:
can be used to cancel t he eff ectIDEC@IDEgpC. As s
is canceled witlygglCMin (part (1) ofFigure2.32(a)) in the first period T, iout in the ECBCM
circuit will only be proportional to the <che
of remnants on the IDE can cause extra offset capacitamceaspCl and @C2 as st
in parts (2) and (3) dfigure2.32 (a). As a result, a fixed CR cannot secure the cancellation
of C(t) at all times of the experiment. |f
2.5.1were used, the value of CR would be keptg@@Min and iout could easily reach the
saturation region or leave lovesrheadroom for the measurement of the target sensing

capacitances 0C(t).
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‘i ’()ur () (2)

Interdigitated Electrodes
@ORemnant @ Cell
(a) (b)

Figure 2.32: 'l lTustrations of witlBi@dpécs to changp asta resulrafen't
remnant and cells (a) 2D, and (b) 3D signals.

This problemhas been addresskey proposing a variable CR and sweeping it in its full
dynamic range, pCMin < CR < @CMax, where @ClI
highest capacitances that can be achieved with the implemented bank of capacitors.
Sweeping the CR allowthe detection of sudden and gradual capacitance changes caused
by the remnants above the electrodes @C(t) &
Figure 2.32 (b), iout as a function of (CIDEER) and time is illustrated as a 3D
representation. In analogy Eegure2.32 (a), each plate represents a baseline regarding the
value ofqiC(t). Thus,Figure2.32 (b) is an extension dfigure2.32 (a) withthe addition of
0 axis. With consecutive acquisition of 2D curves, 3D representation of the entire time of
the experiment is achieved that canthencover
experiment. This constitutes a calibratioee technique in monitoring a wide range of
capacitance changes in a solution including

as gradual changes due to the interaction of target molecules withthe elezty G C( t ) .

2.5.3 Time-resolved 3DSignature

The output of the chip is a digital number (number of pulses) that is proportional to the

input differential capacitance. Consecutive acquisition of the chip output with respect to the
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full-range sweep of CR has been used as a tool forrésmdved monitoring of the samples.

For this purposghesoc al | ed Aoutput versus CRO 2D cur ve
result forms a 3D signature of the changes during the entire experiment period. Thus, the
generated 3Bpecific ptternhas 3 axes including CR, time, and the output of the chip

(number of pulses). The experimental results demonstrated in SB&idrbare generated

utilizing this technique.

2.5.4 Experimental Resultswith Chemical Solvents

To observe all four types of output curves as proothHehigh-dynamic range of the
sensor, we conducted the test using.aroplets of three different chemical solvents with
known relative permittivity and condunity, (seeTable2.4) and put them on the chip using
a micropipette. In addition to that, we needed a sample with a fast dynamic so that our

s e n srespodse time could be examined.

2.5.4.1 Steadystate Results

Figure2.33 shows the obtained curves for the filtered watgthanol, angropanol
droplets and compares them with the simulation results. The curve irbk@idlustrates
the filtered water in a steadyate. Filtered water, as seerlable2.4 is highly conductive
due to itshigh ionic impurities. As a result, the expected pattern of a straight line is obtained.
The curve in dashed blue corresponds to the simulation result using the model given in
section2.3.1with Rsol and Csol corresponding to the filtered water fi@ble2.4. Curves
in gray are formethanol with relative permittivity of 30 and conductivity of 0.3 mS/cm
(equal to 24.8 fF and 350 Kk q)thelmwghcorodbctivgiyut s t he

range. Therefore, the expected patterhkis the type shown in gray ikigure 2.25 (b).
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Propanol on the other hand falls under the category of low to medium conductivity with a
patternlike the curves shown in black Figure2.25 (b) anddepictedn red inFigure2.33.
In all the above curves, the simulatioasults based on the known conductivity and

permittivity of solutions agree with the experimental data

Table2.4: The chemicalproperties of the chemical solvents used.

Chemical E, Csol (fF) U (mS/cm) | Rsakq
Water 80.2 66.5 fF 15 7
Methanol 30 24.8 fF 0.3 350
Propanol 20.1 16.7 fF 0.1 1000
3600 N Propanol

N\ Simulation
\

3100 Methanol
Simulation
n 2600 Propanol &
(77} .
= Experiment
g 2100
4t
=]
~
g 1600 ‘l\'IcLh.annl Water «
g 1100 l-xpcmmcm Experiment
Z
600 i
Sl T Water
100 == Simulation
0 200 400 600 800 1000 1200 1400

Cy (fF)

Figure2.33: Experimental results and the simulation curves for the stesaate of the droplet
test usingfiltered water (Blue) Methanol (Gray), and Propanol (Red).

2.5.4.2 Fully Capacitive Experiment

Another experiment validates the dynamic range of dC change in the fully capacitive
mode.Beforetesting the chip with droplets, the output curve was obtained for both left and
right-side IDEs as shown iRigure 2.34. Since there is no sample on the IDE, the curve
corresponds to the very high R and the capacitance change is dominant. Another curve is
obtained aftethe complete evaporation of the filtered water droplet and the solidification
of salty remnants seeFigure2.35 (a) for a 3D microscopic imagef the remnants in two

different runs of the experim@ntThe drift in the curves of the left IDE on which major
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remnants have been deposited reveals a 470 fF capacitance change by calibrating the CR to

400 fF (200 pulsedhat results irthe highest sensitivitysee Sectior2.3.7).

1600
1400 |
] 2{]“ I - \\.\
1000 | N Left,
1 after solidification

800 [ Left of remnant

Number of Pulses

\'-.
600 } N
"\_‘__\“_
400 t A
470 fF T—
200 | B N
“ 'l L L L 1 1 1 L i 1 L
0 100 200 300 400 500 600 700 800 900 100011001200
Cr (fF)
Figure 2.34: The proposed sensordés output at the onse

droplet and after complete evaporation and solidification of salty remnants.

