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ASwitched－CqpacitorInterfaceforIntelligent

CapacitiveTmnsducers

KENZO WATANABE，MEMBER，IEEE，ANDWON－SUP CHUNG，STUDENTMEMBER，IEEE

AbsFTYWL－Anovelswitched－CaPaCitorcircuithasbeendevelopedfbr
interfhcingcapacitivetransducerswithdigitalsystems・Itconsistsofa
di鮎rentialintegratorandacyclicanalog－tO－digitalconverter（ADC）・
Thecapacitivetransducerisfirstchargedinproportiontoitscapaci－
tance・Thischargeisnextcomparedwiththatstoredonarefbrence
capacitorandtheirdi鮎renceisconvertedtoavoltagebyadi鮎rential
integrator・Thesensitivityofthiscapacitance－tO－VOltageconversionis

controlledbytherateofthechargeaCCumulation・Abinaryoutputis
obtainedfromtheresultantvoltagebyanalog－tO－digitalconversion・

Thewholeoperationisinsensitivetoparasiticcapacitances，OfF岳et

voltagesofopampsIandthecapacitorvaluesinvoIvedinthecircuit・

ThustheproposedcircuitpermitsanaccuratedifFbrentialcapacitance

measurement．Anerroranalysishasshownthattheresolutionashigh
as14bitscanbeexpectedbyrealizingthecirctlitinamonolithicIC
fbrm．BesidestheaccuracyIit Eeatures thesmalldevicecountinte－

grableontoasmallchiparea・Thecircuitisthussuitedparticularly

fbrtheon－Chipinterfhce・Itsapplicationtoahumiditysensorisalso
presented．

T　　　　　　　　　Ⅰ．INTRODUCTION

HEdevelopmentofintelligentsensorsisnowoneof

themainconcemSOfcontroIsystemsandautomation・

Toprovidesensorswithinte11igence，aninterfacecircuit，

Whichconvertsthesensedvariableintoadigitalnumber，

isindispensablebecauselinearization，COmPenSation，and

Calibration are accomplished with a microprocessor・In

CapaCitive transducers fbr senslng humidity，preSSure，

且ow，andsoon，thestandardmethodofanalog－tO－digital

COnVerSionis capacitance－tO－frequency conversionll］，

［2］・ThisfreqTenCyenCOdingallowssimpleandrobust
datatransmisslOnl3］，buthighresolutioncannotbeex－

PeCtedinasolid－StateSenSOrbecauseitscapacitancevari－
ationissmallando鮎etbyalargefixedcapacitancel4】，
【5】．

Encodingthecapacitancevariationonlyintoadigital

numbercanbeaccomplishedbyacapacitancebridgefo1－

lowedbyanamplifier，adetector，andananalog－tO－digital

COhverter（ADC），althoughitsfrequencyencodingisalso

possible・Itisimpractical，however，tOincorporatesuch

ahybridanaloganddigitalsignalprocesslngSySteminto

asensoruslngpreSentlyavailablecircuits，becauseitsim－

plementation requlreS alargenumberoftrimmedcom－
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ponents・Thusanaltemativemeansshouldbeexploited

fbranintelligenttransducer・

AccuratehybridanaloganddigitalsignalprocesslngCan

easilybeperfomedbyswitched－CapaCitorcircuitsfabri－

Cated with advanced MOS technologleS．Therefbre the

SWitched－CaPaCitortechnologyis best suited fbrimple－

mentingtheinterfaceofacapacitivetransducer・Several

SuChcandidatetechniqueshavebeenreportedsofar，but

SOme Ofthem are applicable only to capacitance ratio

measurements［6］，【7］andtheothershavenoprovision

fbrdigitaloutput【8］，【9］．

Thispaperdescribesanovelswitched－CapaCitorcircuit

Whichdetectsthecapacitancedi鮎rencebetweenacapac－
itivesensorandareferencecapacitorandthenconvertsit

into a binary number．Followlng thisintroductory sec－

tion，itsconfigurationandpnnciplesofoperationareglVen
inSectionII．Anestimateoftheresolutionattainablewhen

itisrealizedinamonolithicICform，SOmeeXperimental

results，andanapplicationarepresentinsubsequentsec－
tions．

II．CIRCUIT DESCRIPTION

Fig．1（a）shows the circuitdiagramofthe switched－

CaPaCitorinterface．Here，Crrepresentsacapacitivesen－
SOrandC，isthereferencecapacitorwithwhichtheca－
PaCitanceofasensoristobecompared・Theoperationof
thecircuitcanbedividedintofourstates，Whosesequence
is showninFig．1（b）．Inthe“reset”state，thecircuit

