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LimitationsofaRelaxationOscillatorinCapacitance
Measurements

YiliLiu，SongChen，MasakatsuNakayama，andKenzoⅥねtanabe・Fulo叫LEEE

AbsLTYZCトーOscilIation periods ofarelaxationoscillatorcon・

sisting ofan op・amp・basedintegrator and a comparatOrare

measuredoverawiderangeofRCintegrationconstantsナandthe

resultsarccomparedwiththeoreticalvaluesderivedintermSOf
theGmitegain・bandwidth（GB）productandtheslewrateofan

op・ampandtheresponsedelayofacomparatorlThecomparison
validatesthetheoreticalderivationwhichgivesthedesigncriteria
ofarelaxationoscillatorbrcapacitancemeasurementsandsensor

Slgnalprocesslng・

Lndbx7bnns－Capacitancemeasurement，COmParatOr，OPera・

tionalampliJierIrelaxationoscillatorISlgnalprocesslng・

B　　　　　　　　　Ⅰ．INTRODUCTION

ECAUSEofitssimplecon丘guration，arelaxationosci1－

1atorconsistingofanop－amP－basedintegratorandacom－

paratOriswidelyappliedtodigitalcapacitanCemeaSurementS

andconventionalinterfacesofcapacitivetranSducersllH6］・

Applicationsarebasedonthelinearrelationbetweentheosci1－

1ationperiodandtheintegrationtimeconstantRCwithCbeing

thecapacitanceundermeasurement・Capacitancesofmicroma－

chinedcapacitivetransducersareuSuallyintherangeOfaftw

picofarad・Doesthelinearrelationholdtrueinsuchasmallca－

pacitanCerange？Theworkdescribedinthispaperhasbeenmo－

tivatedbythisquestion・

Anop－amp－basedintegratorisalsoabasicconstituentofac－
tivemters・AccordingtosensitivityanalysisoftypicalSallen
andKeynlters，thesensitivityofthepolefrequencywpandthe

poleQtothegain－bandwidth（GB）productofanOp－amPin－

creaseswithLJp，andtheproduct（JpQofabandpassnlteris
limitedtoonehundredthofGBifthesensitivitysmallerthan

l％isrequiredl7］．nLisimpliesthatthepolefrequencywhich

wouldotherwisebedeterminedbytheextemalRCtimeconstant

isafftctedbynonidealitiesofanop－amPandsuchalimitation
wouldalSoexistinarelaxationoscillator．

Tbanswerthequestion，eXPerimentallyobservedoscillation

periodis丘rstpresentedinthispaper・Analysisoftheoscillation

periodwhichtakesnonidealperfbrmanCeSOfanOP－amPand

acomparatOrintoaccountisthenglVentOeXPlaintheexperi－

mentalresults．Finally，limitationincapacitanCemeaSurementS

uslngarelaxationoscillatorisdescribedintemSOfthenon－
idealities．
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Fig．1．（a）Circuitdiagramand（b）wavefbmSOfarelaxationoscillator・

II．RELAXATIONOscILLATOR

Fig・lshowsacircuitdiagramOfarelaxationoscillatorand
wavefomSObservedattheoutputsoftheop－amP－basedinte－

gratorandthecomparatOr・ContrarilytotheusualassumptlOn・

t＝OinFig．1（b）doesnotcorrespondtopowertumOnbutto

anafbitrarytransitionintheoutputvoltage・Assumlngfbrthe

momentidealop－amPAandcomparatOrCIIwehavethefb1－

lowlngequationfbrtheintegratoroutputv。：

C砦・芸＝0　　（1）
wherevcistheoutputvoltageofthecomparatOrWhichassumeS

EHuntilv。reaChes－（Rl／R2）EH．SoIving（1）undertheinitial
condition

項＝0）＝宝殿
WeObtaintheexpressionfbr7b

指＝C喘1‥）
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Fig・2・Measuredoscillationperiodsofrelaxationoscillators．

eretnMW

βェ

7＝豆言・ （4）

Similarly，theperiod7tduringwhichthecomparatOraSSumeS
thenegativeconstantvoltage－ELisglVenby

