
1296

IEEETRANSACTIONSONINSTRUMENWIONANDMEASUREMENT，VOL・50，NO・5，OCTOBER2q）1

ASwitched－CapacitorInterfacefbrDifftrential

Capacitance廿ansducers
SatomiOgawa，MemberIEEE，ⅦtakaOisugi，KolわiMochizuki，MemberIEEE，andKenzomtanabe，Fbllo叫LEEE

AbshrYZCトーFor high・aCCuraCy SIgnalprocesslng Of difrbren・

tiaIcapacitancetransducers，aninterfhcecircuitrybasedona

Switched－CaPaCitor（SC）sample仙01d（S／H）circuitisdeveloped．

DrivenbynonoverlapplngtWO－phaseclocksItheinterfhcepro・

ducesthe outputvoltage whichis proportionalto the ratio of

di恥rence・tO－SumOftwocapacitorsofadi恥rentialtransducerl
Perbrmances of a prototype chip hbricated uslng O・6・Pm

n・WellCMOSprocessweremeasuredandcomparedwiththose
SimuIatedbyHSPICE．ThemeasuredresultsindicatethatO．1％

resolutionis achievabIewiththe proposedinterfhce and the
temperature－dependence oftheinterfhceis small．Aninterfhce

Circuitimproved払r smaller temperature・dependenceis also

PrOpOSedanditsoperationisconfirmedexperimentally・

Indbx7bnns－CMOSintegrated circuitIdi恥rentiaJcapaci・
tancetransducer，ratiometricslgnalprocesslng†SamPleandhold，

Switched・Capadtorcircuit．

A　　　　　　　　I．INTRODUCTIONDIFFERENTIAL capacitance transducer consistlng Of

two capacitorsis widelyusedto detect suchphysical

quantitiesaspressuredifftrence，lineardisplacement，aCCel－

eration，androtationalanglel1］．Itselectricalequivalentis

ShowninFig・1，WhereCaandCbaretWOCaPaCitorswhich
Change complementarily with a measurand．In a rotational

angleencoder，CLandCbchangelinearlywiththeanglex

Cα，b＝箸（1珂　　（1）

WhereCo＝Ca＋Cbisthetotalcapacitance・Inpressuretrans－

ducers，Ontheotherhand，CaandCbChangehypefbolicallywith

appliedpressureこr【2］

Ct，1
（完，b＝－－

21士∬
（2）

Ineithercase，themeasurandxcanbeextractedindependently

OfthetotalcapacitancebythefollowlngratiometriCoperation：

rl∫一㍍
（3）

BesidesthelineareXtraCtionofameasurandx，theratiometriC

OPerationhasanotherdistinctftaturethatcapacitanCeChanges
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丈b
Fig・1・Equivalentcircuitofadiffbrentialcapacitancetransducer．

