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ASwitched－CapacitorDig．taJCapacitanceBridge

KENZOWATANABE，MEMBER，IEEE，ANDGABORC・TEMES，FELLOW，IEEE

Abstnct－Aswitched－CaPaCitorbridgehasbeendevelopedforcapaci・
tanCe meaSurementS・It consistsoffourarmsconnectedbetweenthe

low－impedaTICeOutPutandvirtualgroundnodesofanop－amP，and
henceisinsensitivetoparasiticcapacitances・TTIeCaPaCitanCetObe

measuredisfirstgivenaproportionalcha瑠e．Thischargeisthencom－

PaLedsuccessivelywithchargesqua几tizedbymeansofaprogrammable

binary－Weightedcapacitoramy，u・ttdabalanceisreached．Thisdjgital
balanceoperationmakesitpossibletoaccomodateanautomaticcalibra．

tionscheme，Whichaffbrds）incoqunctionwiththeparasitic－insensitive

COnf卸ration，anaCCuratemeasurement．Erroranalysishasshownthat
alO－bitquantizationaccuracyandarelativeerrorassmallasO●lpercent

areattainablewhenthebridgeisfabricatedinLSIcircuitformuslng
PreSent MOS technologies・Aprototype bridge builtusingdiscrete
COmPOnentShasconfimeddlePrlnCiplesofoperation・Examplesof
meastJrementaLeaJsogiven．

B

I．INTRODUCTION

ALANCINGabridgebynullingameterisafundamental

PrOCedure fbr measurlng a CaPaCitance uslng thetrans－

（Ci王2n‾lc）

（b）
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fbrmer－ratio－armOrScheringbridgel1］．Ameasurementac．

CuraCyOflpart／106isattainablebythismethod，butthepro－

Cedureis cumbersome and time consumlng because ofthe

manualbalance operationinvoIved・The fbur－terminal－Palr

method［2］haseliminatedthemanualoperationbydetecting

thevoltageacrossandthecurrentthroughtheimpedanceto

bemeasured・TheprlCePaidfbrtheautomatedmeasurementis

thecomplicatedsignalprocesslngneCeSSaryforcalculatingthe

impedance・Inaddition，thismethodrequlreSaSPeCialsample

holderbecauseitissusceptibletoparasiticcapacitancesl3］．

Thismakesitdimculttoapplythismethodtothecharacteriza－

tionofintegratedMOScapacitorsinwhichparasiticcapaci・
tancesareinevitable．

McCrearyand Sealerhaveproposedanoveltechniqueto
Characterizebinary－WeightedMOScapacitorarrays【4］．Based

Onthevoltage・dividerprinciple，theirmethodhasfacilitated

the capacitorratiomeasurement，butitcannotmeasurethe

absolutevalueofeachcapacitor．

Inarecentpublication［5］，aSwitched－CaPaCitorcircuithas

beenproposedfbrdigitalmultiplication．Thiscircuithasbeen

mod苗ed to fbrmacapacitance bridge whchallowsquick
measurement ofthe absolutevalueaswellastheratioofca＿

pacitors・Thispaperdescribesthebridgeconnguration，the

Principles ofmeasurement，and calculatesthe expected ac－

Curacy・Aprototypebridgeimplementeduslngdiscretecom－

POnentsandsomeexamplesofmeasurementarealsopresented．
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Fig・l・（a）Theschematicdiagramofthecapacitancebridge．CUMde－
notesthe”CapacitorUnderMeasurement”andSARthe…successive－

ApproximationRegister・”仲）Theconngurationoftheprogrammable
binary－WeightedcapacitorarrayCb．（C）Thetimingsequenceofthe
digitalsignalscontro皿ingthebridgeoperation．

II．THECAPACITANCEBRIDGE

Fig・1（a）shows theschematicdiagramofthecapacitance

bridge・ThecapacitorCxundermeasurement（CUM）iscon・
nectedbetweentheterminalsX－X’．Itsvalueistobemeasured