981

Where

Ao dcgaln；

Uc dominantPOle；

A。Wc gain－bandwidth（GB）product．

TheoutputoftheintegratorinFig・1whendrivenbytheunit
StePEHisthenglVenby

鴨（β）＝－
A。（J。

1＋A。山。 警（8）

WhereCiistheinputcapacitanceattheinvertinglnPutteminal
OfanOP－amP・Inderiving（8），theapproximateexpressionof

A（S）givenby（7）isusedbecausetheintegratoroperatioTatthe
frequencymuchhigherthanwcisanalyzed・Transform1ng（8）
intothetimedomainandtakingtheinitialvalue（2）intoaccount，
Wehave

1＋瓦こ万云
f一志（1＋筈）

・（1－e‾【（1＋AoucCR）′（C＋Ct）当

71＝C咤（1＋；）・　（5）Where
OSCillationperiodTisthus

r＝指＋竿＝C頗冊甘（6）
CapacitanceandresIStanCemeaSurementSuSlngarelaxation

OSCillatorarebasedonthislinearrelationbetweentheoscilla＿

donperiodTandthetimeconstantCR．

［：memeasuredrelationsarePlottedinFig・2・Component

ミし‘ValuesandcircultParameterSare：R＝1MO，月1＝5．1kr2，．■

R2＝10kO，EH＝EL＝13・5VOp－amPSWithdiffbrent

electricalperfbrmanCeSWereuSedfbrcomparison・Thkinga
l恥katFig・2，OnenOticesthattheplotsfollowtheidealrelation

（6）inthecapacitancerangelargerthanlOpF，butdeviatefrom

itinthesmallerrangeandthedeviationdependslargelyonthe
tlectricalperformanceofanOP－amP・

III．NoNIDEALPERFORMANCEANALYSIS

Tbexplainthediscrepancymentionedintheprevioussection，

☆eintroduce・nonidealitiesofanop－amPandacomparatOrinto

dleperformanceanalysis・Inaccordancewiththeexperiment，
EH＝EL＝Eisassumedhereafter．

Nonidealitiesofanop－amParethefiniteGB，theslewrate，
andtheoffsetvoltage・ThenniteGBcanbedescribedintermS

Ofthefrequency－dependentopenloopgainA（S）

A（g）＝
A。（J。　A。

只ミゴ　－

β＋U。　　β
（7）

月1

α＝亮・ （10）

ThefirstterminsidethebracesindicatesthatthefiniteGB

PrOductreducestheslopeofthelinearramPVOltageofthe

integrator・Thesecondterminsidethebracesrepresentsthe

O蝕etvoltageduetothe丘niteGBproductwhichinvalidates
thevirtual－grOundcondition．Theefftctofeachterminsidethe

bracesupontheoscillationperiodisevaluateduslngParameterS
Oftypicalop－amPS・Theresultshowsthattheefftctofthelast

tranSienttermissmallenoughtobeneglected・

Simi1aranalysisincludingtheo蝕etvoltageEosofop－amP
Showsthatitse飴ctontheintegratorperfomanCeCanbeevalu－

atedsimplybyshiftingtheinputbytheoff岳etvoltage・Theslope

SLofthetriangularWaVeformattheintegratoroutputislimited

bytheslewrate，SR，Ofanop－amP・Thus，theslopeisglVenby

gエ＝min
且土且。β

Cヰ＋瓦志）
WherethepositiveslgnCOrreSPOndstothenegativeandthe
minusslgntOthepositiveramP，reSPeCtively・

Fig・3showsthetimingdiagramoftheintegratorandcom－
ParatOrOutPutSWhenthecomparatOrhastheresponsedelay・Re－

ferringtoFig・3，OneCanObtaintheexpressionsfbr7band71

了も＝
（2α＋7）且．T打エ＋丁上方

g上（－）　　　2
（12）
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Fig．3．WavefbmSWhenacomparatOrhastheresponsedelay．

71＝
（2α＋7）且．Ttg＋T打エ

gエ（＋）　　　2
（13）

WhereSL（－）andSL（＋）aretheslopesofthenegativeandpos－

itiverampsgivenby（11），THLandTLHaretheresponsedelays

OfacomparatOratthehigh－t0－lowandlow－tO－hightranSitions，

respectively，andTdenotestheo鮎etcomponentduetothe負－

niteGBproductin（9）

㌍（1＋筈）
A。山。CR

（1＋A。（J。CR）2●
（14）

Thedelaytimedependsontheinputoverdrives，andhenceon

theslopeoframpvoltagevc，butthedependenceisneglected
andTHL＝TLH＝Tisassumedtothefirstorderapproxima－

tion．TheoscillationperiodisthenglVenby

＝maX〈（2α＋御車 A。山。CR

（i去＋孟），
＝maX〈2（2α＋御車

where

A。（J。CR

△＝些三
g　●

），笥＋芸，

（16）

Itisnotedin（15）thattheefftctsoftheoffsetvoltageonTkand
71cancel，tOnrstorder，eaChother．ThisalsoholdstrueOfthe