Clearstheshiftregisteranddischargesallthecapacitors

bytumlngallthegroundedswitchesandS5andS120n・

InthesubsequentHsenseHstate，itsensesthecapacitance

di鮎renceACbetweenCrandC，，tOprOducethevoltage
鴨PrOPOrtionaltoAC．Afterscalingthesensedvoltage
鴨andstoringthescaledvoltage Ttintoappropnateca－
PaCitorsinthe“scale”state，thecircuitconvertsTtinto

abinarynumberintheHconversion，，state・Thedetailed

Operationineachstatewillbedescribednext・

A．∫e〝∫e gJdre

ThecircuitdiagramfbrthisstateisshowninFig・2（a）・
ThecapacitivesensorCr，thereftrencecapacitorC，，and
OPamPAlformthedi鮎rentialintegrator・Itsoperationis
COntrOlledbythetwophaseclocks4・and¢Withthenon－

OVedappingperiodtd．TheirtimingisshowninFig・2（b）・

When¢＝1，Crischargedtothereferencevoltage Tt

throughSlandS5，WhileC，isdischargedtoground・In
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Fig・1・（a）Circuitdiagramoftheswitched－CapaCitorinterfaceand（b）the

StateSlgnalscontrollingitsoperation．
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Fig・2・（a）Circuitcon丘gurationand（b）timingdiagramofthenonover－

lapplngtWO－PhaseclockintheHsense＝state．

thenext¢＝1phase，thechargestoredinCristrans－

ftrredintotheftedbackcapacitorCl，WhileCrischarged

toV；throughS3・SincethechargeC，Vlalsoflowsthrough
Clinthe direction opposite to thatdueto Cx，the net
Chargestoredin Clis（Cr－C，）Tl．Thisprocessisre－
Peatedmtimes，untilopampAIPrOducesthevoltageTh

均＝椚（G－q）り／Cl＝椚AC竹／Cl　　（1）

WhereAC＝Cr－C，・TheopampA2isinactiveduring

this state．

月．∫CαJg∫JαJe

ThecapacitancedifftrenceACsensedinthepreceding
StateisreferencedtoCl・SinceClisnotalwaysdefined，

itshouldbescaledbyCr・Thisisaccomplishedinscale

StatebythecircuitshowninFig．3（a）．OpampAlnOW

formS，incoqunctionwithClandC，，thenoninvertlng

ampliRer，WhileopampA20PerateSaSaSample／hold（S／

H）circuit・EachswitchinvoIvedisdrivenbythenonov－

erlapplngfbur－Phaseclock，WhosetimlnglSShowninFig・
3（b）．

（a）

SCALEJ　　「

中，J　　」

ヰ2＿」　」

ヰ3＿山
中4＿　」　⊥

（b）
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Fig・3・（a）Circuitcon負gurationand（b）timingdiagramofthefbur－phase
Clockinthe Hscale，，state．

Theoperationineachphasecanbeidentifiedbythe
Clocksignalindicated．nexttothecontrolterminalofeach

SWitch・Here，¢1，3denotes¢1＋¢3．Inthe¢1＝lphase，

thecircuitdischarges C，tOgrOund．Inthenext¢2＝l

Phase，ittransfersthechargestoredinClinthepreceding

“sense”stateintoC，．OpampAlthenproducesthevolt－

ageglVenby

竹＝椚ACK／C．　　　　　　（2）

ThisvoltageissampledandstoredinC3Withthepolarity

indicatedinthefigure・Inthe¢3＝lphase，OPamPA2

0PerateSaSaholdcircuitandcharges Gto Ttthrough
SlO，S15，andS5・ThechargethusstoredinGisnexttrans－
ftrredintoClinthe¢4＝1phase，WhileopampA20P－
eratesasacomparatortotestthepolarityofTtheldinC3．
Ifitispositive，thenoneisstoredintheslgnbitbo・0th－
erwise，ZerOisstoredinbo．ThecapacitorsCl，Ci，and

C3StOrethevoltagesT巧，0，巧，reSpeCtively，Whereγ＝
ら／Cl・Thiscompletestheoperationinthisstateandthe
Circuitisnowreadyforthenextstate．

C．C〝Ver∫わ乃∫ねe

Inthisstate，theinterfacecircuitconvertsthecapaci－

tancediffbrence ACscaledby Crintothen－bitbinary

numberbbyiteratlngthefbllowlngarithmeticoperation
【10】：

y（f）＝2y（ト1）＋（－1）か－1り　　　（3）

弓こ；
ify（り＞0

0thenvise

（′＝1，2，・‥，〃）　　　（4）

WhereV（0）＝竹，andblandbnarethemost－Significant
bit（MSB）andleast－Significantbit（LSB）ofb，reSpeC－
tively．

