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ASwitched－CqpacitorCharge－BalanclngAnalog－tO－

DigitalConverterandItsApplicationtoCqpacitance
Measu托ment

HIROKIMATSUMOTO，STUDENTMEMBER，IEEE，HIROMISHIMIZU，
AND KENZO WATANABE，SENIORMEMBER，IEEE

AbsLract－Ananalog－tO－digitalconverterisdevelopedbasedonthe
Charge－baIancIngPrlmiple・Itconsistsofaswitched－CaPaCitorintegra－
tor，COmParatOr，anddigitaJlogiccircuit・Drivenbythetwophase
Clock，theintegratoraccumuIatesconsecutivelytheincrementalsignaJ

ChargewhiJeextractingthequantizedrefbrencechargefromtheac－

CumulaledsignaIchargeeaChtimeitsoutputbecomespositiveItOkeep

theirchargebalance・TheratiobetweentheaccumuIatedandextracted

ErequenciesbraglVenPeriodoEtimethenprovidesthedigitalrepre－

SemtatiomoramlnputamalogslgnaL

Aconversionaccuracybigherthan14bitscanbeexpected打omits

integratedrealizatiombecausetheo恥etYOltageandthe伽血opem－

IoopgainoIamop－ampandtheparasiticcapacitancehavenoe触t
upontheconversionprocess・ItaIsofbaturesasmaIldevice－COuntin－

tegmbleontoaverysmalIchiparea・Someapplicationsarealsopre－

Semtedtodemomstrateitsvalidity・

Ⅰ．INTRODUCTl0N

DUAL－SLOPE and charge－balanclng Orincre－

⊥mentalconvertersaretwotypicalserialanalog－tO－

digital（A／D）convertersll］・Bothhavethesameanalog

Circuitryconsistingofanintegratorandacomparator，but

theirpnnciplesofoperationarequitedifftrent；theformer

is based on pulsewidth modulation，While thelatteris

basedondelta－Sigmamodulationl2］・Thelatterisvery

attractivetodigitaldatatransmissionbecauseitshigh
COnVerSion rate permits oversampling and decimating

techniquesforenhancingaccuracyl3］－［6］．

Intheinstrumentationandmeasurementfield，Onthe

COntrary，thedual－Slopeconverterismorepopularandis

Widelyusedforadigitalmeterl7］，【8］．Thisisbecause

thecontrolloglCtOeXtraCtthequantizedchargepacket

fromaconventionalactive－RCintegratorcomplicatesthe

realizationofthecharge－balanclngCOnVerter．

AswitchedcapacitormanlPulatesthechargepacket・

Therefore，byreplacingaconventionalactive－RCintegra－
torwithaswitchedcapacitoronewillfacilitatethecontrol

logiC・Basedonthisidea，aneWCharge－balancingA／D
COnVerterhasbeendeveloped・SuchanA／Dconverterhas

alsobeenreportedindependentlybyRobertetal．［9］，

ManuscnptreceivedNovemberl，1986；reVisedMarch9，1987．
H．MatsumotoandK．WatanabearewiththeResearchInstituteofElec－

tronics，ShizoukaUniverslty，Hamamatsu432，Japan・

H・ShimizuiswithKurabeIndustrialCo・，Ltd．，Kamimura，Hamana
432，Japan．
IEEELogNumber8716854．