duetotemperaturewhichwouldotherwisebeam叫Orerror

SOurCeareCanCelledandhavenoefftctontheaccuracyifsignal

PrOCeSSlnglSinsensitivetoparaSiticcapacitancesq，a，Cbb，
andCpc・

Severalmethodshavesofarbeenproposedfbrtheratiometric

Operation．Themostconventionalmethodisbasedondetection

OfcurrentsflowlngthroughCbandCb・Theratiometricopera－

tionisthenperfbrmedbycontrollingtheamplitudeoftheexci－

tationsuchthatthetotalcurrentthroughCaandCbisconstant

l3］－［6］・Theratiometricoperationcanalsobeperfomedby

ananalog－tO－digitalconverter（ADC）withthereftrencebeing

anelectricalvariableproportionaltoCa＋Cb．Suchmethods

usingacharge－balancingl7］，OVerSamPling△∑modulatingl8］，

［9］，OrSuCCeSSive－aPPrOXimationl10］ADCprovidethedigital

equivalentofameasurand．Theothermethodsusetherelax－

ationoscillatorconsistlngOfanintegratorandacomparatOr，

PrOVidingameasurandinthedigital［11］ordutyratio［12］fbrm．

RatiometricslgnalprocesslngbasedontheADCorrelax－

ationoscillationissuitedforcointegrationwithmicromachined

transducers，butislimitedtolow－Speedapplications・Thecur－

rentdetectionmethodhastherefbrebeenusedexclusivelyfbr

high－SPeedratiometricslgnalprocesslng・Thesignalprocesslng

iseasy・butrequlreSaSinusoidalexcitationwiththelargeam－

Plitudetoobviatethetemperature－dependentvoltagedropofa

diodedetector・Tballeviatethisproblem，arelaxationoscillator

includingthechargeamPlifierhasrecentlybeenproposed．［13］．

ThismodinedoscillatorallowsaslgnalprocesslngSPeedupto

lO5sample／S（SamPles／S），butrequirescomponentmatching・

ACMOSinterfacefbrhigh－SPeedratiometricoperationisre－

quiredbymicromachineddifFbrentialcapacitancetransducers

fbraccelerationandrotaryanglemeasurements・Tbrespondto

therequest，aninterfaceisdevelopedbasedonaswitched－Ca－

PaCitor（SC）samplenlOld（S／H）circuit．Thispaperdescribesits

COnfiguration，aCCuraCyeStimates，andsimulatedandmeasured

perfbrmancesofaprototypechipintegratedbyaO・6－Pmn－Well

CMOSprocess・Animprovedcircuitis且nallyglVentOreduce

thetemperaturedependence・
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n・l n n＋1

（b）

Fig・2・（a）Circuitdiagrarroftheinterface．（b）Timingdiagramofthenonover－

lapplngtWO－Phaseclocks・

ⅠⅠ．INT℃RfACE

Fig・2showstheinterfacecircuitforratiometricslgnalpr0－

CeSSlngOfdifferentidcapacitancetransducers・Itisbasically

theSCS／HcircuitwithtwotransducercapacitancesCa and

CbbeingS丑Icapacitors．CapacitorChisanadditionalholdca－

PaCitortomitigatetheslewraterequirementofop－amPAl14］．

Iftheop－amPisidea］，Caischarg申to（佑1－Th）andCbtO
（隼2－Th）inthe4・Phase・Inthe4・Phase，tWOCaPaCit9rSare
COnneCtedinparallel，tOPrOducetheoutputvoltagel㍍（4））

鴨（∂）＝鴨＋
Cα（隼1－鴨）＋q（佑2－鴨）

Cα＋q

Cα号1＋q佑2

プα＋Cb
（4）

Where鴨isthebias，OltageappliedtothenoninvertinglnPut

terminalofanOP－aITPfortheslngle－SuPPlyoperation．If佑1
and佑2areSettO

仇＝警＋町

佑2＝竺空＿隼
2

thenlも（∂）isgivenby

輌）＝竿＋弼・

1297

（7）

Parasiticcapacitanceshavenoeffectontheratiometricopera－

tionbecauseq，aand（示areCOnneCtedtovoltagesourcesand
qp。iskeptchargedtoVb．Thisalsoholdstruefbrtheholdca－

PaCitorChbecauseitmerelyprovidestheftedbackpathinthe

4＞Phase．

ErrorsourcesinvoIvedintheinterfacearethe丘nitegalnand

theoffsetvoltageofanop－amPandthechargelqeCtionfrom

SWitches・Letthefrequency－dependentgalnOfanop－amPbe昭
丁
の
T
 
d

A（S）・TheoutputvoltagesVL（¢n）andl左（転）inthe d
na¢

Phasesatthetimen，reSPeCtively，arethengivenby（8）and

（9），Shownatthebottomofthepage，WhereCp。istheparaSitic

CapaCitanceatthecommonelectrodeofatransducer．IfCh≫

Ca＋Cb，thenVL（¢n）in（8）canbeapproximatedby

鴨（¢m）＝叱（ん＿1）＝
Cα－G，，．1もD

隼十二三二　（10）
（完＋Cb1　　2

Substituting（10）into（9），Wehave

瞞）＝讐十方町　　（11）
Equation（11）indicatesthattheerrorvoltageduetothefinite

gainwhichisstoredintoGandCbinやe¢phasecompensates
thecorrespondingoutputerrorinthe4・Phase，therebymaking