WithrefbrencetoCk・Therefbre，Ckmustbeastandardcapa・
Citorofknownvaluewhenanab畠01utevaluemeasurementis

desired・Chisaprogrammablebinary－Weightedcapacitorarray
WhoseconfigurationisshowninFig．1（b）．Chisrelatedtothe
referencecapacitorCk・ThesefburcapacitorsCx，Ck，Cb，
andCR fbrmthefburarmsofthebridge．Sinceeacharmis

COnneCtedbetweenavoltagesourceandthevirtualgroundof
OP・amPAl，theparasiticcapacitancestogroundhavenoeffbct

uponthebridgebalanceifop－amPAlisideal・Theholding
CaPaCitorCk2COrreSPOndstothedetectorarmofaconven・

tionalbridge・Controlledbytheslgnalfromop－amPA2，the
SuCCeSSive・aPPrOXimationregistersSARprogramsCbsothat
thechargeonCk2becomeszero，therebybringlngthebridge
intoabalaqce．

ThetransistorsMl，M2，andM3fbrmaresetswitch．When
MlandM2are”onHandM3isHoff，，，theswitchisclosedand
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（a）　　　　　　　　　　　（b）

Fig・2・ThecircuitconHgurationsintheSandBstates：（a）Theoffset．
ffeeamplifier（Sstate）・（b）Thesuccessive－aPPrOXimationA／Dcon－
Verter（βstate）．

itshortcircuitsCkandCk．WhenMlandM2are“Off，，，on

theotherhand，theswitchisopen・ThetransistorM3is…onH

topreventthesource－tO－drainfeedthroughcapacitorsofMl
andM2fromcontributingtothefbedbackpathofop－amPAI
WhenMlandM2areHoff．”

Thebridgeoperationiscontrolledbydigitalsignals，Whose

timingsequenceisshowninFig．1（C）．A“ResetHsignalsent

ffomanexternaldeviceinitiatesthemeasurement・Uponre－

CelVlngthisslgnal，thebridgeclearstheSARandturnstheop・
erationintothe“MeasurementMmode．Thismodeconsistsof

the“Test”（T）and“Zero”仔）cvcles．IntheTcycle，thebridge

measuresthecapacitanceCiincoIt）unCtionwiththeresidual
CaPaCitanceqes・IntheZcycle，itmeasuresonlyqeswhichis
thensubtractedfromthevaluemeasuredintheTcycle．Each

CyCleisdividedintotheHSampleいび）stateinwhichtheca－

PaCitorbeingmeasuredisglVenaPrOPOrtionalcharge，andthe

“Balance”＠）stateduringwhichthechargeisapproximately

balanced withacharge quantizedbymeansofasuccessive－

approximation A／D conversion．When theB stateintheZ
CyCleiscompleted，theoperationchangesintotheHOutHmode．

ThecapacitancevalueCkisthenavailableintheSARinbinary・
fbrm・Thismodecontinuesuntilthenextresetsignalstartsa

newcycleofmeasurement・TheoperationintheTcyclewin
benextdescribedindetail．

A・（わemJわ〃加血∫∫ねね（ガ血rq′CJe

Inthisstate，S＝landB＝0・ThusthecapacitorsCxand

CkareconnectedtotheinvertinglnPutterminalofop－amP
AltOfbrmanoffset－freenoninvertingamplinerl6］．Since

Z＝0，theinputofthiscircuitisthereferencevoltage侮in
the古＝lphase，aSShowninFig．2（a）．Theoutputvoltageis
therefbre

鞍＝（q／q）柁・　　　　　　　　　　　（1）

Theop－amPA2fbrmsavoltagefbllowerwithagroundedin－

Put・ItsoutputisthusitsownlnPut－refbrredoffsetvoltage

Vos2・ThetwoholdingcapacitorsChandCk2areCOnneCted
inparallelinthisstate・Theirtopandbottomplatesaredriven

byop－amPSAlandA2，reSPeCtively・Therefbre，thevoltages

fbacrossCk2is鞍－V。S2・Thisvoltagerepresentstheinitial
VOltage ofqr2duringthesubsequentBstateifthecircuit
COnditionisideal・Theoperationundernonidealconditions
WillbedescribedinSectionIII．