OffsetvoltageofacomparatOr．

Thegain－bandwidthproductsA。LJc，SlewratesSR，andinput

CaPaCitanCeSCiOfop－amPSandtheresponsedelaysofcom－

ParatOrSuSedintheexperimentarelistedinTbbleI．Theosci1－

1ationperiodscalculatedby（15）usingtheseparameterValues

areCOmParedwiththemeasuredperiods．Fig．4showstheerror

de丘nedby

∂＝
丁とal。ulated－TL．easu，ed

7tal。ulated
×100（％）．　（17）

InthecapacitancerangeSmallerthan7pFltheoscillationpe－

riodoftheOP－27－basedoscillatorissolelydeteminedbythe

TABLEI

GAlN－BANDWIDTHPRODUCTS，SLEWRAmS，ANDINPUTCAPACrTANCESOF
Op－AMPSANDRESPONSEDELAYSOFCoMPARAmRS．＊：MANUFACTURERS・

SpECIFICAmON

0ト27 TL471 AD711 u 1354 AD848

～●広間喝 6 4 5 12 175●

SR（Ⅴ／岬） 2．5 11 15 400● 300●

Ci（pF）
－ －

11，0● 3．0● 1．5●

rL〝（岬） 0．53 0．31 0．32 0．30 0．30

（■5） 0．53 0．31 0，34 0．33 0．33
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Fig・4・Errorsbetweenthecalculatedandmeasuredoscillationperiods．

Slewrate，andtheerrorisindependentofthecapacitanCe．Errors

fortheotherthreeop－amPSarealmostthesame，thoughtheir

GBproductsandinputcq）aCitancesaredifftrent．Thisverifies

thetheoreticalderivationgivenby（15）andindicatesthatthe

residualerrorsarelargelyduetotheuncertaintiesofthedelay

timewhichdependsontheinputoverdrives．Difficultyofanac－

CurateCharaCterizationofasmallcapacitanCeisan0thersource
oftheresidualerror．

IV DESIGNCRITERIA

Tbedeviationoftheoscillationperiodfromthelinearrelation

istheerrorincapacitanCemeaSurement

△C

A。山。CR
＋｝）q

C
＋l（1

元
＋li

Thederivationof（18）assumes

gR＞百万・

2αCR●
（18）

（19）

Fortheerrortobelessthane％，anOP－amPandacomparatOr

WiththefbllowlngSPeCi負cationsarerequired：

A。山。＞

丁＜

100

eCR〈 1・去（1＋筈）〉
2αECR
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SpeciBcally，ifl％accuracylSrequiredincapacitancemeasure－

rnentoflpFwithR，E，andαbeinglMn，10VandO．5，

respectively，thenanop－amPWithAowcandSRlargerthan72

MHzandlOV／FLS，reSPeCtively，andCiSmallerthan2PFshould

beuSedtobuildarelaxationoscillator・Ahigh－SPeedcomparatOr
withTSmallerthanlOnsisalsorequired・

V．CoNCLUSIONS

TheefftctofnonidealperfbrmancesofanOP－amPandacom－

ParatOruPOntheoscillationperiOdofarelaxationoscillatorwas

analyzed・Thederivedexpressionexplainsthenonlinearrelation

betweentheoscillationperiOdandtheintegrationtimeconstant，

andgivesdesigncriteriaofarelaxationoscillatorforcapaci－

tancemeasurementandsensorslgnalprocesslng・

Arelaxationoscillatordescribedinthispaperisalsoabasic

buildingblockofavoltage－tO－frequencyconverter，Charge－bal－

anclnganddual－Slopeanalog－tO－digitalconverters，andanover－

Sampling△∑modulator．Thecriteriaderivedherewillalsobe

usefu1fordesignlngthesedataconverters．
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