theratiometriCoperationinsensitivetothennitegain・Theoffset

VOltageoftheop－amPinthe4）Phaseisalsocompensatedby

thatstoredintoCaandCbinthe¢phase．TYlerefore，nOSPeCial

designstrategylSrequiredfortheop－amP・

Theerrorfactorthatlimitstheoperationalaccuracyisthere－

fore chargelqeCtionfromswitches Ml，几毎”andMi．The

errorvoltage6th（岳）duetochargeirtjectionisgivenby

∂鴇（∂）＝
QJ，t。tal

Cα＋Cゎ
（12）

Where

QJ，t。tal＝QJl＋QJ2＋QJ3　　　　（13）

andQfiisthechargeirtjectedtoCαandCbfromswitchMi（i＝

1，2，3）．TheiqjectedchargeCOnSistsofthechannelchargeqcH

andtheclock－feedthroughcomponentqcL

QJ＝qcH＝qcL （14）

（5）　where

（6）

肛H＝CcH（l七一位）／2

qcL＝CoLlも

1（Cα＋q）矧硫－1ト（Cα－Cゎ）（佑＋響）
榊m）＝帰れ－1）＋百・

鴨（ん）＝

Cん＋Cq＋Cb＋C

Cん　　　　　A（β）

（Cα－Cも）隼＋（Cα＋q）学＋（Cα＋Cb＋q。）鴨（¢m）／A（β）

（Cα・C坤＋
Cん＋Cα＋Cも＋C

Cん

（8）

（9）
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Fig．3．Op－ampperfbrmances・

