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ASwitched－CapacitorDigitalCapacitanceMeter
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AbsEracトーAdigitalcapacitancemeterhasbeendevelopedbasedon

theswitched－CapaCitorcyclicanalog－tO－digital（A／D）converter・Itcon－

sists ofthe anaIogarithmetic and sample／hold（S／H）circuits・The

arithmeticcircuitfirstsampIesthecapacitancetobemeasuredina

brmofitsproportionalvoltage・Thisvoltageisthenconvertedintoa

binarynumberbytheA／Dconverter・Thewholeoperationisinsensi－

tivetoparasiticcapacitancesIOfrsetvoltagesofopamps，andtheca－

pacitancemismatchinvoIvedinthecircuit・Therefbre，theprOPOSed

meterpermitsanaccuratecapacitancemeasurement・Erroranalysis
showsthat12－bitaccuracycanbeexpectedbyrealizingthemeterin

anICfbrm・AprototypemeterbuiltusIngdiscretecomponentsand

examplesofmeasurementarealsoglVen・

A　　　　　　　　Ⅰ．INTRODUCTION

CAPACITANCEmeasurementisindispensablefbr

charactenzlngRC－aCtiveandswitched－CaPaCitorcir－

cuitsandcapacitivetransducers・Conventionalmethods

uslngSchering，tranSfbrmer－ratioarm，Orfbur－terminal－
pairbridgeareusefulfbrthemeasurementofdiscreteca－
pacitorsll］，【2］．They are，however，nOtapplicableto

integratedMOScapacitors，becausetheycannotseparate
COntributionsofparasiticcapacitances・

TheaccuratemeasurementofintegratedMOScapaci－
torsis only possible by the on－Chip built－in measurlng

systemwithdigitaloutput・Twosuchcandidateshavebeen

reportedsofarl3］，【4］，buttheyareapplicableonlyto

floatlngCapaCitors・Inaddition，thechiparearequiredfbr

theimplementationisappreciablebecauseofthelargede－
Vicecount．

Toeliminatethesedi疏culties，aneWCapaCitancemeter

hasbeendevelopedbasedontheswitched－CaPaCitorcyclic

analog－tO－digital（A／D）Converterl5］・This paper de－

scribes the meterconfiguration，the prlnCiples ofmea－

surement，andtheexpectedaccuracywhenitisrealized

in anIC brm・A prototype meterbuilt uslng discrete

componentsandexamplesofmeasurementarealsopre－
sented．

ⅠⅠ．METER CoNFIGURATION

Fig・lshowstheschematicdiagramofthedigitalca－

pacitancemeter・Itconsistsoftwomainparts：theanalog
arithmeticcircuitformedbyop－amPAlandtwocapaci－

torsClandC2，andthesample／hold（S／H）circuitfbrmed

byop－amPA2andcapacitorC3・Thecapacitorundermea－
surement（CUM）isconnectedbetweentheterminalsXi－

XLifitisfloatlng，OrtOtheterminalXGifitisgrounded・
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Fig・1・Theschematicdiagramofthedigitalcapacitancemeter・

Itsvalueistobemeasuredwithreferencetothecapacitor

CsconnectedbetweentheteminalsXi－Xi．V；istherefi

erencevoltage・Itmayassumeanyvalue，buthavingltS

VOltageashighaspossibleispreferabletoenhancemea－

SurementaCCuraCy，unlessthiscausessaturationoftheop

ampS・

Meteroperationiscontrolledbydigitalsignals，Whose

timlnglSShowninFig・2・AHresetHsignalinitializesthe

meterbycloslngalltheeven－numberedswitchesexcept

S14inFig・1・Themodeslgnaldistinguishesbetweenthe

Hsample，，stateinwhichthearithmeticcircuitsamples

thevoltageproportionaltothecapacitanceratio Cx／Cs
andthe Hconvert，，stateinwhichthewholecircuitper－

fbrmsthecyclicA／Dconversionofthevoltage，SamPled

intheprecedingHsample，，state，intoabinarynumber・

Drivlngtheswitches，thenonoverlapplngfive－Phaseclock

¢i（i＝1，2，‥・，5）managestheoperationineachstate・

A．（独朋血直射加“鮎〝甲Je”∫rdJe

TheanalogarithmeticcircuitfomStheamplifierinthis
state・Its configuration depends on which capacitor，a

floatlngOragrOundedcapacitor，istobemeasured・

Fig．3（a）showstheamplifiercon負gurationfbranoat－

lng－CaPaCitormeasurement・Theclocksignalwhichdrives
eachswitchisalsoshownnexttoitscontrolterminalto

identifythefbllowlngOPerationineachphase・Theswitch
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Fig・2・Timingdiagramofdigitalsignalscontrollingthemeteroperation．