且q）e和め〃加伽β∫ねお耳伽rq′CJe

SincenowB＝1andS＝0，thebridgecontainsChandCkin

PlaceofCkandCk，reSPeCtively・Theop－amPAlthenfbrms
anoffset－freeD／Aconverter・ChandCk2arenOWCOnnected
inseries，holdingthevoltage侮storedinthepreviousSstate．
Theop－amPA2nOWOPerateSaSaCOmParatOr・Thewholecir．

Cuit，includingtheSAR，isshowninFig．2（b）．Itfbrmsasuc．

CeSSive－aPprOXimationA／Dconverterl81；thevoltagetobe

COnVertedisIも十㌔S2＝鞍・
TheA／Dconversionisperformedasfouows．Intimesl。t

n（i＝1，2，・・・，n＋1），theithbitoftheSAR（bi）istempo・

rarilysettol，Whdethepreviouslytestedi－lvaluesofbare

StOred・ThecapacitanceofthearrayChisthen

炉岩棋叛・2〃－fc・　　（2）
Chargingthiscapacitortothereferencevoltage柁inthe¢＝1

Phase，theD／Aconverterproducesanoutput

晦＝－（堵）鶴）柁・　　　　　　　　（3）

ThistentativeoutputvalueisdividedbycapacitorsCkland
Ck2・Theinputvoltagen。Ofthecomparatoristhen

nn＝晦十㌔S2＋

＝臣－

qrl

qrl十指2

qrl

qf．十qf2

Iち

・習柁・（4）
DependingonthepolarityofVi。，theSARkeepsbiaSl（if
nnispositive）orresetsittoO（ifnnisnegative）．Repeating
thisprocessn＋1timesmakesnnapproximatelyzero，SOthat

鞍～　qJl q

q qfl十Ck2　q

holds，Where

G＝∑ゐf・2乃‾fc十王桝lC．
f＝1

WhenCh＝Ck2andCk＝2n－1C，theSARstorestheratio

Ck／Ck（i・e・，thecapacitanceCxscaledbyCk）inbinaryfbrm

q／q＝∂1・2‾1十と2・2‾2十‥・＋み〃・2－〃十王肘1・2‾〃．

（7）

Itisworthnotingherethattheaboveoperationisnotaf・

fbctedbyop－amPOffsetvoltagesiftheopen－loopgalnSOfop・

ampsAlandA2areSumCientlyhigh．Therefbre，thebridgecan
befhbricatedinafullyintegratedformbyMOSICtechnologleS・

III．AccURACYEsTIMATE

Theoperationofthepracticalbridgecircuitisaffectedby

manyerrorsources，SuChasmismatchesinthecapacitanceratio

betweenCbandCk，theoffketvoltagesandnnitegalnSOfop・
ampsAlandA2，ParaSiticcapacitances，andthefeedthrough

Oftheclocksignals．Thesenonidealcircuitconditionsdisturb

theidealbalancecondition，imposlngalimitonthemeasure・
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Fig・3・Thepracticalbridgecircuit，includingparasiticelements．

mentaccuracy・Inthissection，WeCalculatetheestimatedac＿

CuraCyWhenallofthebridgecircuit（exceptCxandCk）is
implementedbyMOSICprocess．

ThebridgeinFig・1（a）contains，infact，manyParaSiticcapac－

itancesincludingthegate－SOurCeandgate－drainfbedthrough
CaPaCitancesoftheMOSswitches・Thoseresidualcapacitances，

however，Which are connected to thelowjmpedancenodes

（excepttovirtualgrounds）havenoeffectonthebridgebalance．

Furthermore，SOme Of the ftedthroughcapacitances have
matchedcouterpartsdrivenbyacomplementaryclocksignal，