(A) (B)

Figure 2.35: (a) Microscopic image of the electrodes before being exposed to any samg
(b) The electrodes after filtered water droplet evaporation test. figise shows a layer of
deposited material on the electrode mainly composed of salt.

2.5.4.3 Time-resolvedWater Experiment with Transition Curves

Figure2.16 illustrates the main patterns observed in the filtered veadgeriment We
have hypothesized that these curves are generated becausbkanige in the equivalent
electric model of the interface duritige evaporation of i | t e r e d represantshe . A Ao

nosampl e situation and ABO0O captur ednplehort| y
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with thelow conductivity and lowto-medium conductivityrespectivelyseeFigure2.25).

As the droplet settles on the electrode, the conductivity of filtered water, because of the
presence of ions, dominates the capacitance in the parallel equivalent circuit model (see
Figurel3(b)) and cr e athaefalows the mediunb-idgh conductivity pattern

shown inFigure 2.25. Simulation results show that after adding the conductivity of the

solution to the model IIDE curve will not necessarily remaéedleshaped Instead, the

shape can vary depending on the samplebds cor
Q Qt hat f or ms i 6 thacondactiviyof thie sgmpley shewnkigare

2.20. Meanwhile,"O , the upper bound of the CCO (see Sect2ofh.4 introduces a
truncation |Iine for 1 6out curves. Any input
Solution conductivity for our sensing systen
Amedi um t o hi gh dabl@2by coridactivigyhsolytiony thae ae briefly

explained here. When the conductivity of the solution is low or low to medium, the
capacitive behaviour is dominant and i 06out
the other hand, when the conductivity loé tsolution is medium to high, the curves expand

upwards where a portion of curves are trungasdhown irFigure2.37.

3500 |

S

) 3000 | TSN

Number of Pulse
— [\=] ra
L o [
o -] (w]
(e} o Lo ]

0 200 400 600 800 1000 1200
Cr (1F)

—=— A: Sensor baseline with no sample
+—B: The onset of introducing the droplet
—+—C: Beginning of the Experment
——D: When the droplet overwhelms the electrode
»—E: the onset of completion of the evaporation
—F: After droplet completely evaporates and leaves salt remnants

Figure 2.36: All four types of curves observed for evaporating droplet experiment with
filtered water.
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Table2.5: Sample

solution and affected design parameters

Design Parameter Range
200 <R¥< 1 N 1 MRy< 10 .
Ra< 200 k <R o 10 MRl
Reol . . Medium to High Low to Medium o
High Conductivity - - Low Conductivity
Conductivity Conductivity
Csol 500 aF to 1.27 pF
Imax 280 pA
Cr 10 fF to 1.27 pF with a step of 10 fF

In this mode, the curves shift dovirecause ofan increase in the CRVhen the
conductivity of the solution is higlajl the curves are truncated by IMAX, (deigure2.38).

The reason is that duri the CR sweep, for

ng
to the right, leaving darger area under the oscillation threshold. This means a greater
AFO i s the

number of pulses at the output as CR increasdsglre 2.36, curve

the output of the sensor after the complete evaporation of the droplet. Confagring

2.35 (a) toFigure2.35 (b), there is a significant amount of salt remnants on the electrode

and the difference in the amplitude of #nAAO
due to this remnant in the dry phase.
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Figure 2.37: i 6out curves in a medium to high conductd.

and the IMAX truncation line.
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Figure2.38: i'out curves in a high conductivity solution for different CR values and the IMAX
truncation line.

2.5.4.4 MeasurementSpeed Test

To evaluate the measurement speed o$éimsor, we repeated the filtered water droplet
test by keeping track of the time and repeating the full CR sweep. Tharigk CR sweep
creates 128 reference capacitance values from 10 fF to 1.27 pF with a steffr.0oEabh
measurement completes in 15 ps, which in total takes 2 ms for a complete sweep and
obtainthe curve. Our GUI receives the data after every sweep fotimealvisualization.

This data transfer from the MCU to GUI added overhead of abost far serial
communication. Our system wable to show the curve every second which proves the
expected speed discussed in Sectidnl For the applicatiowherereakttime visualization

IS not required, the data can be buffered at the MCU to avoid serial communication overhead
time. Table2.6 compares this work to the previous state¢he-artsensorsThis work brings

about the possibility of a widdDR of multiple times higher compared to relative works
while maintaining an acceptable st@mto Faradmeasurement resolution for life science
applications. It also offers the advantage of a significant input offset dynamic range
adjustment for offset cancellation. Furthermore, because of the high measurement speed,

our sensor is suitable for applicationghwapidly changing dynamics. On the other hand,



74

the ECBCM-based chip consumes higher power than the typical CBCM which can be

considered as the cost of this topology.

2.5.4.5 3D Specificpattern of Chemical Solvents

To test the capability of our sensor in generatingsBEificpatternsof samples, 2 pL
droplets of three different chemical solvents, with different conductivities and resistivities
are introduced to the echip IDEs and the 3Bpecificpatternis captured in the time frame
of 5seconds before putting the sample until complete evaporation of the droplets at the room
temperature. Complete evaporation of the samples allows the formation of salty crystals and
sedimentation on the electrodes that in turnvedlas to see the effect of attached material
in addition to monitoring the liquid phaseigure 2.39 illustrates the 3Dspecific pattern
created for a 2 pL droplet giropanol (dielectric constant (=2 0. 1, conductivit
mS/cm). The baseline represents the total offset capacitance of the electrode without the
effect of the sample on it. At the onsdtintroducing the sample, a significant capacitance
change is observed which shows the equivalent capacitance due to the sample which has not
yet contacted the electrodes. During the experiment, a gradual increase in capacitance is
recorded. At time=90, s sudden increase in the capacitance is captured which can be due
to a solid salt particle pasg on top of the electrode. The pattern in gpscificpatternis
aligned with what is discussed in Sectibi.Q The signature shows that ttepacitance of
the droplet slightly increases during tieperiment and then falls at the onset of complete
evaporation close to the baseline when there was no sample. It also shows that rapid changes
can be detected such as the beshpped pattern captured around 90 s after the start of the
experiment. A mathmatical model for the impedance of emaporating droplet, given in
[56], suggests that the increase in capacitance happens as a result of the evaporation of the

droplet. In this model, a parallel combination of geometdaphcitance, Cgeo, and double
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layer capacitance, Cdl, forms a total capacitance that might increase during evaporation

because of the increase in doulaiger capacitance.

