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AnAutomnglngSwitched－CqpacitorAnalog－tO－

DigitalConverter

KAZUYUKIKONDOH，MEMBER，IEEE，ANDKENZOWATANABE，SENIORMEMBER，IEEE

Abstnzct－AnoveJswilched－CapaCitorserialanalog－tO－digitaI（A／D）

COnVerterisdevelopedbasedonthedual－Slopeintegration・TheanaIog

VOltagebeingconvertedisGrstaccumulatedintothecapacitorinthe

Ebrmofcharge・Thequantizedrefbrencechargeisthenextracted什om

theaccumulatedsignalchargeuntilthevoltageaCrOSSthecapcitor

becomeszero・Toincreasetheresolution，theatItOranginghnctionis

incorporatedwhiehchamgesthechargeaccumulatiomcou鵬im2，sge0－

metricprogressionmanneraCCOrdingtotheinputanalogvoJtage・The

resultantcotJntSinchargeaccumulationandextractiongiYetheexpo－

nentandthemantissa，reSPeCtiYelyIOfthedoating－POintbinaryrep－

resentatiom・AresolutionorlObitswiththeadditiona12圭bitsn汀Ihe

expomentisachievedbytheprototypecomYerterbuiltusimgdiscrete
COmpOmentS．

B　　　　　　　　I．INTRODUCTIONYVIRTUEOFitsexcellentzerostability，lineanty，

andabsoluteaccuracy，thedual－Slopeanalog－tO－dig－

ital（A／D）Converterhasmadegreatimpactonlow－SPeed

PreCisioninstrumentationandmeasurement【1］．Itsmo－

nolithicimplementationisdesiredhighlytoreducethe

COSt，butisdifhcult，ifnotimpossible，Withthepresently

availablebipolartechnologybecauseofthelargeintegra－

tiontimeconstantinvoIved・TosoIvethisproblem，the

CMOSrealizationwhichreplacesaconventionalRCin－

tegratorwiththeswitched－CaPaCitorintegratorhasbeen

PrOPOSedl2］・Suchasimplereplacement，however，re－

qulreSthecapacitanceratioof2nforn－bitresolution．In

addition，thelowerconversionspeedisinevitablebecause

OftheslowerswitchingspeedofCMOScircultry・

Toalleviatethesedifhculties，thefloatlng－pOlntteCh－

nlqueisappliedtotheswitched－CaPaCitordual－SlopeA／D

COnVerter・Anovelmethodisusedtoeliminatethqpr0－

grammable－galnamPlifierwhichwouldotherwisebere－

quiredforscalingtheinputanalogvoltage・Followlngthis

introductorysection，thepaperdescribesitscircuitcpn－

figuration，thepnnciplesofoperation，andtheexperimen－

talresultsobtainedbytheprototypeconverter．

II．CIRCUIT DESCRIPTION

Fig・lshowsthecircuitdiagramoftheswitched－CaPaC－

itordual－SlopeA／Dconverter・Here，tlistheanalogvolt－

agetobeconvertedintoabinarynumberwithreference
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Fig・1・ThecircuitdiagramoftheautoranglngA／Dconverter．

to Tt・Kristhethresholdvoltageforautoranglng．The
Wholecircuitconsistsofthreemainblocks；theswitched－

CaPaCitorintegrator，COmParatOr，anddigitalcontroIcir－

Cuit・The・0ff岳et－freeandparasitic－insensitiveconfigura－

tionisadoptedfortheintegratorl3］，【41．Thecircuitop－

erationisdividedintothreestates；the‘Polarity，（POL）

StatetOdetectthepolarityofanlnPutanalogvoltage，the

‘Accumulation’（ACC）state to accumulate the signal

ChargeintothecapacitorG，andthe‘Extraction，（EXT）

StatetOeXtraCtthequantizedreftrencechargefromthe

accumulatedsignalcharge・Theoperationineachstateis

9）ntrOlledbythenonoverlappingtwophaseclocks¢and

¢・TheirtimingdiagramisshowninFig．2．Inthisdia－

gram，¢。（n）istheautorangingpulsegeneratedbythe

COunterWhenitcounts2m（n＝0，1，‥・，4）clocksin

‘ACC，state・Theleadingresetsignalresetstheintegrator

andthecounter，therebyinitiatingtheA／Dconversion．

Theoperationineachstatewillbedescribedindetailin

thefollowlng．

d．qJemJわ〝加‘PO乙，動のg

Inthisstate，Slliskept“on”，andS2，S4，S5，andSl。

arekept“0ff・’’Theanalog circultry Validinthis state

thusbecomesasshowninFig．3．0pampAlandcapac－

itorsCl，Ci，andC3fbrmanoninvertlngamplifier，tOam－

PlifytheanaloglnPutVOltage n．Theoutputvoltageof
Alisthus

K＝（Cl／G）叱．　　　　　（1）

OpampA2andtheDflip一nopDlformacomparatorto

testthepolarityof竹．Ifitispositive，thenPissettol．
Otherwise，Nissettol・Thiscompletestheoperationin
thisstateandthecircuittumSinto‘ACC，state．
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Fig・2・ThetimlngdiagramofdigitalcontroIsignalsandtheoutputwave－
bmofopampdl・