（b）

Fig・3・Thecircuitcon負gurationsinthe“sample’’statefbr（a）恥ating－

and（b）grounded－CapaCitormeasurements．

SiiskeptoNduringthisstateandhenceomitted．Inthe
¢lPhase，Cxischargedtothereferencevoltagetl，While
Ciis discharged to ground．In the next¢2Phase，the
ChargestoredinCxistransfbrredtoCb．Thisproducesthe
VOltageK：

K＝（G／q在り．

TABLEI

SwTTCHINGSEQUENCEINTHEHSAMPLEH STATEFORGROUNDED－CAPACTTOR
MEASUREMENT

lS
S3　S4　S5　S6　S7　S8　SlOSllS12S13S15

11 1　　　　 1　　　　 1　　　　　　　 1

12 1　　　　 1　　　　 1　　　　　　　　　　 1

¢3 1　　　　　　　　 1　　　　 1　 1　　　　 1

14 1　　　　 1　　　　 1

15 1　　　　 1　　　　 1　 1

ThisvoltageissampledandheldbytheS／Hcircuit．In
the¢3phase，theS／HcircuitchargesCltOTlthroughS14
andS4，WhilethearithmeticcircuitdischargesC2andCs．

This completes theoperationinthe HsampleH state・
Thecapacitors Cland C3holdthevoltage ftuntilthe
Subsequent“convert”state．Itis noted here that the

aboveoperationisinsensitivetoboththeo餉etvoltages
Ofopampsandparasiticcapacitances，andthus ndoes

notincludethesenonidealc？mpOnentSl6］，【7］・
The amplifier con負guratlOn fbr grounded－CapaCitor

measurementisshowninFig．3（b）．Asomewhatelabo－
rateswitching sequence，Whichis showninTableI，is

adoptedtoassureop－amPAlOftheo鮎et－freeamplifica－
tion．The H1”inthistablemarksthoseswitchesthatare

ONin・thecorrespondingphase．Refbmngtothistable，One

Canidentifytheoperationineachphase．
Inthe¢lPhase，thearithmeticcircuitformstheinvert－

lngamplifier・ItsinputisthereftrencevoltageV；andits

galnis－α，Whereα＝Cl／Ci・SinceCIWaSdischarged

toOwhileGwaschargedtotheo鮎etvoltageTtsofop－
ampAIWiththepolarityshowninFig．3（b）inthepre－
Ceding“reset”phase，the voltage across C2becomes

Tα（V上竹∫）・Afterdischar！ingClthroughS4andS13
1nthe¢2Phase，thearithmetlCCircuitfbrmsthenonin－

Vertingamplifierinthe¢3Phase・Itsinputisthevoltage
StOredinC2inthepreceding¢lphaseanditsgainisl／α．
TheoutputvoltageofAlis now－V；＋TL，Whichis

StOredinCxthroughち・Inthe¢4Phase，Op－amPAlfomS
theinvertlngamPli負erwithCxandCsbeingtheinputand

ftedbackcapacitors，reSpeCtively・Theinputisthevolt－

（1）agestoredinCxinthelast¢3Phase．Thisproducesthe
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Fig・4・Thecircuitconfigurationinthe“convert”state・

OutPutVOltageftgivenby（1）．Itisnotedhereagainthat
ndoesnotincludetheo鮎etvoltage竹∫．Vlisalsostored
inC3throughSiandS18．DischarglngCsthroughS4and
S8andchargingCltOTtbytheS／Hcircuitinthe¢5Phase，
thecircuitcompletestheoperationinthe“sample”state・