T：≡

［101・Compared with theirincremental converter，the

PreSentCOnVerterftaturesthesimplerandgaln－insensi－

tivecon負guration．

Followlng thisintroductory section，SectionII de－

SCribesthecircuitconfigurationandthepnnciplesofop－

eration・Theconversion accuracy when the A／D con－

VerterisfabricatedinanICformuslngadvancedCMOS

technologylSeStimatedinSectionIII・Applicationtoca－

PaCitancemeasurementandsignalprocesslngOfintelli－

gentcapacitivetransducersarepresentedinSectionIVto

demonstrateits capabilities・Thepaperconcludes with
SectionV．

II．CIRCUIT DESCRIPTION

d．【加わ0brCb乃Ver∫わ乃

Fig・1Showsthecircuitdiagramofthecharge－balanc－

ingA／Dconverter．Itconsistsofthreemainblocks；the

SWitched－CapaCitorintegratorcompnslngtheop－amPAl，

twocapacitorsClandCi，andanalogswitches，thecom－

ParatOrCOmPrisingtheop－ampA2andaDflip－flop（FF），

and the controlloglC Circuit compnslng．gateS and

COunterS・tLisanlnPutanalogvoltage，aSSumedpositive

fbrthetimebeing，tObeconvertedintoann－bitbinary

numberwithreftrencetothevoltagefl．¢and¢arecom－

plementarilynonoverlapplngtWO－Phaseclocks・

Theresetpulse¢R，Whichisgeneratedevery2ncycles

OfthetwophaseclockbyANDingthecarryoutput（CO）

Ofthemodu10－2ncounterwiththe¢clock，dischargesG．

COalsoclearstheup－COunter，therebyinitiatingtheA／D

COnVerSion・ThecapacitorClisthenchargedtoI㌔through

Ml，喝，andCb，becausetheinvertlnglnPutterminalof
OP－ampAlisvirtuallygrounded・ClosingM3andM6When

Qislow，theincrementalsignalchargeflTLthusstored
inClistransftrredontoCiinthenext¢phase．Theca－

pacitorC3samplestheresultantoutputvoltageandholds

itduringthenext¢phase・Thisprocessofaccumulating

theincrementalsignalchargecontinues，aSdepictedin

Fig・2，untiltheintegratoroutputbecomespositive・Then，

QoutputoftheDFFbecomesalogic‘‘lHandenables

theup－COuntertObeincremented・Atthesametime，it

tumS〟2“On”tochargeCltOthereftrencevoltagett

throughGandM6・Thisextractsthequantizedreference
ChargeCltlfromCi，therebyforclngtheintegratoroutput
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DlGlTAL OUT rrl

Fig．1．Thecharge－balancingA／Dconverterfbrunipolarconversion・

123日15…・　　　　　　　　　　　　　　　H

l　　　　　　　～　　　　　　　　　　　　　　　　　　　　　　　　m

（C）

Fig・2・（a）Theclocksignalsand（b）theoutputwaveformsofop－ampJl
andof（C）Dnip－nOp・

togonegativeagaintoresumetheincrementalsignal

chargeaccumulation・Thisprocessofthechargeaccu一

mulation andextractionis repeateduntilthe next reset

Pulse4・Rinitializestheoperation・

LetthequantizedreferencechargeCITtbeextractedin

mtimes．ThetotalreftrencechargeextractedfromCiis

thenmCITl，Whilethetotalsignalchargeaccumulatedinto

C2is2nCll左．Theoutputvoltageoftheintegratorwhen

OPeCyCleoftheA／Dconversioniscompletedisthus
glVenby

竹＝（Cl／G）（2〃佐一削り）・

BecauseIThl＜l（ClノCi）V日，WeObtain

（叱／り）－（椚／2つくlLSB

（1）

（2）

wherelLSB＝1／2n．

Thus，COuntlngmuSlngthen－bitup－COunter，OneCan

getthedigital（binary）representationoftheinputanalog

ん
▲
¶
ム
∵
軸
ふ
【
＋
仏
。

DIGITAL　0UT m

1　2　　3　　●　　〇　・

（b）

Fig・3・（a）Thecharge－balancingA／D？OnVerterfbrbipolarconversion・
（b）Timingdiagramofthenonoverlapplngfbur－phaseclocksandtheout－

putvoltagewavefbrmsofop－ampAlandDnip一触p・

voltage．Itisnotedin（2）thattheconversionisindepen－

dentofthecapacitanceratioCl／C2andthatitgenerates

nomisslngCOde．

且β卸血rC（）VV r∫わ〃

Thecircuitdiagramforbipolarconversionisshownin

Fig．3（a）．Theanalogcircuitryisthesameasthatshown

inFig・1，butthefour－Phaseclockwhosetimlngdiagram

isshowninFig．3（b）isrequiredfordrivingeachswitch・

Theoperationisasfbllows；inthe¢。and¢bPhases，OP－
ampAlOPerateSaSanOninvertlngintegratortoaccumu－

latetheincrementalsignalchargeCl叱inC2・Theinte－
gratoroutputinthe¢bphaseistestedbythecomparator