Fig・3・Theanalogcircuitryinthe‘POL’state・

且qJemJわ〝加uCC’∫JdJe

TheswitchSlOiskeptHon，，，whileS2，S4，S5，andSll

arekept‥0ff，，duringthisstate・TheanalogcircultryValid

inthisstatethusbecomesasshowninFig．4・Opamp

AlandcapacitorsClandCinowfbrmthenoninvertlng

integratorifP＝landtheinvertinglntegratOrifN＝1・

AfterdischarglngthechargestoredinClandCiinthe

preceding・POL，state，theintegratoraccumulatesthein－

crementalsignalchargeCIV．ontotheftedbackcapacitor

C2，tOprOducethepositiveoutputvoltageVi，aSShown

inFig二2・ThecapacitorC3isincorporatedtoholdthe

integratoroutputvoltageandtherebytomaketheintegra－

toroperationinsensitivetotheopen－looLgalnOfopamp
Al【3］．Theintegratoroutput叱inthe¢phaseiscom－

paredwiththethresholdvoltageKrbythecomparatorA2・

IfTh＜Vi，，thenthecomparatoroutputCMPiskeptlow，
tocontinuethechargeaccumulation・WhenVi≧Vir，the

autorangingpulse¢。（n）becomese鮎ctivetostopthe

chargeaccumulation・Therefbre，iftheinputanalogvolt－

agettisintherangePetweenfL／2nandKr／2n‾1，the

charge accumulationlS rePeated2n times・The slgnal

chargeQaccaccumulateduponC2isthus

ea。。＝2〃CIK．　　　　　（2）

It shouldbe noticed here thatthe charge accumulation

count2n corresponds to the binary－Weighted program一

mablegalnOfaconventionalfloatlng－pOint A／D con－

Vener．

Fig・4・Theanalogcircuitryinthe‘ACC’state・

C．（わgmJわ乃血‘EXr’∫Jαre

Inthisstate，SlliskeptHon，，，whileSl，S7，andSlOare

kept‥0ff・‥TheanalogcircultryValidinthisstatethus

becomesasshowninFig・5・OpampAlandcapacitors

Cl，Cl＋AC，andC2fbrmtheintegrator・Thereftrence

voltageV；isnowapplied，inplaceofK，tOtheintegrator・
Ineach¢phase，theCapaCitorCldepositsthechargeCIV；

uponc2，WhilethecapacitorCl＋ACdrawsthecharge

（Cl＋AC）V；outofCi．ThusthenetchargeQ，，reftrred

heretoasthequantizedreferencecharge，eXtraCtedfbm

C2ineach¢phaseisACV；・Thischargeextractioncon－

tinuesuntiltheintegratoroutputvoltagebecomeszero・

Letthequantizedreftrencechargebeextractedmtimes・

Thenthetotalchargeextractedis

払Xt＝mACり・

SinceQacc＝Qext，OneObtains

（3）

K＝竺・些・竹＝（叫一1＋椚22－2
2〝　Cl

＋‥・＋椚〟2●〟）2‾〃・一気　　　（4）

where一気＝2M（AC／Cl）tlisthefullscalevoltageof
theA／DconverterwithM－bitresolution．Therefore，for

givencapacitanceratioAC／ClandreftrencevoltageV；，
thefloatlng－POintbinarynumberwithnandmasitsex－

ponentandmantissa，reSpeCtively，meaSureStheinputan－

alogvoltage・TheA／Dconversioninsensitivetotheca－

pacitanceratioAC／Clisalsopossiblewiththiscircuit，

whichwillbedescribedintheAppendix・

III．CoNVERSION AccURACY

The switched－CaPaCitorintegratoris configured such

thattheoffsetvoltageofopampandparasiticcapaci－

tanceshavenoe鮎ctuponitsoperation・Thefiniteopen－

loopgalnOfopampreducesthechargetransfere伍－
ciency・Thereductionis，however，COmmOntOboththe

slgnalandquantizedreferencecharges・Thusthefinite

open－loopgaindoesnotdistufbthechargebalance，either・
Themainerrorsourcewhichlimitstheresolutionofthe

presentA／Dconverteris，therefore，theftedthroughof

clocksignalsthroughgate－SOurCeandgate－draincapac－

itorsofMOSswitches．

Lettheftedthroughchargereftrredtotheinvertlngln－

putterminalofopampAlbeQF・Then，thetotalcharge，
includingthecontributionofQf，aCCumulateduponCiin
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Fig・5・Theanalogcircultryinthe‘EXT，state．

the‘ACC’stateis2n（Clft＋QF），Whilethetotalex－

tractedchargeism′（Q，－QF），Wherem，istheerroneous

COunt CauSed by the ftedthrough charge・Since these

Chargesbalance，Wehave

2〝（CIK＋払）＝〟（er一払）．　（5）

Equation（5）isplottedinFig．6togetherwiththeideal

transftrfunction・Itis evident bylnSPeCtion that the
feedthroughchargeinthe’ACC，statecausestheoffset