andCcH，CoL，andt与arethechannelcapacitance，theoverlap

capacitance，andthethresholdvoltageoftheMOSswitch，re－

Spectively，andVbisthegatevoltage・Substituting（14）into（12）

andnotlngthatqcHisindependentofCaandCbandthatqcLis

sharedbetweenCoLandCa（OrCb），Wehave，tOthe丘rstorder

∂佑（∂）＝
qcH，tOtal＋qcL，tOta1　2CoL

C。　　　Cg（1－∬2）
・qCL，t。tal・（17）

Thenrsttermin（17）representstheoffseterrorwhichcan

benullinedbytheoffsetaqustment・Thesecondtermisthe

nonlinearerrOrthatlimitstheultimateaccuracy・Specincally，

qcL，tOtalisof・theorderoflpCandCoListypICally20fF・

AssumlngCo＝10pF，thenthenonlinearerrOramOuntStO

2mVReducingtheclock－feedthroughcomponentbytheuseof

small－dimensionedswitcheswiththedummycompensationis

cruCialforhigh－aCCuraCySlgnalprocesslng・Reducingthegate

aspectratio，however，increasestheon－reSistanceofaswitch

andthereby decreasesthe operationalspeed・Therefbre，the

switchshouldbedesignedbasedonthecompromisebetween

theaccuracyandthespeed・

III．PERFORMANCESIMULATEDBYHSPICE

PerfbrmancesexpectedfromCMOSrealizationaresimulated

byHSPICEwithO・6－IlmCMOSprocessparameterS・Asimple

two－StageCMOSop－amPCOnSistlngOfadifferentialpairfb1－

lowedbyarail－tO－railoutputstageisdesignedfbrlowvoltageand

lowpoweroperation・Fig・3showsperfbrmancesoftheop－amP・

Thedcgalnistypically84dBandthedominantpoleislocated

at30Hz．Performancesoftheinterfaceuslngthisop－amPand

switcheswiththeaspectratioW／LpMOS＝13・OFLm／0・9FLm，

W／LNMOS＝4・OILm／0・9／LmareCOmParedwiththoseusingan

idealop－ampandswitcheswiththesameaspectratioinFig・4・

TTleSePerfbrmancesarequlteSimilar・ThisconfirmSthetheoret－

icalanalysisdescribedintheprevioussectionthattheratiometriC

OPerationisinsensitivetononidealperfbrmancesofanop－amP・

ErrorvoltagesfbrdifferentswitchdimensionsareCOmParedin

Fig・5・ThecompariSondemonstratesthatthechargelnJeCtion

isdependentontemperature，andreducingthechargelqeCtion

iscriticaltohigh－aCCuraCyPrOCeSSlng・

Fig・6showstheon－reSistanceoftheswitchasafunctionof

theinputvoltage・Theon－reSistanceoftheswitchisl・5kOat

maximum・AssumlngCo＝10pF，theO・1％settlingtimeis

l
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且
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（C．－Cb川C．＋Cb）

（d）

Fig・4・Simulatedperfbrmancesofaprototypechip・Theaspectratiosof

switchesarelr／LpM。S＝13・0／Jm／0・9FLm，W／LNMOS＝4・0〃m／0・9pm・

（a）Outputvoltageand（b）thedeviationftomtheidealvalueasafunction

芯慧憲慧還芸芸i慧憲憲二芝。三㌢ミa慧荒荒謂
capacitancedifference－tO－Sumratio，aSSumlnganidealop－amp・

104ns．Thisimpliesthattheclocksignalashighas4・8M地
isallowedtodriveswitches・Infemingfromtheop－amPperfbr－

mances，however，theclockfrequencywillbelimitedtoIMHz

inpractice・MuchhighersamplingratelSPOSSiblebyincreasing

thepowerconsumptlOnOftheop－amP・
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Fig・5・Errorvoltageasafunctionoftemperature・（a）SwitchaspeCtratio：
W／LpM。S＝13・Opm／0・9ILm，W／LNMOS＝4・OILm／0・9FLm・（b）Switch

aspectrati0：W／LpMOS＝65・OFJm／1・2pm，W／LNMOS＝20・0〃m／

1．2〃m．
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Fig・6・On－reSistanceoftheswitch・

ⅠV PERFORMANCESOFPROTOTYPEINTERmCES

Theinterface ofFig・2wasintegrateduslngtheO・6－FLm

n－WellCMOS process・The op－amP describedin the pre－

vious section and CMOS switches with the aspect ratio

W／LpMOS＝13・Opm／0・9ILm，W／LNMOS＝4・OFLm／0・9pm

areusedforimplementationoftheinterface・Fig・7showsa

microphotographoftheprototypechip・Inadditiontotheinter－

facecircuitshowninFig・2，thechipincludesaconventional

op－amP－basedS／Hcircuitandthetwo－Phaseclockgenerator・

ThequleSCentCurrentOftheop－amPandtheclockfrequency

canbeadjustedbymeansofextemalresistors・Tbevaluate

perfomanCeOfthechip，PalrSOfmicacapacitorswiththetotal

capacitorCobeing50PFwereusedinplaceofatransducer・

ThepowersupplyvoltagelもDis5VTheclockfrequencylS

Fig・7・Microphotographoftheprototypechip・
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Fig．8．MeasuredperformanCeSOfaprototypechip・（a）Outputvoltageand

（b）thedeviationfromtheidealvalueasafunctionofcapacitanCedifftrence－tO－
Sum ratlO．
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Fig・9・Outputvoltageasafunctionoftemperatureoftheprototypechip・

setto100kHz．Thereftrencevoltages佑1andl与2are5V

andOVirespectively・Typicalmeasurementresultsareshown

inFig．8．TheoutputvoltageplottedinFig・8（a）isproportional

tothedifftrence－tO－Sumratiooftwocapacitors，COn負rmlngthe

ratiometricoperationgivenby（7）・Thenonlinearerror，Plotted

inFig．8（b），isoftheorderofaftwmillivolts・Theseresults

indicatethatO．1％resolutionisachievablewiththeproposed

interface・Fig・9showstheoutputvoltageasafunctionoftem－

PeratureWhenx＝0・Thisresultshowsthatthetemperature

variationissmallerthan2×10．3％／OC．
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Fig・10・（a）Circuitdiagramand（b）timingdiagramofclocksignalsofthe