Thecircuitdiagramfbrexecutingthealgorithm（3）is

ShowninFig・4（a）・Controlledbythenonoverlappingfive－

PhaseclockwhosetimingisshowninFig．4（b），OPamp

Al，Cl，andCbformthearithmeticcircuittoperfbrmthe

OPerationinvoIvedin（3），WhileopampA20PerateSaSa

S／HandcomparatorcircuittodeterminethevalueofbL

accordingto（4）．LetthevoltagesγV（i－1），0，and V（i
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Fig．4．（a）Circuitcon負gurationand（b）timingdiagramofthefive－phase
clockinthe“Conversion’’state．

－1）bestoredinCl，C2，andC3，reSpeCtively，andthe
valueofbi＿lbestoredintheshiftregisterbythe（i－

1）thcycleofoperation．Inthenextithcycle，thevoltage

V（i）isproducedandthevalueofbiisdeterminedasfb1－

lows【11】．

¢lPhase：Ifbト1＝1，thenthearithmeticcircuitfbrms

theinvertlnglntegratOr・Itsinputistt・Thevoltageacross

ClthenbecomesγiV（i－1）－VJ・Thesubtractionin－
voIvedin（3）isthusexecuted．Ifbi＿1＝0，0ntheother

hand，C2ischargedtoV；throughS13andS5・Thevoltage
acrossClthenremainsunchanged．OpampA2holdsthe
voltageV（i－1）acrossC3untilthe¢4＝lphase・

¢2Phase：Thearithmeticcircuitfbrmsthenoninvert－

lnglntegratOrifbi＿1＝0・ItsinputisthevoltageV；stored

in Ciinthelast4・lphase．The voltage across Clthen
becomesT（V（i－1）＋VJ．TheadditioninvoIvedin（3）
isthus executed．Ifbi＿1＝1，then C2is dischargedto

groundthroughS5・Thevoltageacross Clthenremains
unchanged．

¢3Phase：TheholdopampA2ChargesC2tOV（i－1）

throughS15andS5・
¢4Phase：Thearithmeticcircuitformsthenoninvert－

lnglntegratOr・ItsinputisthevoltageacrossCl・Thevolt－
ageacross C2，andthustheoutputofopampAl，then
becomes V（i）givenby（3）．Thisvoltageisalsosampled
intoC3．

4＞5Phase：Forming the noninvefting ampli丘er，the
arithmeticcircuittransfersthechargestoredinC2inthe

last¢4Phasebackinto Cl・Thevoltagesacross Cl，C2，

andC3arenOWγV（i），0，and V（i），reSPeCtively・Oper－

atingasacomparator，OpampA2teStSthepolarityofV（i）

StOredinto C3，tOdeterminethevalueofbi・Thiscom－
Pletesonecycleofoperation・

Thisconversioncycleisrepeatedntimes，untiltheca－

pacitancedifftrenceACscaledbyC，isconvertedintothe

n－bitnumberwithanadditionalsignbitbo：

椚AC／C＝（－1）如（み12‾1＋あ22‾2＋・‥＋あ乃2‾つ．

（5）

III．RESOLUTION EsTIMATE

In this section，We eStimate the resolution attainable

Withthisinterfacewhenallofthecircuit（exceptCrand
C，）isimplementedintheMOSICprocess・

InspectingFig．1（a），OneCaneaSilyfindthattheoper－

ationoftheinterfaceisnotafftctedbytheoffsetvoltages

Ofopamps andtheparasitic capacitancebetweeneach

nodeandgroundl12］，【13］・TheA／DconveTFionprocess
does not depend upon the capacitance ratlO Y either・

Therefbrethemainerrorsourcesarethefeedthroughof

Clocksignalsthroughgate－SOurCeandgate－draincapac－

itorsofMOSswitchesandthefiniteopen－loopgalnSOf
OPamPS．AlltheswitchesinFig．1（a）are，infact，in－
VOIvedintheclockftedthrough，butthoseswitcheswhich

areconnectedtotheinvertlnglnPutterminalsofopamps

CauSethemostseriouse鮎ct．LettheswitchesS5andS12
injectthechargeQftOWardstheinvertinginputterminals
WhentheyturntheirstatesfromoNtOOFF・LetalsoAbe
theopen－loopgalnOfopampsAlandA2．Thentheoutput