: A sudden increase
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Figure2.39: 3D signature for evaporating droplet experiment with gL 2f propanol.

Another test is performed using a dropletneéthanol which has a higher dielectric
property and slightly higher conductivity € 3 0 , d=0.3 mS/ cm). The
Figure2.40. Thespecific patternstarts with a baseline and demonstrates the same sudden
increase of capacitance as seelRigure2.36. The difference is in the value of output which
is higher formethanol compared faropanol due to its higher dielectric property. At about
time=100 s, the curves change their pattern and show higher capacitance until the end of the
experiment when the droplet completely dries. When the sample dries, the curves do not
return to the basele, unlike thepropanol test. This part is a result of the significant
sedimentation of salty crystals thatisted in the initial sampl&he third experiment has
been performed using filtered water £ 80 . 2, u=15 mS/ ¢ m) and
demonstrated irFigure 2.41. In comparison to what is observed in the propanol and
methanokpecificpatternsthetestusing filtered watedemonstrates similar baselinewith
different patterns of curves. These patterns have roots idisbassednaximum input

current limit’'©O  above which the CCO stops oscillating.
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Figure 2.40: 3D signature for evaporating droplet experiment with pl2of methanol.
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Figure2.41: 3D signature for evaporating droplet experiment with pl2of filtered watet

2.6 Chapter Summary

A novel capacitance sensor based on a hybrid topoldgg€BECM circuit and oscillator

was introduced. The proposed ECBCM circuit offers the advantameidér IDR of about

400 fF based on pe#tyout simulation results for a given reference capacitance value. The

minimum detectable change in the differential capacitance of 416 aF was achieved which is

typically enough for the detection of a wide range of cells anbbenles The sensor is

among the fastest in the literature with oal\l5 ps measuremenirte. In addition, ly

replacing the reference IDE with a programmable bank afhgm capacitors and sweeping
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the value of reference capacitance in its full dynamic range, the novel calidragoBD
time-resolvedspecificpatternwas createdlThe experimental results with a 2 pL droplet of
chemicals showed an agreement with the simulation reBultdhermore, thesevealed that

the abrupt and gradual change of capacitance due to sahlapleode interactions can be
captured in th&D time-resolvedspecificpattern The proposed capacitive sensing method

can therefore be employed to measure small capacitivenges in a liquid condition with
various sources of large offset capacitances as well as detect the remnants in the dried

condition
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Table2.6: Comparison of this work with the statef-the-art

Supply
Input . |The element
L . L . Voltage Power |Calibratio
Circuit | Electrode| ID | Offset |Measureme| Resolutig Passivatiq Digital ) models/
Ref ) . ) ) ) Consumptid n
Topology Dimensior] R [Dynamif t Time n n Layer | Output . methods use
Technolog n techniqug L
¢ Range for calibratio
Y (Hm)
DC2DVi Current
IDE on |50 pm x 50 Natural ) In mirrors with
[3] 6 fHAS6fF| 50ms 10 aF 8-bit | 3.3/0.35| 700puwW
CBCM +| um IDE CMOS Hardwarg programmab
X3 e gain
Calibration
curve (FC)
C2F |30 pm x 30| Natural | 12-bit In obtained by
[4] 1fH NAS 15s 14.4 aF . 3.3/0.35 8mw )
IDE pum IDE CMOS | Digital Software| distance
measureme
platform
Reference
C2\& |14umx 16| 57 NO/ In-circuit | voltage and
[17] NA 20pus 450 aF | AlOs 3.3/0.35] 29puw . .
IDE pm IDE | fF (Voltage), trimming | largeon-chip
capacitance
DC2DV i Current
IDE on |1000pm x Natural . In mirrors with
[70] 7fH A7TF 10 ms 110 aF 6-bit | 1.8/0.18| 126uW
CBCM +| 200 pm CMOS Hardwarg programmab
X3 e gain
NO/ Comparison|
| 200pm x .
C2FY 10 ) (output ol 0.3-2.5/ In with a no
[68] 230pm NA 20 min 10fF Al,05 . 29 mw
IDE IDE pF Oscillatol  0.25 Software| sample
) baseline
impact
DC2DV? . ionized
. 30 pm x 302 Natural | NO/ In-circuit
[15] |7 IDE on NA 1ms 15 aF 3/05 165pwW . channel hot
um IDE | fF CMOS |(Voltage) trimming
CBCM electron
injection
C2F 350 16 bits In Switch
[117] N/A NA |Max 750us| 85 fF N/A . +0.9/0.1§ 162uw .
IDE pF Digital hardwarel Capacitor
Comparison
40 pm x 40| N/ 11s@ NO/ In with a no
[118] C2v NA N/A Au 33V 85 mw
pum A 1kHz (Voltage) Software| sample
baseline
Comparison
) Off-chip | 27 . NO/ In with a no
[119]C2Vi IDE NA 30us 10 fF SizNg 1.8/0.18/11.772 mW
IDE pF (Voltage), Software| sample
baseline
. Variable
. | Customizg N .
DC2Vi 15 NO/ Not In-circuit| capacitor/
[90] d coplana NA 100 ms | 800 aF - - — o
IDE device pF (Voltage), Reported | trimming | Calibration
curve (-C)
This 220pmx | > . . .
DCDC2F A1.27 12-bit Calibration
Wor| . 110pm |400 15ps 416aF | Al;03 . 3.3/0.35| 29.91 mW| N/A
‘ 41 IDE DE - pF Digital Free

1 C2F: Capacitanceo-frequency ? DC2DV: Differential Capacitanceo-Differential
Voltage, 3 C2V: Capacitanceo-Voltage, * DC2DC2F: Differential Capacitance -to-
Differential-Current-to-Frequency ° Adjustable 8 Not Adjustable
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Chapter 3: A High Dynamic Range
16x16 Capacitive Sensor Array

This chapter proposes a circuit and system for high throughguitoring based on the
proposed highDR and calibrationfree sensor inChapter2. A new arraytopology forthe
CBCM family of circuits has been proposertallows the electrode® use a shared bus
to connect to a single reanit circuit. The content of this chapter has been submitted as a
paperwith the sametitle to IEEE Transactions on Biomedic@lircuits and Systems

(TBiIoCAS) journal.

