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ASwitched－CqpacitorInterfaceforCqpacitive

SensorswithWideDynamicRange
KAZUYUKI KONDO，MEMBER，IEEE，AND KENZO WATANABE，SEN10R MEMBER，IEEE

AbsL用CE－A novelswitched－CaPaCitorinterfhce Ebrcapacitive sen－

SOrShasbeendevelopedbasedonadual－SIopeanalog－tO－digital（A／D）
COnVerSion technique．Theinterfhce consistsofa switched－CaPaCitor
integrator，aCOmParatOr，anddigitalcontroIcircuits．Theintegrator
負rst samples the sensor capacitancein the fbrm ofits proportional

Charge．AquantizedreEbrencechargeisthenextracteduntiltheoutput

VOltageoftheintegratorbecomesz：erO．Anautorangingfunctionisin－

COrpOratedtoachieveawidedynamicrangeofsensorcapacitanceby

ChnglngthesampIingcountina2’sgeometricmanner．Aprototype

interfacebuiltuslngdiscretecomponentshasdemonstratedacapaci－

tancemeasurementoverfburdecadeswithanaccuracybetterthanl
percent．

S　　　　　　　　　I．INTRODUCTION
ENSORS are now becomlng key componentsin au－
tomaticcontrolofvehicles，rObots，andtheindustrial

process．TheyareusuallyexposedtonoISyenVironments

removedfromcentralcontrolunitsandthustheiroutputs

areeasilydistud）edbyelectromagneticinterftrence．One

promlSlngSOlutiontoovercomethisproblemistoconvert

thesensedvariableintoitsequlValentdigitalnumberby

meansofbuilt－insignalconditioningcircuitryl1］．Ava－

riety ofinterface circultry has been developedforsuch
“smart’’sensors，buttheswitched－CaPaCitorcircuitsseem

bestsuitedfbrcapacitivesensorsbecausetheirfabrication

PrOCeSSis compatible with mostofthe sensorsl2］－［4】．

Thedynamicrange，andthusthemaximumslgnal－tO－nOise

ratio，Ofsuchinterfacesproposedsofarislimitedto60

dB，Whichobligesalargeoffsetcapacitanceofthesensor

tobecancelledtodetectitssmallcapacitancechangeac－

Curately．Awiderdynamicrangefbrobviatlngtheoffset

CanCellationispossiblebyincreaslngthee鮎ctivenumber
Ofbits，butthisgreatlylnCreaSeSthedevicecount．

Amorerealistic approach fbrincreaslngthedynamic

rangeistouseafloatlng－pOlntteChnique fbrquantizing
thesensedvariable．Suchaninterfacewasproposedear－

lierl5］，buttheimprovementwaslimitedtolOdBpri－

marilybythe負niteopen－loopgalnOfaparticularop－amp

invoIved．Thispaperdescribesanotherapproachbasedon

the dualslope analog－tO－digital（A／D）conversion tech－
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niquel6］・FollowingthisintroductorysectioTl，itsconfig－

uration，PnnCiples ofoperation，aCCuraCy eStimate，and

CalibrationprocedureareglVen．Aprototypeinterfaceim－

Plemented uslng discrete components and examples of

measurementarealsopresented．

II．CIRCUIT CoNFIGURATION

Theinterfaceisahybridanaloganddigitalsystem．The

analogpart，ShowninFig．1（a），isbasicallyadual－Slope

A／D converter，COnSistlng Ofthe switched－CaPaCitorin－

tegratorandthecomparator・Here，Crdenotesacapaci－

tivesensor，C2isanintegrationcapacitor，andC3andCi

areincorporatedtoeliminateerrorsduetothe丘niteopen－

loop galn and the offset voltage ofop－ampAl，reSpeC－

tivelyl7］，【8］．CapacitorCMpreVentStheglitcheswhich

WOuldotherwisebegeneratedduringthenon－OVerlapplng

Periodofthetwophaseclocks¢and¢【9］．Theinputto

theintegratoristhereftrencevoltageTt．叱risthethresh－
01dvoltageforautoranglng．Theoperationofthisinte－
gratoriscontrolledbythedigitalpartshowninFig．1（b）・