errorandthatinthe‘EXT，statecausesthegalnOrSCale

FortheoffseterrortobelessthanlLSB，thefbllowlng
COnditionshouldbesatisfied：

払＜eノ（2〝＋1）．　　　　（6）

Thescaleerrores（in％）andthedifferentialnonlin－

earityed（inlLSBunit）aregivenby

e∫＝ed＝劫／（er一砂）・　　（7）

InanICrealizationuslngadvancedMOStechnologleS，

theftedthroughchargeQFCanbereducedto5fQbyac－
COmmOdatingtheclockftedthroughcancellationscheme

l5］，Whilethesignalchargeaslargeas500pQcouldbe

StOredinCb・ChoosingQ，＝0．5pQandn≦4，0neCan

ObtaintheresolutionoflObitsandthedynamicrangeof

84dBwithnooffseterror・Whilethisdynamicrangeis
Su伍cientfbrmostapplication，thescaleerroramountsto

Ipercent・Inaddition，theuncertaintyofthecapacitance

ratio△C／Clalsocausesthescaleerror．Thiserror，how－

ever，Canbeeliminated，Withoutdegradingthedifferential

lineanty，bya4justlngthereferencevoltageV；．

IV．ExpERIMENTAL RESULTS

ToconfirmtheprlnCiplesofoperation，aPrOtOtyPeCOn－

VerterWaSbuiltuslngdiscretecomponents・Thecapaci－

torswere：Cl＝3・34nF，C2＝3．34nF，andC3＝5．62

nF・TheopampusedwasLF347・Thereftrencevoltage

りandthethresholdvoltageKrweresettoIVand3V，
respectively．

Fig・7showsthewavefbrmobservedattheoutputof

OPamPAIWhentheanalogvoltage Vr＝－0．5Vwas

appliedtotheconverter・Thelargecapacitancedifference

AC＝360PFwasintentionallychosensothatthewave－

fbrm demonstrates the operationin each state．In the

’POL’state，thenegativepolarltyOfVrisdetectedandN

issettol・Inthe’ACC，and’EXT，states，n＝3andm

＝37aremeasured，reSpeCtively・Themeasuredvoltage
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Fig・6・Theideal（SOlidline）and erroneous（dottedline）input－Output

CharacteristicofthepresentA／Dconverter．

Fig・7・TheexperimentallyobservedoutputwavefbrmoftheprototypeA′

Dconverter・Horizontalscale：0・2ms／div；Verticalscale：lV／div．

Vristhus－（37／23）×（360／3340）×1＝－0．499V，

Whichagreeswiththeappliedvoltage・

Thedigitaloutputsandthenonlineantyerrorofthepro－

totypeconverterobtainedfbrtheanalogvoltageranglng

from－5to＋5VareshowninFig．8（a）and（b），reSpeC－

tively・Thecapacitancedi鮎renceACissetto5pF・Good
lineantywiththenonlinearltyerrOrlessthan主LSBcan

beseen・TheresolutionoflObitswithadditiona12主bits

fortheexponentconfirmstheaccuracyestimate・

V．CoNCLUSIONS

AnautoranglngSerialA／Dconverterbasedonthedual－

Slopeintegrationwasdescribed・Thechiparearequired

fbrtheimplementationisverysmallbecauseofsmallde－

VicecountinvoIved・Therefore，aSlowcostandhighpre－

CisionA／Dconverter，itwillfindwideapplicationinin－
Strumentationandmeasurementfield．

AppENDIX

Thedigitaloutputgivenby（4）dependsonthecapaci－

tanceratioofAC／Cl・Thisdep？ndence9anbeeliminated
byslightlymodifyingthecircultOPeratlOninthe’ACC，

StateaSShowninFig・9・OpampAlandcapacitorsCl，

Cl＋AC，andC2fbrmtheintegrator．SwitchesSlandS5

aredrivenby¢，WhileS3andS4aredrivenby¢，ifP＝

1・IfN＝1，0ntheotherhand，SlandS5aredrivenby

¢，WhileS3andSlaredrivenby¢．Therefbre，thecapac－

itorCldrawsthepositivechargeCIVrfromCi，Whilethe
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（b）

Fig・8・（a）Thedigitaloutputs，and（b）thenonlinearityerrorofthepro－

capacitorCl＋ACdepositsthepositivecharge（Cl＋
AC）VruponC2・Thusthenetchargeaccumulatedonto

thecapacitorC2isACVr・ThesignalchargeQaccaccu－

mulateduponC2isthus

ea。。＝2〃△CK．　　　（A－1）

Thecircuitoperationinthe’EXT，stateisthesameas

befbreandextractsthecharge

e。Xt＝mACり・ （A－2）

Fig・9・Theanalogcircultryinthe‘ACC，statemodifiedfortheratio－in－

dependentA／Dconversion・

SinceQacc＝Qext，OneObtains

l・■こ＝㌢・ （A－3）

TheA／Dconversionbased■on（A－3）wasalsoconfirmed

byaprototypeconVerterbuiltuslngdiscretecomponents・
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