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AHigh－AccuracyHigh－SpeedSignalProcesslng

CircuitofDifftrential－CapacitanceTransducers
KoltjiMochizuki，Member，IEEE，KenzoWatanabe，Fellow，IEEE，andThkashiMasuda

AbstTut－Forhigh・aCCuraCySlgnalprocesslngOfdi恥rential－
CaPaCitancetransducers，aninterhcecircuitryisdevelopedbased

Onarelaxationoscillator．Theinterfaceconsistsofanintegrator，

a di恥rentiator，and a comparatOr，andit uses two capacitors
Of the transducer・qne fbr theintegration and the other fbr
thedifrbrentiation．Thiscon航gurationallowstheratiometricop・

erationin the amplitude domain and provides a square wave

Whoseamplitudeisproportionaltotheratioofthecapacitance

di恥rencebetweenthetwotransducercapacitorstotheirsum．A
Circuitanalysisshowsthattheinterfhcecandetectthecapacitance

Change as small as O．1％　of the totalcapacitanceinlOIJS．

ExperimentalresultsareaIsoglVentOCOn負rmtheanalysis．

Index7bTmS－Analogcircuit，CaPaCitivetransducer，intelligent

transducer，PreSSure meaSurement，relaxation oscillator，Slgnal

prOCeSSlng・

D　　　　　　　　I．INTRODUCTION
IFFERENTIAL capacitance transducers consistlng Of

ganged two capacitors are widely used fbr detectlng

PreSSuredifftrence，lineardisplacement，aCCeleration，andro－

tationalanglellH3］．Tb extract suchmeasurandsfromthe

COmPlementarycapacitancechangesofthetwocapacitors，the

ratiometriCoperation，Whichdividesthecapacitancedifference

betweenthetwocapacitorsbytheirsum，isrequiredfbrthe

interfacecircuit．Severaltechniqueshavesofarbeenproposed

fbrsucharatiometric slgnalprocesslng，including switched－

CaPaCitor（SC）analog－tO－digital（AD）［4］，CaPaCitance－tO一

frequencyl5］，CaPaCitance－tO－phasel6］，and capacitance－tO－

VOltageconversionl7］，［8］．Ofthese，therelaxationoscillation

and SC techniques are best suited fbrtheinterfacebecause

they allow a high－aCCuraCy meaSurement With the simple

COnfigurations，buttakealongtlmetOPerfbrmtheratiometric

OPerationl9］，［10］．

Applications ofdifftrentialcapacitance transducers to ac－

Celerometers requlre the ratiometriC operation perfbrmedin

afewmilliseconds．SuchaspeedrequlrementCanbeeasily

met by the SC sample and hold（S／H）circuitl11］，but the

accuracylnratiometricoperationwhenthetotalcapacitanceof

atransducerisaftwpicoFarad（pF）islimitedto1％byclock

fbedthrough．ThoughslowerinspeedthantheSCS／Hcircuit，

therelaxation－OSCillatorbasedinterfacerecentlyproposedalso
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Fig・1・AnequlValentcircuitofadifftrentialcapacitancetransducer・

meetsthespeedrequlrementandallowsmuchhigheraccuracy

l12］・Usingthedual－Slopeintegrationtechnique，theinterface

COnVertSthecapacitanceratiointothe dutyratio・Giventhe

CaPaCitancerationotinthedutyratiobutinavoltageform，

OneCaneliminatethepostprocesslngOfcountlnganddivision

and thereby expect much higher speed ratiometric slgnal

PrOCeSSlng・

Based on thisidea，aninterface circultry Of difftrential

CaPaCitance transducersis developed・In the R）llowlngS，its

Circuitconfiguration，aCCuraCy，andspeedestimates，andper－

fbrmancesofaprototypeinterfacewillbedescribed．

II．RATIOMETRIC SIGNAL PROCESSING

Adifferentialcapacitancetransducercanberepresentedby

twocapacitorswithacommonelectrode，aSShowninFig．1

［81．

In alineardisplacement encoder，areaS Ofthe capacitor

electrodeschangelinearlywiththedisplacementx．Theca－

PaCitancesClandC2Canthenbeexpressedasfbllows：

Cl，2＝箸（1珂　　（1）
Where Cois the totalcapacitance of the transducer．In a

difftrentialpressuretransducer，Ontheotherhand，thespaclngS

between the electrodes changelinearly with the pressure

differenceこr．Therefbre，ClandC2areeXPreSSedas

Cl，2＝

Co　1

21干．J・
（2）

The capacitance change of a difftrential capacitance ac－

Celerometeris alsogivenby（2）．

Whether the capacitance changeislinearOr hyperbolic，

the measurandx canbedetectedindependentlyofthetotal

CaPaCitanceCobythefbllowlngratiometriCoperation：

Cl－C2
．r　＝

Cl＋C2
（3）

Besidesalineardetectionofameasurand二rfbreasycalibra－

tion，theratiometricoperationgivenby（3）hasanotherdistinct
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Fig・2・Thecircuitdiagramoftheinterface．