SuChasCkandCkinFig・3・Thefeedthroughchargesdueto

thesepairedcapacitancescanbeneglectedinanrst－Orderap－
proximationbecausetheytendtocanceleachother．Extend＿

ingtheaboveconsiderationsintotheoverallcircuitandinclud＿

ingthe other nonidealeffbcts，Wenndthepracticalcircuit

modelofthebridgeshowninFig・3・Inthsngure，qisthe
ftedthroughcapacitanceofMl，C；isthecombinedtop－Plate
StrayCaPaCitanceofCklandCk2，andChlandCh2arethe
lnPutCaPaCitancesofop－amPSAlandA2，reSPeCtively・The
mismatchbetweenCband（完isrepresentedby△Cb．

Theoutputvoltageofop－amPAlinthe¢＝1phaseoftheS

Stateisnow，aSSumlngZ＝0

咤＝
qバ克十q％ 十qs‰sl／（1十Al）

q（1＋qs／qAl）
（8）

Where Vbistheamplitudeoftheclocksignalappliedtothe
resettransistorMl，and

qs＝q十q＋q十G十G十ql　　　　　（9）

isthesumofthecapacitancesconnectedtotheinvertinglnPut

terminalofAlintheSstate・ThevoltagefbllowerA2PrO－
ducestheoutputvoltage

現＝念㌔S2・　　　　（10）
ThevoltageacrosstheholdingcapacitorsCklandCk2isthus
V上略，WhnethatacrossC；is鞍．

Whenthesuccessive－aPPrOXimationA／Dconversioniscom＿

Pleted，OP・amPAIPrOducestheoutputvoltage

IG＝
ー（G十△Cも）I五十 q均十qB㌔sl／（1十Al）

（完（1十qB／CkAl）
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qB＝CBT十q十q＋q＋G十Gl　　　　（12）

isthesumofthecapacitancesconnectedtotheinvertinglnPut

terminalofAlintheBstate，andChT＝2nCisthetotalca＿

PaCitanceofthearrayCb．

Theop－amPA2andtheSARbalancethebridgesothat

ト1。＝
2qJ（祐一現） 咤＋qJ咤

2qr＋ら十q2
十㌔S2＝0（13）

holds・Inderiving（13），themismatchbetweenChandCk2
islumpedintoC；andthusCh＝Ck2：Ckisassumedwith－

Outlossofgenerality・Substituting（8），（10），and（11）into（13），
Wehave

Cmeas
q（G十△G）

2Ck
十eq十q鴨 （14）

可十岩上三・讃／上土・讃－1（15）
q㌔トe・恩讐十ト

q11）Sl
（1＋Alリ気

（1＋e）qs

q

q＋ぐ・12

2qf ］≒≡
q‰S2

（16）

Cb＋△CBrePreSentSthemeasuredcapacitanceincludingthe

digitalerrorcausedbythemismatchbetweenChandCk，While

eCx＋CIcsrepresentstheanalogerrorduetoparasiticcapac－
itances，Clockfbedthrough，andthenonidealperformancesof

OP－amPSAlandA2・Theywillbediscussedseparatelyinthe
bllowmg．

』．かな如才肋r

EachcapacitorinthearrayCbisassumedtobefabricated

byconnectinganappropriatenumberofMOSunitcapacitors

OfmagmitudeCinparallel・Theerrorineachcapacitorisas－
Sumedtoberandom，nOrmallydistributed，anduncorrelated．

Theerrorcharge△QBinthearrayCbduetothecapacitance
erroristhenglVenby

△鮎＝ （17）

Where△qisthestandarddeviationofeachcapacitor．Ifthis

errorchargeissmallerthanhalfofthatheldintheLSBcapac－
itor，thentheA／Dconversionprocessismonotonicandthe

digitaloutputisaccuratedowntoitsLSB・Formulatingthisin
termsofthecapacitancemismatch，Wehavethecondition

（18）

Eachtermunderthesquarerootcanbeestimatedbyuslngthe

（11）設′器霊嵩警簑‰笥許諾誤認
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On・Substitutingthesevaluesinto（18），We鮎dthatthequanti－
ZationaccuracyobtainablewithpresentMOSteclmologiesis
lObits【8】．