3.1 Abstract

We present a fully integrated CMOS capacitive sensor array for life science
applications. This sensing device consists of an array of 16 x 16 IDEs integrated with a
chargebased readout and multiplexing circuitries on the same chip. This chip was
implementedn 0.35 um AMS CMOS process. This sensing device has a wide IDR of about
100 fF and a resolution of 150 aF, and the capability of temporal, spatial, and dielectric
sensing. It makes it possible to develop a-tmst, calibratiorfree sensing platform fdife
science applicationdn this chaptey we demonstrate and discuss the functionality and

applicability of the proposed sensing device by introducing various chemical solvents
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including ethanol, methanol, and pure water. The simulation and experimental results
achieved in this work have taken us one step closer to a fully automated califvestion

capacitive sensing platform for highroughput drug development and other purposes

3.2 Introduction

CMOS capacitive sensors have opened up new horizons for the development of
integrated platforms for various applications such as DNA hybridization det§&}jahrug
toxicity tests[3], bacteria growth monitorin§fl7], virus detection120], and detecting
different cancer cells like breast can{&t], and ovarian cancer cel[l], [121] as well as
chemical solvent monitoring75]. In these CMOS sensors, an array of electrodes is
implemented on the same chip together with the interface circuit offering practical
advantages such as low complexity, laloeé, and high precision sensifitR2]. These
features have paved the way for the monolithic integration of large arrays of sensors on a
single chip forhigh-throughput measurements. A schematic of such a system with-an off

chip data acquisition and a GUI is showrFigure3.1.

AYY
A

Encapsulation
jReraL -

Graphical user
interface

Droplet

Sensing
electrode

Printed circuit board CMOS chip
Figure 3.1: A platform including an array of capacitive sensors amdinterface circuit on
the same CMOS chip encapsulated for introducing biological and chemical samples, as well
asadata acquisition system ar@ul.

As seenimable3.1, in life science applications, several custorade capacitive sensor

arrays have been developed to meaBora auto Farad (aF]3], [4], [17], [62], [74], [123],
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[124] to femto Farad (fF)[81] change in the sensing capacitance. For instance, Prakash et
al. [81] reported a voltagenode circuit using charggharing principle for the development

of an array of 28 sensors, each pixel of which consists of 8 MOSFET Transistors (MTs) but
the resolution of this sensor is limited to a femto Farad range (5 ffL7]na 16x16
capacitive sensor arrdnas been proposecdhose pixels include 7 MTs one of which is used

as a switch for selecting the pixel. They achieved a higher IDR of 57 fF and a better
resolution in the range of atto Farad (about 450 aF) by using a similar principle but with one
less MT in each pixel. If4], [123], [124] a 4 x 4 array, each pixelith 9 MTs for
implementing a ring oscillator, a switch, and a buffas been demonstratdflow/column
decoders automatically activate each pixel by antop control logic and the output of each

ring oscillatorpasses through a digital buffer into a multiplexer connected to a counter. This
sensor reads the capacitance changes with a resolution of 14.4 aF laitmitéd IDR of

12 fF. For the calibration of this sensor, a distance measurement platform was used for
modeling tle capacitance changes and obtaining a calibration .cAmeng the sensors
usingCBCM technique, an array of 6 x 6 sensors is repart¢é2] each pixel of which is
composed of the core of CBCM circuitry including 4 transistors as the swiklvesumn
parallel architecture based on a shielded current routingdsibeen designed eliminate

the need for individual pixel calibration and improve immunity to noise and junction
leakage. Moreover, they used floatiggte transistors for offset cancellation. A raxge
selection and a colurarise readout addressing scheme have beeroget in this
architecture. As mentioned able 3.1, this sensor can provide a resolution of 15 aF but
with a limited IDR of 10 fF because it works in the voltage mode, and its output voltage is
restricted by the supphloltage. In addition, our team has previously reported an array of 8
x 8 coreCBCM sensor§3], [46], [74] with only two transistors in each pixel. In this sensor,

a sigmadelta modulator is adapted to CBCM technique which includes adjustable current
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mirrors for mitigating the offset of the sensor. This sensor can achieve a resolution of 10 aF
but in the limited IDR of 10 fF which is due to the voltage conversion employed in the
middle of the readout process of the signal. Furthermore, in the aueystrof this sensor,
a transmission gate was inserted into the current path of each IDE to connect/disconnect it
to/from the readout circuit. Considering that the CBCM sensors work based on charging and
discharging of the capacitance of the electrodis, tichnique can introduce unwanted
resistorcapacitor (RC) parasitic effects directly to the curreni.pat

As shown inTable3.1, several researchers have tried to achieve adegkity matrix
of electrodes for high spatial resolution with a reasonable IDR. On the one hand, there is a
compromise between IDR and resolution. Thus, these metrics are usually defined according
to the asired application, such as cell growth monitoring which needs a high res@B]tion
[46], [62], [74] On the other hand, to achieve a hdgnsity array, the measurement circuit
should occupy a small silicon area. To this end, as showiabite 3.1, researchers have
developed various circuit topologies to minimize the circuit footprint that has to be placed

under the electrodes. Obviously, the number of MTs and the employed technology can affect

this issue.
Table3.1: Comparison of different arrapased capacitive sensors.
CMOS MT? Array Res? IDR Cal?