且　q）gmJわ〝血J九g“Cb乃Vgが’∫ねrg

Inthisstate，theanalogarithmeticandS／Hcircuitsform

thecyclicA／DconvertershowninFig・4［5］・Itconverts

thevoltageVIproducedinthepreceding“sample’’state

intothen－bitbinarynumberb，aCCOrdingtothefollowlng
algodthm【8】：

叩）＝2叩－1）＋（－1）h‾1り

ifIや）≧0

0therwise

（2）

（f＝1，2，‥・，〝）（3）

WhereV（0）＝Vl，andblandbnarethemost－Significant

andleast－Slgnificantbitsofb，reSPeCtively・Theanalog

arithmeticcircuitexecutestheoperationinvoIvedin（2），

While，OPeratingalsoasacomparator，theS／Hcircuitex－

ecutestheoperationinvoIvedin（3）．Switchingsequence

forexecutlngtheconversionalgorithmislistedinTable
II．

LetthecapacitorsClandC3StOrethevoltageV（i－1），
andletC2bedischargedtoO．Intheithcycleofopera－
tion，V（i）givenby（2）isproducedbythefbllowingsteps・
（RefbralsotoTableIItoidentifytheoperationineach
Step．）

1）¢1phase：Theanalog arithmetic circuitfbrmsthe
noninvertingamplifier．ItsinputisV（i－1）storedinCl・

ThevoltageacrossC2isthenαV（i－1）・Operatingasa

COmParatOr：OPamPA2teStSthepolarityofV（i－1）stored
inC3．IfitlSPOSitive，thenbi＿11SSettOl．Otherwise，it

isresettoO・TheshiftreglSterStOreSthevaluebi－1：
2）¢2Phase：Ifbi＿1＝1，thenthearithmeticclrCuit

formStheinvertingintegratortoexecutethesubtraction
invoIvedin（2）．ItsinputisV；．ThevoltageacrossGthus
becomesαiV（i－1）－VJ．Ifbi＿1＝0，Ontheother

TABLEII

SwTTCHINGSEQUENCEtNTHE“CoNVERT”STATE

S
l

S4　SlOSllS12S13S14S15S16S17S18

11 1　　　　 1　　　　　　　 1

12bト1　 b1－1　　　 1　 1

¢3b1－1　 b1－1 1　　　　 1

14 1　　　　　　　　　　　 1　　　　　　 1

15 1　　　 1　　　 1　　　　　　　　 1
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hand，thecircuitchargesCltOV；throughS15andS4・Op－

ampA2nOWOPerateSaSaholdcircuit・
3）¢3phase：Ifbi＿1＝0，thearithmeticcircuittrans－

ftrsthechargestoredinClinthelast¢2PhaseintoG・
Thisexecutestheadditionin（2）andthevoltageacross
CinowbecomesαiV（i－1）＋VJ．Otherwise，Clis

dischargedtogroundthroughS4andS13・

4）¢4Phase：Theholdop－amPA2ChargesCltOV（i－

1）．

5）¢5phase：The arithmetic circuitformS the nonin－

Vertingintegrator．ItsinputisthevoltagestoredinCiin

theprevious¢3Phase．Thevoltage across Clthenbe－

COmeSV（i）givenby（2）．CiisalsochargedtoV（i）through

g14and∫18．

Thiscompletesonecycleofoperation・Repeatingthis

COnVerSioncyclentimes，thecircuitgeneratesthen－bit

numberb，WhichisrelatedtothecapacitanceCxas

G＝∑あf2‾fG．
i＝1

（4）

Theconversionprocessisalsoinsensitivetooff岳etvolt－

agesofopamps，ParaSiticcapacitances，andthecapaci－
tanceratioα．

III．AccURACY EsTIMATE

Themainerrorsourcesinthismeterarethefeedthrough

Ofdigitalsignals andthefinite open－loop galnS Ofop

amps．TheparasiticcapacitanceqbetweenthenodeXb
andground（Fig．3（b））alsocausestheerroringrounded－