A2．Ifitispositive（否＝′1，），thenthequantizedrefer－

encechargeCIV；isextractedfromCiinthe¢cand¢d

phasesandtheup－COunterisincremented・Iftheintegrator

outputinthe¢bphaseisnegative（Q＝’1’），Ontheother

hand，thenCIV；isaccumulateduponCiinthe¢cand¢d

phases．Toidentifytheoperation皇竺eaChphase，theout－

putvoltagettofop－amPAlandQoutputoftheDFF，
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assuming叱＝－tl／2，arealsodepictedinFig．3（b）．

Theoutput．voltageKdecrPaSeSby（Cl／G川引ineach
¢bphaseslnCeTtisnegatlVeandincreasesordecreases

by（Cl／G）りineach¢dphasedependingonthe否out－
put・Thisprocessofchargeaccumulationandextraction

isrepeatedfor2ncyclesofthefbur－Phaseclock，untilthe

nextresetpulse¢RinitializestheA／Dconverter．

Letthequantizedreftrencechargebeextracted什omCb

inmcounts・ThenthetotalextractedchargeismCITt，

Whilelthetotalchargeaccumulateduponqis2nCITt＋

（2n－m）Clfl・Theintegratoroutputvoltage竹atthe
endofconversionisthus

叱＝（Cl／q）【2〝（叱＋りト2〝弟】．（3）

Becausel竹l＜l（Cl／G）Tll，WeObtain

化＋り）／（2㌧卜（椚／2つく（1／2）LSB．（4）

Therefore，mCOuntedbytheup－COunterglVeSthedigital

（0ff岳etbinary）representationofaninputanalogvoltage．

Theinputanalogvoltagerangeis－Tt≦ft＜tl．It

Shouldbenotedhereagalnthatthecbnversionprocessis
independentofthecapdCitanceratioandismonotonic．

ⅠII．CoNVERSION AccURACY

Thedescnptionintheprevioussectionneglectssuch

nonidealcircuitperformanCeSaStheoff岳etvoltagesand

finiteopen－loopgalnSOfop－amPS，ParaSiticcapacitances，

andclockfbedthrough・Theire鮎ctupontheconversion

accuracylSeXaminedinthissection・OnlytheunlPOlar
COnVerSionisanalyzedforsimplicity，buttheresultholds
alsotrueforthebipolarconversion．

Theoff岳etvoltagesTLlandI㌔∫20fop－amPSAlandA2，

respectively，aredetectedintheresetphasebycloslng叫
andMi・ThevoltageTt2aCrOSSGisthenI㌔∫2－竹sl．
Startingwiththisinitialvoltage，theintegratorproduces

theoutputvoltageIも（i）intheithcycleofunibolarcon－

叱（f）＝隼2（f）＋I忘l

＝（Cl／q）ト佐一（叩ト1＋玖＿1）り】／

【1＋A‾1（1＋Cl／G）いじ∫2　（5）

WheremL－1denotesthenumberoftimesthequantized

reftrencechargeisextractedbeforetheithcycle，Aisthe

finiteopen－loopgainofop－amPAl，andQi＿listhecom－

PlimentaryoutputoftheDFFwhichassumeslorOde－

pendingontheintegratoroutputpolarity・Thevoltage

竹（i）iscomparedwithfts2bythecomparatorA2tOde－
termineitspolarity・Thus，thecomparisonprocessisin－