VOltageofopampAlintheHscale，’stateisglVenby

α（ACり＋彷）
Ⅵ＝

α

Where

1－α椚

1－α

C〈1＋（Cr－G）夙q〉

椚AC K

ql＋2／d

1＋1／d

1＋Cr／dCl

＋（∽＋1）彷／C　　（6）

（7）

andCT＝C，＋Cr＋Clisthetotalcapacitanceconnected

totheinvertlnglnPutOfopampAlinthe“sense’’state・

Inderivingthefinalexpressionof（6），Cr三C，andCT＝

2ClareaSSumed．Thefirsttermof（6）indicatesthatthe

reductionoftheop－amPgalnisequlValenttoscalingthe

referencevoltageTlbyl／（1＋2A．1）．Thesecondterm，

andhencethecontributionoftheclockftedthroughcharge

inthe“sense’’and“scale’’states，Canbemeasuredsep－

aratelybysettingTt＝0．Therefbretheresolutiondefined

astheratiobetween C，andtheminimumdetectableca－

PaCitance differenceislimited by the accuracyln the
A／D conversion．

Takingthefiniteopen－loopgainAandthefeedthrough

ChargeQfintoaccount，OneCanderivethefollowingit－
erativeequationfbrtheconversionalgorithmexecutedin
the“Conversion”state：

F’（り＝
2y’（i－1）

1＋2／d
＋（－げトlα

＋（2＋あト1）砂／Cl

1＋2／d

（8）



WATANABE AND CHUNG：SWITCHED－CAPACITORINTERFACE

Whereapnmedenotestheerroneousquantlty・Itisnoted

in（8）thatthescaledreferencevoltageisincludedexplic－

itlytocompensatefbrthereductioningalninthe‥sense‥

and“scale’’states・Executing（8）ntimes，theADCpro－

duces，tOafirstorder，theerrorvoltage

Ay＝△均＋△竹＝2乃（（1－2／d）〃－1）γ（0）

＋∑（一軒2g（（1－2／d由一1／d）－1）り
i＝0

＋〔州＋墓石f－1弓的 （9）

WhereA叛andA竹aretheerrorvoltagescausedbythe
finitegainAandthefeedthroughchargeQf，reSPeCtively．
WhenV（0）＝Tl，andhenceallbi，sassumeo，theerror

VOltageAVbecomesmaximum：

【Ay］。aX＝2〝（3d‾1＋4坊／ClK）叶．（10）

FortheA／DconversiontobeaccuratedowntoitsLSB，

thiserrorvoltageshouldbelessthanTt．AssumeA＝80

dBandthesignal－tO－nOisechargeratioCIVJQf＝2×

104，WhichisobtainablewithpresentlyavailableMOS
technologleSiftheclockfeedthroughcancellationscheme

isaccommodatedl12］・Then，theaccuracyoftheA／D
COnVerSionisestimatedtobellbits．

Theminimumdetectablecapacitancedifftrenceisthen

glVenby

【AC］mi。L l
＞

q　′211〝7
（11）

Theresolutioncanbeincreasedbyincreaslngm，butit

increasestherelativeerrorinI雪intum．Expanding（6）
intotheTaylorseries，OneCan負ndthattherelativeerror

in愕isgivenbシ（m－1）／2A．Tokeepthiserrorwithin
l／2LSBofllbits，mShouldbesmallerthan6．Thusthe

resolutionobtainablebyrealizingthisinterfaceinanIC
brmisestimatedtobe13－14bits．

IV．ExpERIMENTAL RESULTS AND AppLICAT10N

BasedontheschemeshowninFig．1（a），aprOtOtyPe
interfacewasbuiltuslngdiscretecomponents・Theop
amps and switches used were LF356and CD4066，re－
SPeCtively・ThecapacitorsCl，G，andC3WereChosento
be2・2nF・Therefbrencevoltage V；wassetto2V．To

COn丘rmthepnnciplesofoperation，aVariablecapacitor

513±30PFwasusedbrCranditscapacitancechange

WaSmeaSuredwithrefbrencetoCr＝513pF・Insteadof

measunngthecontributionoftheclockfbedthroughtoII

SeParately，theclock－fbedthroughcompensation scheme

inFig・5wasincorporatedtominimizeit・Notechnique，

however，WaSadoptedtocanceltheclockfeedthroughin
the“Conversion，，state．

Fig・6showsexperimentallyobservedwavefbrmSWhen

theinterfacesensedthecapacitancedifference△C＝30

PFandconverteditintothe8－bitbinarynumber．Theac－

CumulationfrequencymwassettolO・Theuppertrace

ShowstheoutputvoltageofopampAl・Thestepvoltage

Cx Cl

中量JL－ムーlrも

Fig・5・0ffsetcompensationschemeinthe‥scale‥state．
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Fig・6・Experimentallyobservedwavefbrmswhentheinterfacemeasured