Application Ref.
(um) # size (aF) (fF) method
0.5 8 28 5000 NA3 DAS CGM® [5]
0.25 7 16 x 16 450 57 NA BD® [3]
0.35 9 4x4 14.4 12 DA ccpe [6,12,13]
0.5 4 6 x 6 15 10 ICM® CG [10]
0.35 2 8x8 10 10 ICM CG/ DT [2,11]
0.35 2 16 x 16 160 100 CF DA This work

IMOSFETT Transistor (the required multiplexing switchssidea single cel), 2Resolution,
SNot Available, “Calibration, °Data analysis fIn-circuit trimming, "Calibrationfree, éCell
growth monitoring, °Bacteria detection,'°Cancer cell detection!'Drug test, ?Droplet
analysis
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Moreover, capacitive sensors are consideredsabective sensing devices. Thus, the
presence of any other néargeted cells or molecules may change the capacitance.
Therefore, in addition to the change of sensing capacitance (CS) due to the attachment of
sensing cell$3], [81] or absorption of moleculg8] on the surface of these sensors, there
are other nofideal sources of capacitive changes that can beuariant. These include the
detachment and levitation of dead cells, deposition oftanyeted molecules on the surface,
the evaporation of cultureedium, variation of temperature, or the variation of pH resulting
insocallednort ar get ed c¢ ap a c(i))tTaenebor, the measugement of GEC
in the presence of tire a r i @(th requies a highDR capacitive sensor with proper
calibration b cancel the parasitic capacitances. So, the sensing capacitance of an IDE which
is mostlyreported for biosensors can be expresseedoyation3-1.

0 6 360 , 00 31

wher e 0C(t )varidretarget sersingtcapatiance change, and CC stands for
all the offset andparasitic capacitances inside the chip

As aforementioned and summarizedlable 3.1, various techniques have been used
to mitigate the effects of parasitic and offset capacitances of the sensors including data
analysig81], [125]using a calibration curve as well as different types-airicuit trimming
techniqueg2], [3], [62], [74] such as connecting identical electrodes along with replicated
circuits to both reference and sensing nof&8], or employing potentiometers and
adjustable current mirrof$6], [69], [70], [74] or adding an offsetting capacitor to the
reference nodfs2]. Despite great advances in developing capacitive sensors, less attention
has been paid to developing higrecision calibration procedures to cancel the effect of
a&C(t) to increase IDR

We proposed a calibratiefiee and widdDR capacitive sensor using a currembde

technique based on ECBCM technique that can address the removal of unpredictable time
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variant offse{62], [77], [78]in Chapter2. To go further in this approach, we modified the
circuitry associated with the calibration structure and ECBCM to achieve a higher resolution
in this chapter Herein, we propose a novel 16 x 16 capaciseasor arraywith the
advantage of being calibratidree on each single sensing electrode which can provide a
wide IDR of 100 fF and a resolution 06a aF. The obtained IDR and resolution in this
capacitive sensor array can be suitable for some applications likbipranalyses of
chemicalsolvents and droplets. Furthermore, in this work, we propose a novel multiplexing
scheme so thato extra MT switch is usefibr the IDEs andeach pixel uses only the two

transistors of the core CBCM structure (P8, and Neigure3.2 (a)).

3.3 ProposedArray -basedCapacitive Sensor

In this section, the proposed multiplexing circuitry is introduced, and the optimized

ECBCM circuitry, oscillator, and bank of capacitors are discussed.

3.3.1 ECBCM Circuitry for the Array Chip

The ECBCMArray circuit, including the ECBCM circuit and the proposed array, is
shown inFigure3.2 (a) and (b). The ECBCM circuitepictedin Figure3.2 (a) is modified
to support an array of electrodes instead of a single electiodghapter 2, ithas been

proved thatQ ‘QandQ "Qare proportional t@® 0 in CBCM technique
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Figure 3.2: (a) The ECBCM circuit topology(b) The proposed array topology

By increasing the gain of the feedback stabilization circuit in the ECBCM, this block

acts as an intermediate block that compares the currents from the reference side and the

sensing side of the circuits. The dropped voltage on node X, (VX) is a funtttda®seen

in equation3-2 and the voltage on node Y (VY) can be obtained from equatin
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32

Qw
Q MM —0 0o »w W p _w 3-3

Vv -

where0 andw are the length and width of N1, add denotes the threshold voltage
of N1.0 is the operloop gain of the OfAmp, Daandw aare the length and width of N3.
_is the channel length modulation parameter®nd ‘ 6 where* and6 stand for
mobility and gateoxide capacitance per unit area, respectively. According to eqia8pn
an increase iif2 "Q causesv to rise, resulting in a boost in tA@current (sed-igure
3.2 (a)). The gain ofQ /'O has been designed to be significantly high by increasing the
aspect ratio (width/length) of N4 over N3. EquatiBfzand3-3 describe the output current
of the ECBCM circuit. EquatioB-4 defines the sensitivity of the device as the change in
the average of the output current over on
capacitance. In this desigme have tried to increase the sensitivity by, first, decreasing the
value of the bias current, iBand second, increasing the gain of iout over differential

capacitances.

Q00 QI WQQ 34
D S

In Section3.4.1, the waveforms of this block and the dependencéQ ofto 0 0
(dC) are illustrated and the linearity and sensitivity of the ECB&RYy circuit have been

investigated using po$ayout simulation results.