dependentoftheo餉etvoltagesofop－amPS・Thedenom－
inatorin（5）indicatesthereductioninchargetransftr

efRciencyfromCltOGduetothefiniteopen－loopgaln
A・Thisreductioniscommontotheincrementalsignal

andquantizedreftrencecharges・Therefore，thefinitegaln

Ahasnoe飴ctupontheconversionaccuracyeither．This

isasalientftatureofthepresentA／Dc？nVertermade
possiblebyincorporatingtheholdingcapacltOrCiintothe

integratorl11］・Theintegratorisalsoconfiguredsuchthat

theparasiticcapacitancebetweeneachnodeandground

has noefftctuponitsoperationl12］．Thus，theclock

fbedthroughisonlytheerrorsourceinthisconverter．
Lettheclockftedthroughchargereftrredtotheinvert－

inginputterminalofop－amPAlbeQf・Thentheintegrator
OutPutI莞attheendofconversionisglVenby

㍑＝（Cl／G）（2〝佐一椚′り＋2〝砂／C．）（6）

Wheremristhecontentoftheup－COunter．Ifm・－m＜

1，WheremisthebinaryrepresentationofI㌔givenby（2），
thentheconversionisaccuratedowntoitsLSB．Thisre＿

quires

Clり／劫＞2日1　　　　（7）

InanICrealizationuslngadvancedMOStechnologleS，

thesignal－tO－nOisechargeratioCltl／QfaShighas5×

104canbeobtainedbyaccommodatingtheclockfted－

throughcompensationschemel13］orbyusingthecom－

Pletelydi鮎rentialschemel14】orthemodifiedtwophase
Clockl15］・Itfollowsthereforethatanaccuracyhigher

than14bitscanbeexpectedfromtheintegratedversion

OfthepresentA／Dconverter・Thedigitalcompensation

Whichmeasuresthecontributionoftheftedthroughcharge
SeParatelytosubtractitfromtheoverallresultwillim＿

PrOVetheaccuracyfurther．

IV．AppLICATION

AstraightforwardapplicationofthepresentA／Dcon－
Verterisadigitalvoltmeter（DVM）．Actually，theDVM

WithO・1－perCentaCCuraCy（10－bitresolution）wasreal－

izedbytheprototypeA／DcoヮVprterbuiltusingdiscrete
COmPOnentS・BesidesthispromlSlngaPPlication，itcanbe

appliedtoawiderangeofapplicationswhichrequlrema－
nlpulationofachargepacket．Someofthemwillbede－

SCribedinthefbllowlng・

A qPdC血〝Ce〟grgr

ThepresentA／Dconvertercomparesthesignalcharge

PaCketCIThwiththereftrencechargepacketCITltoen－

COdetheirratiointoabinarynumber・Iftheslgnaland

reftrencechargesarereplacedbyCrTlandCIVl，reSPeC－

tively，thenanunknowncapacitanceC．canbemeasured

digitallywithrefbrencetoastandardcapacitorC，：

G／G＝∽／2〝＝ゐ12‾l＋み22‾2

＋＝・＋あ〃2‾〝・　　　　（8）

AponionoftheunipolarA／Dconvenermodi鮎dfbrチ
digitalcapacitancemeterisshowninFig・4・T≠ecircult