CaPaCitormeasurement・

Allthe switches shownin Fig・linvoIve the fted－

throughproblem，butonlythoseswitchesthatareconnected

totheinvertlnglnPutterminalsofopampsareconsidered

here，becausetheire鮎ctismostserious・LetQfbethe
ftedthroughchargeiTtiectedthroughS4andS18Whenthey
tumtheirstatefbmoNtOOFF．Theswitches S5andSi

alsoirtjectthechargeQfWhengrounded－CaPaCitormea－
surementisconcemed．Theircontributionsare，however，

neglectedinafirst－Orderapproximation，becausetheyare

drivenbyacomplementarydigitalsignalandtheirfted－

throughchargestendtocanceleachother・

TakingtheftedthroughchargeQf（thefiniteopen－lo？
gainsAofop－amPSAlandA2）andtheparasiticcapacl－
tanceqintoaccount，theoutputvoltageofAlinthe
‥sampleHstateandtheconversionalgorithmexecutedin

the‘‘convert，，statecanbeexpressedasfollows：
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愕＝伝に）2＋箸）り（5）
WhereC，eS＝Cb＋Qf／tl，and

叫。＝2出2叫ト1）＋（サ1（震）2り

・（2・みト1）芸 （f＝1，2，‥・，〝）（6）

Where V’（0）＝　Tq，and a prime denotes the erroneous

quantlty・

Using（5）and（6），OneCaneStimateseparatelythecon－

tributionofeacherrorsource；thecapacitancemetermea－

SureS the residual capacitance C，eS When Cris discon－

nected．Therefbre the contribution of C，eS Can be

eliminated by subtractlngit from the measured capaci－

tanceCk・ThefinitegainAreducesthegalnOftheampli一

端erinthe“sample”state．ThisreductioningalnisequlV－

alenttoscalingthereferencevoltageV，by（A／（1＋A））2，

asindicatedin（5）．Thescaledreftrencevoltageis also

includedinthesecondtermintheright－handsideof（6）．

Thusthegalnreductioninthe“sample”stateiscanceled

bythescaledreferencevoltageinthecyclicA／Dconver－

Executingthealgorithmgivenby（6）ntimes，thecyclic
A／Dconverterproduces，tOafirstorder，theerrorvoltage

△γ＝△h＋△竹

＝一二十 2〃叫0）＋∑（－げ巨1（〝一月2〃‾メ羞（叶1（〝一躍一棚

＋（2刷＋墓石f－12〝－f）的　（7）

WhereAV4and△竹aretheerrorvoltagescausedbythe
finiteopen－loopgainAandthefeedthroughchargeQf，
respectively．WhenV（0）＝Tt，andhencea11bi’sassume

l，AV4becomesmaximum

【△叛】max＝2′＋2号／d．　　　　（8）

FortheA／DconversiontobeaccuratedowntoitsLSB，
thiserrorvoltageshouldbesmallerthanTt．Thuswehave

2〃＋2＜d．　　　　　　（9）

IfA＝80dB，theconversionaccuracylSeStimatedtobe

12bits．

TheerrorvoltageA竹becomesmaximumwhenallbi’S

【△叩。aX＝3×2〃＋1坊／Cl　　　（10）

Thuswecanobtaintheaccuracycondition

3×2頼l＜Cl町針　　　（11）

ThechargeratioC．V，／QfaShighas5×104canbere－
alizedwithpresentlyavailableMOStechnologleSbyac－

Fig・5．Experimentally observedwavefbrmswhenthemetermeasureda

groundedcapacitorofnominalvalue470pFwithreferencetolO39－pF

CapaCitor・Uppertrace：theoutputvoltagewavefbrmofop－amPA2・Lower
trace：thebitpattemObtained．Horizontalscale：625J▲S／div；andvertical

SCale：5V／div．

COmmOdatingtheclockfeedthroughcancellationscheme

andmaking ClaSlargeaspractical［9］．Theconversion

accuracylimitedbyQfisthenestimatedtobe14bits．
Summarizlng the above discussion，We Can COnClude

thattheaccuracyofthepresentcapacitancemeterislim－

itedbythefiniteopen－loopgalnSOfopampsorthefted－

throughchargeanda12－bitquantizationaccuracycanbe

ObtainedbyfabricatlngltinanMOSICR）rm．

IV．MEASUREMENT ExAMPLES

Aprototypecapacitancemeterwasbuiltuslngdiscrete

COmpOnentStOCOnfirmtheprlnCiplesofmeasurement・Op
ampsandswitchesusedwereLF353andMC14016，re－
SpeCtively・CapacitorsCl，C2，andC3WereChosentobe
2・2nF・ThereferencevoltageTtwassetto2V．Theclock