3.3.2 ProposedMultiplexing Topology for a Large Array

Figure3.2 (b) illustrates the schematic of the proposed circuit composed of an array of
electrodes. In this topology, a group of IDEs, 16 x 8 in this work, are multiplexed and

connected to only one ECBCM circuit. In this multiplexing scheme, the P(i,j) and N(i,j),
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where i and j represent row and column, respectively, are the epixahdevices. The

gates of each pair of P(KN(i,j) transistors are connected to a network of multiplexed clock

signals, namely](1Ji,j), and [1J[1i,j) shown inFigure3.3. This digital circuitry includes

3-bit and 2bit multiplexers with A, B, C, D, E, ,;and G as the control signals with G being

the most significant bit in this-Bit number The timing signals resulting in [J(Ji,j), and

[10J0i,)) signals generated in the multiplexing circuit for rows i=j=1, i=2, j=1, and i=8, j=16

are shown irFigure3.4, as three examples of how the multiplexing circuitry works. In this
scheme, all the PMOS switches that are connected to the IDEs and provide a charging path

are off except for the one whose IDE is being evaluated, called Active IDE. As an example,

as show inFigure3.4 (b) when the input of the multiplexers, GFEDCBA is 0000001, P(2,1)

and N(2,1) receive the Al and A2 signals wh
(P(i,j) for i ={1,¢é8}f, j={1,2,¢é16}) are al
arechargel at the falling edge ofi(10Ji,j) and dischargedat the rising edge ofi [1[Ji,j).

The clock pulse signals of the reference side that are fed to P7 and Neg(ses.2 (a))

are not multiplexed as the reference is shared for all the EMjse3.2 (b) also shows that

in this multiplexing scheme, all other nawtive IDEs are connected to the ground through

the NMOS device. This is a great advantage in the electrochemical tests that creates a large
counter electrode and makes the voltage of the isolutniformly close to zero. The
electrodes in this work are IDEs implemented on the topmost metal layer with 2 fingers and

dimensions of 35 um by 30 um.
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Figure 3.3: The multiplexing circuitry

3.3.3 Oscillator Circuit

The circuit topology of thescillator, shown irFigure3.5, is based on the charge and
discharge cycles of a timing capacitor, CT, up to a reference v¢ltade The part of the
circuit shown in red illustrates the parts that we have changed compahexCCO circuit
of the nonrarray chipdiscussed irChapter2. The circuit depicted in gray is for tuning
switches that can be considered for changing the frequency of the oscillation frequency. The
circuit in blue illustrates the output stage of the current mirror circuitry from the ECBCM
block. The size of MB1 antB2 is crucial as they play the role of current mirrors in

mirroring the output current of the ECBCGMray into the CCO.
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Figure3.4: Timing diagram of the multiplexed clock pulsgg) when all multiplexing signals

are zero, IDE (1,1) becomes active IDE and receives(itheand [1[] clock pulses. PMOS

and NMOS devices of all other IDEs are high, making the IDE connected to the ground
through the NMOS deviggb) When A becomes high, IDE (2,1) is actiye) IDE (8, 16) is
active when all multiplexing signals are high.

Figure 3.5: The CCO circuit topology. The gray parts are eliminated in the CCO of the array
chip. The parts of the circuit shown in red illustrate the parts that we have changed and
optimized compared to the original circuit. The circuit shown in gd&pictsthe switches

that can be considered for tuning the oscillation frequency. The circuit in blue shows the
output stage of the current mirror circuitry from the ECBCM block

In addition, the value of the timing capacitance, CT, has an inverse relation with the
frequency of oscillation. Smaller capacitance causes a decreased time constant that results
in faster charge/discharge cycles and consequently higher oscillation frgquen

Iff  2fF  4fF 8fF 16fF 32fF 64fF 128fF 256fF SI2fF
4 L L 4 1L 1 1 1 1

sﬁ MR SZI ST s SZI 33;1[ SZ;II SZ}- -

Figure 3.6: Circuit topology for the bank of capacitors of ECBGMray.
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3.3.4 The Bank of Capacitorsfor Offset Capacitance Cancellation

With the proposed calibratieinee measurement technique @hapter2, a smaller
change in the programmable bank of capacitors results in a higher resolution in the scanning
mode. While the ECBCM circuit provides a high dynamic ranige,bank ofcapacitors
enables sweeping the value of the reference capacitor to cancel unwanted offsets, such as
the offset of remnants during the experiment. The sweeping step of 1 fF with 10 bits up to
1024 fF has been made possible with the progranietik of capacitors shvn in Figure

3.6.

3.3.5 Generation of theDigital Output of the Chip

The digital output of the chip is generated in arcbip 12bit counterserializer that
counts the number of pulses received from the oscillaithr no change as discussed in
chapter 2 The sameFi1and F2signals are used to cycle through the counter and the
serializer.In this chip, there are two outputs that worlparallel,and each is connected to
8 x 16 electrodes. In this topology increasing the number of electrodes will result in
decreased speed since the interface circuitry is shared. To avoid that problem the number of

outputs must be increasédhe array &e must be increased.

3.4 Simulation Results

In this section, the simulation results of the circuit for testing the multiplexing scheme
and the performance of differdsibcks are demonstrated and the effects of different corners

and temperatures are discussed.
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3.4.1 ECBCM-Array Bl oc k 6 s Dy naadfensitiviga n g e

Figure3.7illustrates the waveforms of the ECBCM block showRigure3.2 (a) which
is obtained by podayout simulation. As seen in the figure, offl@e becomes higher than
‘Q, the value ofOincreases. Sinc& mirrors Owith a large gain, their waveforms are
alike with a difference in amplitude. In the circuit of the reference s, the current
passing throughh amplified by thed and0 pair. From the circuit of the sensing side,
is the current passing through amplified by th@) andd pair. SincéQ is transitioning
from low to high based on the comparison of'the and'Q, ('Q "Q), it can be said that

the transitioning is based onthie (0 ).

r 800

200 1

r 400

I (HA)
I (HA)

100 1

Time (us)

Figure3.7: postlayoutsimulation results for ECBCMArray circuit. The circuit works like a
comparator of two currentsQ , and"Q The output isQ that transitions in two states of

zero andQ j

Figure 3.8 shows the podhyout simulation results for the transfer function of the
ECBCM-Array block in different input ranges and the corresponding root mean squared
parameter for the linearity. In this simulation, all the bits of the bank of capacitors are zero.
Thus, the reference capacitance is equal to its offset value, showoltsé 260 fF. The
variation of sensing capacitance is the dC value, depicted in the figure, plus the offset
capacitance of the array network, which is estimated to be about 260 fF as well. As seen in

this figure, the linearity of the block can be consideredaeptable amount of R2 = 0.9886
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with an IDR of 100 fF. The linearity of the curve increases for the smaller range of IDR. For

instance, in the IDR of 80 fF, the linearity of the curve becomes R2 = 0.9927.
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S 2490.00
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Figure 3.8: The linearity of thetransfer function is R2 = 0.9886 in the dynamic range of 100
fF while it decreases to R2 = 0.9715 in a larger dC of 200 fF.