OPerationisthesameaSthatoftheunlPOlarconversion

andthecapacitanceratioisglVenbymstoredintheup－

COunter・TableIshowsameasuredexample，COmPanng

thecapacitanceCbcMmeaSuredbythepresentdigitalca－

PaCitancemeterwiththoseCFTBbyacommercialfour－

terminal－Pairbridge・1Thediscrepancieserbetweenthem

lHPmode14275AmultifrequencyLCRmeter・



876 IEEETRANSACTIONSONINSTRUMENT灯ION、ANDMEASUREMENT，VOL・IM－36・NO・4，DECEMtIER1987

Fig・4・Theswitched－CapaCitorintegratormodifiedfbrthedigitalcapaci－
tance meter．

TABLEI

CoMPARISONBETWEENTHECAPAC］TANCECDCMMEASUREDBYTHE

PRESENTDIGTTALCAPACITANCEMETERANDTHOSECFTBBYTHE

CoNVENTIONALFouR－TERMTNAL－PAIRBRTDGE

（Cn。misthenominalcapacitanceand亡ristherelativedeviationbetween

CDCMandCFTB）

C 。。m 【p F 】 C FT B 【pF 】 CD C M 【p F 】 Cr 【冤】

1 1 ．0 34 1 ．0 4 8 1 ．3 5

2 2 ．0 24 2 ．0 0 5 0 ．9 4

4 3 ．9 00 3 ．9 26 0 ．6 7

10 10 ．2 7 10 ．19 0 ．7 8

20 20 ．2 9 20 ．4 6 0 ．8 4

4 7 4 7 ．4 3 4 7 ．8 7 0 ．9 3

1 00 98 ．3 0 9 7 ．36 0 ．9 6

2 20 2 1 5 ．6 2 17 ．2 0 ．7 4

4 70 4 6 3 ．3 46 0 ．5 0 ．6 0

10 00 9 7 1 ．1 96 6 ．8 0 ．4 4

arealmostwithinlpercent，Whichareattributedtothe

clock ftedthrough．Accommodating the clock fbed－
throughcompensationanddigitalcalibrationschemeswill

improvetheaccuracydrastically・Ameasurementrange

canbeexpandedbyincorporatingthescaledreftrence

voltagetochargeanunknowncapacitor・

且GpdC肋e7ね那血cer血eゆCe

Thedigitalcapacitancemeterdescribedaboveisavail－

ableforslgnalprocesslngOfacapacitivetransducer・The

capacitancechangeofthe solid－StatetranSducer，how－

ever，isusuallyverysmallcomparedtoitsoff岳etcapaci－

tancel16］．Anaccuratesignalprocessingofsuchtrans－

ducerthusrequlreSitso蝕etcapacitancetobecancelled・

AportiOnofthepre守entunipolarA／Dconvertermodified
tomeetsucharequlrementisshowninFig・5・Here，Cr

representsacapacitivetransducer，Cristhereftrenceca－

pacitorwithwhichthecapacitancechangeofthetrans－

duceristobecompared，andCcisthecompensationca－

pacitor fbr cancelling the offget capacitance of the

transducer．Ineach¢phase，thechargeCrV；storedinCr

ipthepreceding¢phaseistransfbrred，aSinthedigital

capacitancemeter，OntOC2・Atthesametime，theo蝕et

chargeC。V；isextracted什omC2・Thus，thenetcharge
accumulatedontoC2ineach¢phaseis（Cr－Ci）V；・

Thenetchargeiscomparedwiththequantizedreftrence

chargeC，V；toglVethen－bitdigitalrepresentationmof
thecapacitancechange：

（G－G）／q＝∽／2円・　　　（9）

Thisinterfacehasbeenappliedtothehumiditytrans－

ducercomposedofathinpolyimidefilmdepositedontoa

To

COMP．

Fig・5・The switched－CaPaCitorintegrator modi鮎d fbrthe capacitive

silicon substrate．Its struCture andcapacitance Crmea－

suredbytheaforementionedfbur－terminal－Pairbridgeare

showninFig．6（a）and（b），reSPeCtively・Intheinterface

showninFig・5，100－and380－PFcapacitorswereused

forC，andCi，reSPeCtively・ThereferencevoltageV；was

settoIV．Thescaleontheright－handordinateofFig・

6（b）indicatesthedigitaloutputoftheinterfaceinhex

coderepresentation・Theresultpromises adigitalhy－

grometerwithexcellentlinearityandaccuracy・

Foranotherexampleoftheinterface，thecharge－bal－

チnCingA／Dconverterhasbeenappliedtosignalprocess－
lngOfthedi鮎rentialpressuretransducer・Thetransducer，
showninFig．7（a），COnSistsoftwometalchambersfilled