ThetimlngdiagramofthecontroIsignalsisshownin

Fig．1（C）．¢and¢arecomplimentarilynon－OVerlapping

two－Phaseclockpulses．Aresetpulse¢Rinitializes the

interfacebydischarglngtheintegrationcapacitorC2and

Cleanng the counter．The operationis dividedinto two

StateS；the“Sample”（SMP）stateduringwhichthecharge

proportionaltothesensorcapacitanceis storedinto ca－

pacitor C2and the“Conversion’’（CNV）state during

WhichthechargestoredinC2isconvertedintoitsequlV－
alentdigitalword．¢。（n）istheautorangingpulsegener－
ated by the counter whenit counts2n（n＝0，1，2，

・・・，n）clocksintheSMPstate．TheSMPstatecontin－

uesuntilthecomparatoroutputCMPbecomeshighand
¢。（n）tumStheoperationintotheCNVstate．Theoper－
ationofeachstateisdescribedindetailinthefbllowlng
SeCtlOnS．

」．（わgmJわ〝∫〝J九gぶ〟P∫rdJe

Inthisstate，SWitchesS2，S4，S8，andS15arekept‘‘on”，

Whileswitches SI，S3，S7，andS16arekept“0ff．”Thus

theanalog circuitbecomes asis shownin Fig・2・The

integratorperfbrmsthenoninvertlnglntegrationtoaccu一

里ulatetheslgnalchargeCrV；ontothecapacitorC2eVery
¢clockpulse．Op－amPA2andflip－nopDlfbrmthecom－
parator．Thiscomparatorcomparestheintegratoroutput
VOltage竹withthethresholdvoltage叱，・IfTh＜　叱r，
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Fig・1・（a）Theanalog・（b）Digitalcircuitryoftheinterface．（C）Timing
diagramofdigitalControIslgnalsandtheoutputwaveformofop－amP
dl．

Fig．2．TheanalogcircultryintheSMPstate・

thesamplingoperationiscontinued．Iftt≧叱r，theau－
toranging pulse¢。（n）tumS the operation to the CNV

State・Therefbre，ifthesensorcapacitanceliesintherange

芳≦q＜宗鞍　（1）
theaccumulationisrepeated2ntimes．Theaccumulated
Chargeattheendofthisstateisthus

esMP＝2〝仁一叶． （2）

a qJemJわ〝加J力eCⅣγ∫Jのど

Inthisstate，SWitchesS6，S7，andS16arekept Hon，，，

WhileswitchesS5，S8，Sll，andS12arekept“0ff．”Thus

theequlValent analog circultry repreSentedinthis state

becomesasisshowninFig・3・Op－amPAlnOWperfbrms
the noninvertlng andinvertlngintegration simulta－

neously・Thenoninvertlnglntegrationdepositsthe CIV；

Chargeto C2，Whiletheinvertlnglntegration withdraws

thecharge（Cl＋AC）tlfromC2．Therefore，anetCharge

ACTtisextractedfrom C2eVery4＞Clockcycle．Letus
assumethatthischargeextractionisrepeatedmtimesun－

tilKreacheszero・Then，thetotalchargeQcNVeXtraCted
什omGis

ecNV＝∽△CK．　　　　　（3）

SinceQsMP＝QcNV，thesensorcapacitanceisgivenby

G＝テAC＝2‾〃（∽121＋∽222＋…＋粛）AC

（4）

Wheremi（i＝1，2，・．‥，k）isthecontentofthek－bit

COunteruSedfbrcountlngthenumberoftimesthequan－

tumchargeisextracted・Therefbre，mandnrepresentthe

integerandexponentparts，Ofthebinary representation

Ofthecapacitance，reSpeCtively・

ⅠⅠⅠ．ERROR ANALYSIS AND CALIBRATION METHOD

The switched－CapaCitorintegratoris con丘gured such

thattheoff岳etvoltage，thefiniteopen－loopgalnOftheop－

amp，theparasiticcapacitance，andtheglitchesinthenon－

OVerlapplngperiodofthetwophaseclockshavenegligi－

bleefftctuponitsoperation．Therefbre，theclockfeed－

throughassociatedwiththeswitchesandtheuncertainty
OfACarethemainerrorsources．

Letthefeedthroughchargeatnode㊥inFig．1（a）be
Qf・ThenthetotalchargeaccumulatedontoCiintheSMP
Stateis2n（CrTl＋Qf），WhilethatextractedfromC2in

theCNVstateism’（ACtl－Qf），Wherem’istheerro－

neouscountduetoQf・Sincethesechargesbalanceeach
Other，WeObtain

2〝（qK＋鋸＝m′（ACK一針）・　（5）

Equation（5）isdepictedgraphicallyinFig．4．Comparing

theerroneousresponsewiththeidealone，OnenOticesthat

thefeedthroughchargeintheSMPstatecausestheoffset
error，andthatintheCNVstateresultsinthegalnerrOr．
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Fig．3．TheanalogcircultryintheCNVstate．