Figure 3.9 illustrates the change in the averagef for each 0.5 fF of differential
input capacitance variation in the range of 2 fF within the IDR of the sensor. The simulation
conditions for the bank of capacitors are the same as the conditiémguire 3.8. The

sensitivity of the block based on this ptestout simulation result is 0.59 pA/fF.
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Figure3.9: The change in the average ©f for each 0.5 fF of differential input capacitance
change in the range of2F wi t hi n the range of the sensoro6s dy
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3.4.2 The Resolutionof the Sensor

Figure3.10 shows the podtayout simulation results of the ECBGMtray circuit. This
figure shows that the output current curige, , shifts to left by about 95 ns for a unit dC
increase. The oscillation frequency whéh  "Q  is about 75 MHz in the typical
corner and temperature (25°C) conditions. Thus, the curve for 1 fF higher dC regl2&in
more pulses when[] is low (evaluation period, séagure3.7). Therefore, the resolution
of the sensor is roughly equal to 150 aF. This can be changed in different process corners
and temperatures. The simulation results in different corners and temperature conditions are

given in Sectioa3.4.6and3.4.7.

95 ns shifs to
left for 1{F
dC increase

7.0E-06 7.5E-06 8.0E-06 8.5E-06 9.0E-06
Time (s)

Figure3.10: The amount of shift to left in the output of the ECBEMray circuit as a result
of a unit increase in the differential input capacitance.

3.4.3 Current-controlled Oscillator (CCO) and Back of Capacitors

Figure3.11shows the characteristic curve of the oscillator. The linearly increasing part
of the curve which is the IDR of the CCO is about 1000 pA. In this range, the oscillation

frequency can reach about 90 MHz.
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Figure 3.11: The characteristic curve of the oscillator. The linearly increasing part of the
curve denotes the IDR of the CCO and is ab®000 pA where the oscillation frequency can
reach about 90 MHz.

3.4.4 Bank of Capacitors

The postlayout simulation results show the offset value of the bank as well as the
capacitance values that can be generated withat-tnary input Figure3.12). The offset
capacitance for the bank of capacitors is about 260 fF. Thus, the reference capacitance value

when all the switches are off is equal to tiiflset capacitance.
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Figure 3.12: The comparison between the nominal value of the bank of capacitors and the
postlayout values
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3.4.5 Multiplexing Circuitry

To show the functionality of the multiplexing scheme, we have performedgyasit
simulations by selecting IDEs that are connected to capacitances within the IDR of the
system from different regions of the implemented array. This simulation is toaexteht
of the routing in the array on the readings of the sensor. The results are shkayuneB.13
(a) and (b). IrFigure3.13(a), the average of iout is shown on the left axis and the differential
capacitance that has been connettednIDE, numbeed as mentionedn the xaxis, is
shown on the right axis. IRigure3.13 (b), the IDEs are sorted based on the value of the
capacitance that is connected to them. For instance, IDE (7,1) is connected to a capacitance
of 260 fF which is equal to the offset capacitanotthe bank of capacitors, and IDE (6,10)

is connected to a 260 fF + 83 fF.
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Figure 3.13: Postlayout simulation results for the functionality of the array. IDEs that are
connected to capacitances within the IDR of the system are selected from different regions
of the implemented array. The value connected to these IDEs is equal to the offset capacitance
of the reference side plus the value of dC shown in the figure: (a) Bar graph, (b) Average
output current with respect to dC value.

Results show a linear increase for different IDEs with a root mean squared index of R2
= 0.956. This result shows that the multiplexing scheme can successfully evaluate one
capacitance change connected to the target IDE in the array and can successfafly tu

other IDEs with the insignificant effect of the array routings or other IDEs.

3.4.6 Corner Analysis

Since the counteserializer is a digital block, whose functionality cannot be
significantly altered by process variations, the ECBB8Mr ay and the CCO
variations within different process corners are investigated. Based on the simulation results
shown inFigure3.14 (a), the IDR of the CCO shown &gax-cco varies from 900 pA at the
slow corner to 1.2 mA dhe typical corner and about 1.5 mA at the fast co@eanother
side, the variation in the saturated output current of ECBGMYy block,iout,sa Varies from

around 650 pA to around 1.15 mA in the range of slow corner to fast corner.
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3.4.7 The Effect of Temperature Variation

The effect of temperature on the ECB&Wray and the CCO blocks is investigated
through postayout simulationsFigure3.14 (b) demonstratethe increase ithe effect of
temperature on IMAXCCO and iout,sat. Bincreasing the temperature from 0°C to 50°C
oscillatords | DR d e c,ardaostsaeducasfrorml.3lmArnMoAL.1t o 800
mA. By increasing the temperature, the maximum output current decreases resulting in a

uniform declinein the output value.
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Figure 3.14: Postlayout simulation results: (a) for different corners: Maximum current
causing the oscillation at different corners based on {@gout simulation At the slow
corner, theoscillation stops at 900 pAAt thetypical corner, the oscillation stops at 1.2 mA,
and atthe fast corner, the oscillation stops at about 1.5 ,n) for different temperatures:
Maximum current causing the oscillation at different temperatures based onlgaatt
simulation: At 0°C the oscillation stops at 1 mA, at 27°C the oscillation stops at 900 pA, and
at 50°C, the oscillation stops at about08QA.