且A〃αわg伽r

The analogerror canbe describedintermsoftherelative

error e and theresidual（oroffset）errorCles．Notingthat

CrB／Ck＝2，Wehavefrom（15）

eとら／2qf・　　　　　　　　　　　　（19）

Thetop・PlatestraycapacitanceC；rangesfromO．1toIpercent

OfCk，dependingonthecapacitorsizeandtechnology【9］．

Therefbre，therelativeerrorcanbereducedtoavalueassmall

asO．lpercent．

ToobtainaroughestimateoftheresidualcapacitanceCl。S，
SuPPOSethatwearemeasurlngaSmallcapacitanceuslnga
l・PFstandardcapacitorfbrCk・Assumealsothefbnowlng
PeSSimistic valuesfor the op－amP and circuit parameters：

雲完諜認諾：1簑震芸，藷ミ篭≡撲
り／柁＝4，andCk＜＜2Ck．Then，theresidualcapacitance
duetotheclockfbedthroughis40fF，Whilethatduetothe
Offketvoltagesoftheop－amPSisabout5×10．5ck，although
itsprecisevaluedependsonC方・Thisresultindicatesthatthe

fbedthroughcomponentdominatesCles，andthusClesisposi－
tiveirrespectiveoftheoffgetvoltagepolarity・

Considernow thebridgeoperationintheZcycle．Since

nowZ＝1，Ckisdisconnectedftomtherefbrencesourceand

isgrounded・Therefbre，thenrstterminthenumeratorof（8）
VanishesandthusCm。asin（14）equalsCl。S；thatis，thebridge

intheZcyclemeasurestheresidualcapacitancewhichshould

besubtractedffomthevaluemeasuredintheTcvcle．This

Self－Calibratingabnityallowstheprecisemeasurementofsmall
CaPaCitances．

SummarlZlng this section，We Can COnClude that alO－bit

quantizationaccuracyandarelativeerrorassmal1asO・1per・
Centisattainablewiththeintegratedversionofthebridge．

IV．MEASUREMENTExAMPLES

AprototypebridgehasbeenbuiltuslngOnehalfofanLM347

quadJFETop－amP Chip，MC14066CMOSanalogswitches，

anddiscretecapacitors・Thecapacitorarraywascontronedby

lObits・Toreducethecapacitancespreadinthearray，aSPlit
referencesourcewasinCorporatedintothebridge．Thesource

SuPPlied3・2VandO・1（＝3・2／25）Vtotwo5－bitarrays，eaCh

COnSistingof4－，2－，1－，0・5－，andO・25・nFcapacitors．These
twoarrayswerecombinedsothatthearraydrivenby3．2－V
SOurCefbrmedtheupperhalf，andthatdrivenbyO．1・Vsource

thelowerhalf，OfthelO・bitarray・AnotherO・25－nFcapacitor
WaSinCorporatedinto thelowerhalfofthearray，tOfbrm

anotherLSB・CapacitorsCk，Ckl，andCk2WereChosento
be4nF．

Fig・4showsthevoltagewavefbrmsobservableatthenonin－

VertinglnPutterminalofop－amPA2duringtheBstatewhena
Ceramic capacitor（nominalvalue2pF）wasmeasuredwith
refbrencetoaCk＝11・7lpFcapacitor．Inthefigure，the¢＝1

Fig・4・WaveformsappearlngatthenoninvertinglnPutterminalofop・
ampA2duringtheBstate，WhenaCkニ2pfceramiccapacitorwas

measuredwithreferencetoaCk＝11・7lpFcapacitor．Uppertrace：

WaVeformintheTcycle・Lowertrace：WaVeformintheZcycle．ver・
ticalscale：0・5V／div・Horizontalscale：0．2ms／div．