thecapacitancedifftrenceAC＝30pFwithreferencetoCr＝513pF・

（Uppertrace‥theoutputvoltageofopampAt・Lowertrace：thebitpat－

terngenerated・Verticalscale：lV／div（uppertraCe）and5V／div（lower
trace）・Horizontalscale：0．2ms／div．）

inthe‘‘sense，，statecanbeseenintheleftpartincreaslng

Withthechargeaccumulation・Afterbeingampli丘edbv

Cl／C，＝4・29inthe“scale”state，thesensedvoltageis

Su句ectedtotheA／Dconversion・ThevoltageV（i）pro－
ducedinthe“conversionHstatecanbeseenfromthecen＿

tertotheright・ThepolarityofV（i）isreflectedonthebit
PattemShowninthelowertrace．Eachbitisidentifiedin

thefigure・Thefirstbitbo＝lindicatesCr＞C，．The

binarynumber（1001010）BObtaineddi鮎rsbylLSBfrom
thatcalculateduslngthecapacitancemeasuredbyacom－

merciallyavailablefbur－terminal－Pairbridge・Thisdiffer－

encewasattributedtotheclockfeedthroughintheHcon－
VerSlOn”state．

TheoutputcodesobtainedbyvarylngCrareplottedin
Fig・7Withtheaccumulationfrequencymasaparameter．

Here，JLSBfbrm＝10correspondstoAC＝0．4pF

andthatfbrm＝3toAC＝1・33pF・Theresultsarein

goodagreementwiththosepredictedbythecapacitance

di鮎rencemeasuredbythefour－terminal－Pairbridge，a1－
thoughtheerrorduetotheclockftedthroughamountsto

alLSBfbrm＝10atAC＝30pF・InanICrealization，

thiserrorwillbegreatlyreducedbyaccommodatingthe
Clockftedthroughcancellationscheme．

Thisprototypeinterfacewasappliedtotheslgnalpro－
CeSSlngOfthehumidity sensormadeofathincellulose

acetatefilmdepositedonaglasssubstrate．Thesensorcan

berepresentedelectricallybyaparallelcircuitoftheca－

PaCitorqandtheresistorF。・Theirvaluesmeasuredat
400CatlOOkHzbythecommercialbridgearelistedin
TableI・ThereferencecapacitorCr＝555pFwasused

fbrcancellingtheoff岳etcapacitanceofthesensor．The

accumulationfrequencymandthebinarydigitnwereset

tolOand9，reSpeCtively・Thebinaryvalueinhexcode

VerSuSrelativehumiditylSPlottedinFig・8・Thesolidline
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TABLEI
ELECTRTCALCHARACTERISTICSOFTHEhUMIDITYSENSOR

Fig・7・Outputbinarynumberversusthecapacitancedifferencewiththe
accumulationfrequencymasaparameter・

Fig・8・Outputhexcodeversusrelativehumidityobtainedusingathince1－
1uloseacetateRlmhumiditysensor・

showsthevaluecalculateduslngthecapacitancelistedin

TableI．Bothareagalningoodagreement，Whichindi－

catesthatasmallcapacitancechangecanbedetectedac－

curatelyinsplteOfthelargeoffsetcapacitance・Thelin－

earizationcanbeeasilyaccomplishedbymeansofROM・

V．CoNCLUSIONS

Aswitched－CapaCitorcircuitforinterfacingacapacitive

transducerwithadigitalsystemhasbeendescribed・Be－
causeofasmalldevicecount，theinterfacecircuitcanbe

realizedinamonolithicICfbrmuslngpreSentlyavailable

MOS technologies・Its operationisinsensitive to both

Rn （完） Cp （pF） ㌔ （M ）

20 547．7　 ＞2×104

30 548．8　 ＞2×104

40 550．3　 ＞2×104

50 551．6　 ＞2×104

60 553．9　 ＞2×104

70 557．6　 ＞2×104

80 561．3　　 1279

90 566．2　　　 564

ParaSiticcapacitances，OP－ampOffsetvoltages，andcom－

ponentvariation・Thusitallowshigh－PreCisionprocess－

lngOfthetransduceroutputslgnal・Theerroranalysishas

shownthattheresolutionashighas14bits canbeex－

PeCtedfromtheintegratedversionoftheinterfacecircuit・

Thereforethecircuitpresentedhereisbestsuitedfbra
built－ininterfaceofasolid－StateCaPaCitivesensor・
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