This means that for the same dC, an increase in temperature can result in uniformly

smaller values for the output.

3.5 The Fabricated Chip and the TestBench

In this section, we demonstrate and explain the fabricated chip and the test bench.
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3.5.1 The Fabricated Chip

The chip was implemented in AMS 0.35 um CMOS technology. In the layout, an 8x16
array was implemented to one blook ECBCM with the CCO and the 1Bit counter
serializer. To increase the number of electrodes, this layout was repeated in the opposite
direction to build a 16x16 array of electrodes. Therefore, the whole chip is composed of two
independent compartments each wildependent outputs. Also, the IDEs have been
implemented as both passivated (with silicon oxide) andpassivated (bare aluminum
electrode) in both compartments. As a result, each compartment has 8 x 8 passivated and 8
x 8 nonpassivated arrayof electrodes. The layout is shown kigure 3.15 (a) and the

partially encapsulated chip is illustratedrigure 3.15 (b).

3.5.2 TestBenchprinted circuit board ( PCB)

The chipisin a commercial CPGA85 ceramic package on a PCB dedicated to providing
the necessary clock signals as well as data acquisition shdviguire3.16. There are five
different voltage regulators and one multiplexer on this board. Four voltage regulators are
of the type of TLV75533PDBVR, which is a 500A, highPSRR, lowlQ, low-dropout
voltage regulator with 5 V enable voltage, S@3 package, anet0 to 125°C operating
temperature range. Each of these four regulators was used to power analog and digital
voltages to 3.3 V, two for the right side and two for the left side. TLV713185PDBVT, which
is a 506mA, highPSRR, lowlQ, low-dropout voltage regulatavith 5 V enable voltage,
SOT-23 package, and0 to 125°C operating temperature range was utilized for the required

1.85 V reference voltage for the oscillator

the input voltage. TMUX1247DCKR, a precisionatog multiplexer with 3&hm ON
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resistance and raiib-rail capability was also used. Decoupling capacitors were employed
for all the components' input power and output power supplies to reduce the noise.

The PCB was connected to an Arduino DUE board that creates the clock sighals
performs the data acquisitiasing an SPI port. The MCWas configured as a master and
the chip was a slave where data transmits from the chip to the MCU with a shared clock bus,

0 3 Details about théest benclaregiven in Appendix Il1.

(A (B)

Figure3.16: The designed test bench.
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3.6 MeasurementResults

In this section, after showing the characterization results without any samples in Section
3.6.1, we will demonstrate the experimental results using different liquid samples in

Sections3.6.2t0 3.6.5

3.6.1 Characterization Resultswith no Sample

We obtained the characterization curves without any samples. The curves were acquired
by recording the output of the chip as the reference capacitor was swept in its full range for
every pixel. The resulting decreasing patterns are showigume3.17. In these curves, an
increase in CR results in a gradual drop in the output of the chip craditiegr decreasing
pattern. The pattern the same for both passivated and ruassivated electrodes with a
slightly higher value of the outpuwhich indicates a higher capacitance due to the
passivation layer capacitance. Regarding IDE (1,7), a transmission gate is implemented in
series with the IDE which connects and disconnects the IDE to the sensing Eigurig.

3.17 also demonstrates the measurement results for the closed transmission gate that shows
a large shift to the right compared to the IDEs without a transmission gate which indicates

the effect of parasitic capacitances of the transmission gate
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Figure3.17: The output of the chip with the decreasing pattern with respect to the rise in the
value of the reference capacitance

3.6.2 PixelatedResultsfor Monitoring Droplets

To demonstrate the ability of the sensor to differentiate between the liquids with
different dielectric valuesndto determine the position of the droplet, different droplets
with various volumes were put manually by a precise micropipette on the surface of the
electrodes of the partially encapsulated chip. It is expected to see different outputs for the
electrodesavered and uncovered by the sample. We scanned all 256 electrodes once before
and once after putting the droplet. Each-pdlge scanning takeabout 7 minutes. In this
experiment, the top of the sensing area was covered by a lid to provide enough time for
scanning the whole area by decreasing the evaporation time of the drafagbidingthe
effects of light penetration on the measurement. As a result, it is possible to map the droplet
footprint with the sensor readings with an acceptable accuracy to match the image with the
sensor data. by considering the presence and absence of tHe santpbe sensed and
baseline values, respectively, tnetric for the measurement of the capacitance change can
be the difference between these two values. After obtaining this index for all the pixels, a
map was generated that is shown in each pdfiguire3.18 beside each droplet snapshot.

Figure3.18 (a) to (f) are obtained for 0.3 pL of pure wates pL of 10% ethanoin pure
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water,0.5uL of 30% ethanol in pure watgd.5 uL of 50% ethanol in pure wated.5uL of
10% methanol in pure watesind0.5 pL of 30% methanol in pure watarespectively. As
seen in these figures, all the maps indicate that the pixels under the droplet show a higher

differential index than the ones that are cmtered
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Figure 3.18: The microscopic images of the chip during the droplet test (on the left side) and
the differential values of the output with respect to the baseline (on the right side) for: (a)
0.3 pL of pure water, (bP.5 pL of 10% ethanolin pure water, (¢)0.5 uL of 30% ethanol in

pure wateyr (d) 0.5 pL of 50% ethanol in pure watere) 0.5 pL of 10% methanol in pure
water, (f) 0.5 pL of 30% methanol in pure water

3.6.3 Sensitivity of the Sensorto Different Dielectric Constants

To test the sensitivity of the sensor, the chamber was filled with different samples with
different dielectric properties, and the top of the sensing area was covered by a paper lid to
avoid light penetration and slow the evaporation speed of the liquater\\ethanol, and

methanol with dielectric constants of 78.2, 24.55, and 32.7 at room temperature (25°C) were
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