doublesamplinglnterface・

Tbreducethetemperature－dependentnonlinearerrOr，the

basicinterfacecircuitisimproved・Theimprovementisbased

onthecancellationofthechargelnJeCtionbymeansofdouble

sampling・Fig・10（a）and（b）showstheimprovedinterface

circuitandthetimlngdiagramofclocksignals，reSPeCtively・

Theoperationinthe4）1and前phasesisthes聖竺aSthatofthe
basiccircuit，PrOducingtheoutputvoltageV）（4）1）

杭（¢1）＝
Cα－Cb

Cα＋Cゎ
佑＋佑rr。rl（r）・　　（18）

Thesa誓eOPerationisrepeatedinthehand¢2Phases埜le
altematlng佑and一位，tOPrOducetheoutputvoltageVL（4）2）：

杭（¢2）＝
CわーCα

Cα＋Cb
佑＋杭rr。r2（r）　　（19）

wherettr，。rl（T）andl七rr。r2（T）arethetemperature－dependent

errorvoltagesduetochargelnJeCtion・Tbkingthedifferencebe－

tweenvL（前）andtも（石），Wehave

鴇，di仔＝鴨（前）一佑（石）

＝2
（’り－CJ一

Cα＋Cb
隼＋佐rr。rl（r）－杭rr。rl（r）・（20）

Ifl七r，。，1（T）；t3校r，。r2（T），thenwehave

鴨，di仔卍2
Cα－Cb

Cα＋Cゎ
l二・ （21）

Tb connrm the circuit operation，theimproved circuit was

breadboarded uslng OPA6270P－ampS，MAX317switches，

and LF398S／H circuits．The clockfrequencyislOO kHz・

Fig．11（a）and（b）shows the outputvoltages ofthe S什Il

andS／H2circuitsas afunctionoftemperature，reSPeCtively・
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Fig・11・OutputvoltageofthedoublesamplinginterfaceintheoIPhase（a）

ando2phase（b）asafunctionoftemperature・
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Fig．12．Differentialoutputvoltagel二，〔I．ffaSafunctionoftemperature・

Inthesemeasurements，Ca　＝36・8pFandCb　＝32・1pF

micacapacitorsareused・Theseresultsindicatethattheclock

feedthroughdominatesthechargelnJeCtionandtheassumptlOn

佐rr。，1（T）卍Vtrr。r2（T）holdstrue・Fig・12showsthediffer－

entialoutputvoltageVL，diffaSafunctionoftemperature・The

changeinthedifferentialoutputvoltageduetotemperatureis

smallerthanonetenththatinthebasiccircuit．Therefbre，One

canconcludereasonablythataresolutiontentimeshigherthan

thatofthebasiccircuitispossiblewiththeimprovedcircuit・

V．CoNCLUSION

ACMOSinterfacecircuitofdifferentialcapacitancetrans－

ducers has been described which perfbmS the ratiometric

operationwiththesimpleconnguration・Simulatedandmea－

suredperformancesoftheprototypechiplntegratedbythe

O・6－ILmn－WellCMOSprocesshavedemonstratedthatO・1％

resolutionisachievable，andthehigheraccuracywi11beob－

tainedbyuslngthedummy－COmPenSatedswitcheswithsmall

gateareaS・Aprototypeinterfacehasalsoprovedthatcancella－

tionofclock－feedthroughchargesbydoublesamplinglSquite
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usefulfbrreducingthetemperature－dependentnonlinearerror・

Thedoublesamplinglnterfacecircuitintendedforapplications

tolaserscannersandaccelerometersisnowunderfabrication

uslngaCMOSprocess・
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