withoilandseparatedbyadiaphragml17］・Eachchamber

canberepresentedelectricallybyacapacitor・Thepres－

suredi鮎rence，AP＝PH－PL，isthenglVenby

gAP＝（q一弘）／（q＋G）　（10）

whereKisaproportionalconstantdeterminedbyame－

chanicalstruCtureOfthetransducer，andCHandCLare

capacitancesofhighandlowpressurechambers，reSPeC－

tively．DetectingAPbasedon（10）ispossiblewiththe

presentA／Dconverter，butrequiresbipolarconversion
becausethenumeratorq．－Ctlmaytakeanegativevalue

dependingontheo餉etcapacitanceofeachchamber・To
becompatiblewiththeunlpOlarconversionandthereby

tosimplifytheinterface，（10）ismodifiedto

G／（G＋G）＝（gAP＋1）／2・　（11）

Fig．7（b）showsthatportionoftheA／Dconverterwhich
ismodifiedtodetectthedifftrentialpressurebasedon

（11）．Withmbeingagainthecontentofthen－bitup－
counter，thetotalchargeaccumulatedontoC2fromGis
（2n－m）CLV；，WhilethechargeextractedhomC2is

mCHV；．Fromthechargebalance，WeCanget

gAP＝（2〃l／2り－1．　　（12）

Multiplyingmby2isaccomplishedbyshiftingtheup－
counterbylbittowardtheMSB・Thecarry，ifgenerated，

cancels－ltermin（12）．Otherwise，Subtractinglfbm

theshiftedresultisaccomplishedbytakingthel’scom－

plement・Therefbre，thecontentmoftheup－COunterisin

itselftheo鮎etbinaryrepresentationofKAP・Thedigital

outputinhexcodeversusthepressuredi爪汀enCethusob－
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Fig・6・（a）ThestruCtureOfthehumiditytransducerand（b）thehumidity

VerSuSCapaCitanceCrmeasuredbyaconventionalbridge．Theright－

handordinateof（b）Showsthedigitaloutputobtainedbythepresent
inteぬce．

DlAPHRAGM

0

㌔軒
（a）　　　　　　　　　　　　（b）

Fig・7・（a）ThestruCtureOfthedihrentialpressuretransducerand（b）the
Switched－CaPaCitorintegratormodi鮎dtodetectthediffbrentialpressure・

tainedisshowninFig・8togetherwithC，］andClmea－

Suredbytheaforementionedbridge・Thedigitalresults

areincloseagreementwiththosecalculateduslngthe
measuredcapacitances．

V．CoNCLUSIONS

A switched－CaPaCitor A／D converter based on the

Charge－balanclngPnnCiplehasbeenpresented．Itftatures

asmalldevice－COuntintegrableontoasmallchipareaand

ahighaccuracymadepossiblebytheparasitic－andgaln－

insensitiveconfiguration・Thesefbaturestogetherwithits
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PRESSURE DげFERENCE　△P（9／用量）

Fig・8・CapacitancesCLandCLVerSuSthepressuredidbI℃nCe．Thedigital

OutputmObtainedbythepresentinterfaceisalsoshownintheright－
handordinate．

inherentpropertyofmanipulatingthechargepacketmake

thi去A／Dconvederespeciallyusefu1forinterfacingc竺－
pacitivetransducers withadigitalsystem・Thecircult

modifications andpracticalperformanCe Ofsuchinter－

fhceswerealsodescribedto・demonstrateitscapabilities．

Intheseapplications，nOteChniquewasadoptedforcom－

pensatingtheclockftedthroughandthustheaccuracywas

limitedtolObits・Incorporatingtheclockfeedthrough
CanCellation ordigitalcalibration schemeintoitsinte一

gratedrealizationwillopenawiderapplication．
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