PhaseintimeslotTl（i＝1，2，・・・，11）isindicatedbybiSO

thateachbitcanbeidentinedbythevoltagelevel・AIsoshown

（indicatedby鞍）isthevoltagestoredinCk2intheprevious
Sstate・TheuppertraceshowsthewaveformintheTcycle．
InspectingthevoltagelevelslinthebiPhases，OneObtainsthe

ratio（Ck十Cles）／Ck＝（00111001100）B＝115／512．The

lowertraceshowsthewaveformintheZcycle．Nowoneob．

tains the ratio Cl。S／Ck＝（00001110000）B＝7／128．Thus

Cx＝1・99pFandCles＝0・64pF・Themeasuredcapacitance

OfCkagreesexactlywiththatmeasuredbyacommerciauy
availablefbur－terminal－Pairbridge・Thisbridgedisplaysthe

resultinafbur・digitBCDfbrmanditsmeasurementerroris

O・1percent＋3LSB・Themeasuredresidualcapacitance，Which

istentimeslargerthanthatestimatedintheprevioussection，

WaSfbundexperimentallytobemostlyduetothelargeclock

fbedthroughofthe CMOSanalogswitchusedfbrthereset

transistorMIWhichisconnectedtothevirtualgroundcreated
byop・amPAl．

Alargenumberofcapacitorsweremeasured，andtheresults
WereCOmParedwiththoseobtainedbytheabovementioned

COmmerCialbridge・CapacitorsranglngftomlOpFtoIpFin
decadestepswereusedfbrck，SOthatCk／Ckwaslessthan
l・TableIlistssomeoftheresults．Itcanbeseenthatthe

discrepanciesbetweenthemeasuredresultsaremostlywithin

lpercent，althoughtheytendtoincreasewithdecreaslngCa・

PaCitance・Thisprobablycanbeattributedtothelargeclock

fbedthroughoftheMOSswitches，Whichviolatestheassump・
tionthatthechargesduetopairedfeedthroughcapacitances

arenegligible・InanLSIrealization，theseerrorsourceswnl
begreatlyreduced．

V．CoNCLUSIONS

An automatic switched－CaPaCitorbridge，Whichallowsthe

PreCisemeasurementsofdiscreteandMOSICcapacitors，has

beendescribed・ErroranalysishasshownthatalO⊥bitquanti・

Zationaccuracyandarelativeerrorassmal1asO．lpercentare

attainablebyfabricatingthebridgeuslngPreSentlyavailable

MOStechnologies・Aprototypebridge，implementedusing

discretecomponents，hasconnrmedtheprlnCiplesofopera・

lForb7－bll，thevaluesaretoosmalltoshowthesignofthesignal・
However・they are sumcient to drive the comparator op－amPA2
unambiguously．
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TABLEI

CoMPARISONBETWEENTHECAPACITANCESCscBMEASUREDBYTHE

PRESENTSwITCHED－CAPACITORBRIDGEANDTHOSECmBYTHE
CoMMERCIALFoUR－TERMINAL－PAIRBRIDGE

（Cn。mdenotesthenominalcapacitanceand亡，isthedeviationbetween

CscBandCFTB）

Cnom （pF） CscB （pF） CFTB （pF） ㌔ （完）

1 1．062 1．044 1．72

2 1．960 1．992 1．61

4 4．324 4．227 1．10

10 10．42 10．39 0．29

22 21．74 21．95 0．96

47 45．48 45．42 0．13

10q 103．5 102．8 0．68

220 206．1 205．4 0．34

470 455．8 453．3 0．55

1000 960．5 952．4 0．85

2200 2450 2448 0．08

4700 4528 4518 0．22

10000 10616 10530 0．82

22000 23016 23170 0．65

40000 38695 38350 0．90

tion・Incorporatingasplitreferencesource，aStandardcapaci・

torbank，andanautomaticrange－Selectingcircuitw山provide
thebridgewithawidemeasurementrange・Theextensionto
the measurement ofgrounded capacitorsis anotherfuture
PrOblem．

Thebridge describedhere ftaturesacircuitconnguration

251

SuitablefbrLSIrealizationandhighaccuracymadepossible
by thedigitalbalanceoperationandtheparasitic－insensitive
COnnguration．Therefbre，itisalsousefulfortheinterfacefbr
“smart”capacitivetransducers．
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