Fig．4．Theerror（dottedline）duetotheclockfrequencychargeandthe

idealresponse（SOlidline）．

Inaddition，theuncertaintyof△Calsocontributestothe

galn errOr・

Toeliminatetheseerrors，aCalibrationcycleconsistlng

Ofthe fbllowlng StePSisimplemented・First，Only the

feedthrough charge QfisdetectedintheSMP stateby
SettlngV；＝Oandthenconvertlngltintoabinarynumber

Withthequantum△Ctt－Qf・Next，aknownstandard
CapaCitorCissubstitutedinplaceofthesensor，andits
Valueis measuredbythesystem．Sincetheftedthrough

ChargeQfandthequantumACtl－QfCanbemeasured
independentlybythesetwosteps，WeCandetectthesen－

SOrCaPaCitanceCrby

q＝芸G　　（6）
WhereD．randDsaredigitalreadings fbrCrand G，re－
SpeCtively．

IV．ExpERIMENTAL RESULTS

Aprototypeinterfacewasimplementeduslngdiscrete
COmPOnentS．ThecapacitorswereCl＝C2＝C3＝C4＝

3．34nF，CM＝1．56nF．Theop－amPuSedwasLF347．

The reference voltage V，and the threshold voltage叱r

Werebothsetto2V．Theclockfrequencywas30kHz・

ToconfirmitsprlnCiplesofoperation，thisinterfacewas

applied to capacitance measurement ofdiscrete capaci－

tors．Fig．5showstheintegratoroutput tt，andthestate

Fig・5・Theoutputvoltageofop－ampA一（uppertrace）andthestatesignal

（lowertrace）observedin a prototypeinterface．Horizontalscale：0．1
ms／div；Verticalscale：lV／div（uppertrace）；andlOV／div（lower
trace）．

TABLEI

CoMPARISONBETWEENTHECAPACTTANCECscMANDCFTB．Cn。mIsTHE
NoMTNALCAPACfTANCEAND亡，IsTHERELAT］VEERRORBETWEENCscM

ANDCFTB

Cnom（pF）　CscM（pF）　CFTB（pF）Er（冤）
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Slgnalwhenacapacitorofnominalvalue824pFwascon－

nectedtotheinterface・ThelargecapcltanCe difftrence
AC＝287pFwasintentionallychosensothatthewave－

fbrmdemonstratestheoperationineachstate．IntheSMP
State，theaccumulationisrepeatedeighttimesandthusn

＝3・IntheCNVstate，thechargeextractionisrepeated

23timesandthusm＝23．Therefbre，themeasuredca－

pacitanceisCr＝（23／23）×287＝825pF，Whichagrees

Wellwiththenominalvalue．

Anumberofcapacitorsweremeasuredbythesystem

totestthedynamic rangeoftheinterface・Inthis mea－

Surement，ACissetto5pF・TableIcomparesthecapac－

itanceCscMmeaSuredbythepresentinterfacewithCFTB

byacommercialfbur－terminal－pairbridge・Themeasure－

mentuncertaintyofthisbridgeisO．lpercentofthefull

SCaleor3LSBofthefburdigitdisplay・Thediscrepancies
betweenthemarealmostwithinlpercent・Theseresults

demonstrate that a dynamic rangeof80dBis possible

Withthepresentinterfaceandthusitisalsousefulasa
CaPaCitancemeter．

V．CoNCLUSIONS

Aswitched－CapaCitorinterfaceincorporatlngtheauto－
ranglngfunctionhasbeenpresented．Itfeaturesasmall
devicecountintegrableontoasmallchiparea，andahigh

accuracymadepossiblebytheoffset，paraSitic，andgaln－
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insensitive con負guration．A prototypeinterfaceimple－

menteduslngdiscretecomponentshasco鵬rmedthepnn－
Ciples of operation・The wide dynamic range demon－

Stratedby themeasurement examples obviates theneed
fbroffsetcancellationandmakesthisinterfacealsousefu1

asacapacitancemeter．
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