ftedthroughcancellationtechniquewasnotused．

Fig・5shows wavefbrms observed during the Hcon－

Vert”statewhenacapacitorofnominalvalue470pF（its

actualvaluemeasuredbythecommercialfbur－terminal－

pairbridgelwas463pF）wassubjectedtogrounded－Ca－

pacitormeasurementuslngthereftrencecapacitoroflO39

PF・Onehorizontaldivision corresponds tooneconver－

Sioncycleoffivephases・Theuppertraceshowstheout－

putvoltageofop－amPA2・ThevoltageV（i）heldinC3Can

beseenduringthefirstthreephasesofeachcycle・The

OutPutinthelastphaseofeachcycleindicatesthepolanty

OfV（i），Whichisreflectedinthebitpattemb。bl・・・bn

＝101110101lshowninthelowertrace・Thefirstbitbo

istheslgnbit・Themeasuredcapacitanceincludingthe

residualcapacitancelO・1pF，Whichwasmeasuredsepa－

ratelybydisconnecting Cx，WaSthuslO39×（235／512）

＝476・9pF・Thelargeresidualcapacitancewasattributed

toclockfeedthrough．

A number ofcapacitors were measured by both the

floatlng andgrounded methods．TableIIIlists the mea－

Suredresultstogetherwiththoseobtainedbytheabove－

mentioned commercial bridge・The discrepancies be－

tween them are mostly withinl percent・Errors which

WereCauSedbyclockfeedthroughwillbegreatlyreduced

by accommodating the clock feedthrough cancellation

SChemeinitsintegratedrealization．

lHPMode14275AmultifrequencyLCRmeter．
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TABLEIII

CoMPARISONBETWEENTHECAPAC］TANCESCDCMMEASUREDBYTHE

PRESENTDIGITALCAPACITANCEMETERANDTHOSECFTBBYTHE
CoNVENTtONALFoUR－TERMINAL－PAIRBRIDGE

Thecapacitancesinparentheseswereobtainedbythegrounded
measurement・Cnomrepresentsthenominalvalueand∈ris

therelativedeviationbetweenCDCMandCFTB．

Cnom pF CDCH　 pF CFTB pF C　 冤
r

1 0．914 （　　 0．885） 0．9 1．5　 （1．5 ）

2 1．91 （　　 1．892） 1．9 1．0　 （0．8 ）

4 3．79　 （　　 3．81 ） 3．8 1．0　 （1．0 ）

10 10．22　 （　 10．21 ） 10．3 0．78 （0．87）

20 20．37　 （　 20．35 ） 20．2 0．84 （0．74）

47 47．78　 （　　 47．10 ） 47．4 0．8　 （0．63）

100 97．58　 （　　 99．13 ） 98．2 0．63 （0．95）

220 234．5　 （　 233．9 ） 236 0．64 （0．90）

470 459．0　 （　 466．8　 ） 463 0．86 （0．82）

1000 1075　　 （ 1073　　 ） 1065 0．94 （0．78）

2200 2870　　 （　 2917　　 ） 2890 0．69 （0．93）

4700 4730　　 （ 4731　 ） 4700 0．64 （0．66）

10000 14270　　 （ 14261－　 ） 14350 0．8　 （0．89）

22000 21910　　 （ 21903　　 ） 21700 0．97 （0．94）

V．CoNCLUSIONS

A digitalcapacitance meteruslng SWitched－CaPaCitor

circultry has been described・It features high accuracy

madepossiblebyitsoffset－tOlerantandparasitic－insensi－

tivecircuitcon丘guration．Erroranalysishasshownthat

12－bitaccuracycanbeexpectedbyfabricatlngthemeter

inanICfbrmuslngPreSentMOStechnologleS・Thechip
arearequiredfbrthefabricationisverysmallbecauseof
the smalldevice countinvoIved．Thereforeit would be

usefulasanon－ChipmetertocharacterizeintegratedMOS

CaPaCitorsandalsofbrbuilt－ininterfacingofintelligent

CapaCitivetransducers・
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