ftaturethatthecapacitancechangesduetotemperature，Which

WOuldotherwisebeamqIOrerrOrSOurCeareCanCelled．The

Other error sources are stray capacitances associated with

teminals㊤，㊤，and◎・AprocesPngcircuitshouldbe
COnfiguredsuchthatthesestraycapacltanCeShavenoefftct

OntheratiometriC operation．

III．CIRCUIT DESCRIPTION

AninterfacecircuitofadifftrentialcapacitanCetranSducer

is shownin Fig・2・The coreis the relaxation oscillator

COmPOSedoftheintegratorA2andthecomparatorAl．The

difftrentiatorA3andtheinverting ampliBerA4are added

to the corefor the ratiometriC operation・Two capacitors，

OneClforintegrationandtheotherC2fordiffbrentiation，

represent a difftrentialcapacitance transducer．Assume that

thecomparatOrAIPrOVides＋Vl。fWhentheweightedsumof

Vlandv2isnegativeand－ti。fWhenitispositive

Vl（t）＝Vl。fSgnlvc（t）］

U。（り
月7　　′八　　月8

γ1（り＋
月7＋月8Y⊥＼〉′■　月7＋月8

（4）

U2（け　　（5）

TheoutputoftheintegratorA2thentakesatriangularWaVe－

formandthecurrentflowlnglntOthedifftrentiatortakes a

Square WaVefbm，aSdepictedinFig・3・Theresponseofa

di鮎rentiatortosquareWaVeeXCitationwouldbeoscillatory・

Tb avoid such an oscillatoryresponse，Cbis connectedin

Parallelwith R2．

Assumlngidealop－amPSandneglectlngC3，OneCanderive
V。ut aS fbllows：

U。（り＝
Cl宗一C2芸

Cl芸＋C2芸
隼。fSgn卜。（用．　（6）

IfR3＝R4andRIR5＝R2R6，then（6）reducesto

V。。t＝thsgnlvc（t）］

Where

1左＝
点1C1－C2

点3Cl＋C2

（7）

隼。f＝b車。f．　　　（8）
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Fig・3・Ⅵ）ltagewavefbrmsintheinterface．

Equation（8）indicates explicitly that theinterface circuit

PerfbmStheratiometriCoperationintheamplitudedomain．

Thetime7trequiredfortheratiometricoperationisahalf
Period ofthe oscillation

㌫＝r／2＝（Cl＋C2）亀．　　　（9）

ItisnotedthattheoscillationfrequencylSindependentof

ameasurandxandmeasuresthetotalcapacitanCeCo ofa
transducer．

IV．PERFORMANCE EsTIMATES

Theaccuracyandspeedoftheratiometricoperationachiev－

ablewiththeinterfacewillbeestimatedinthissection．

ThefactorswhichafftcttheoperationalaccuracyarereSis－

tancemismatchesandnonidealperfbrmancesofop－amPS・Let

6i，jbetheresistancemismatchbetweenRiandRj

凡
－＝1＋∂盲，J・
句

Substituting（10）into（6），Wehavetofirstorder

Where

（10）

鴨＝た可1＋eR）隼。f＋△l包　　　　（11）

∂3，4＋（∂1，2＋∂5，6）（1＋可

∂3，4た隼。f

are the nonlinearand offset errors due to resistance mis＿

matches，reSpeCtively・

Thefiniteopen－loopgainAandtheoff岳etvoltagelもsofan

OP－amParetWOmainerrorsourcesthatafftcttheoperational

accuracy．Their effectsare also describedin terms of the

nonlinearandoff岳eterrors as R〉llows：

鴨＝た可1＋EA＋町）隼。f＋△l㌔＋△仇′　（14）

WhereEAand△V4arenOnlinearandoff岳eterrorsduetothe

finitegalnSandevand△Varethoseduetotheoffsetvoltages
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Fig・4・Thephase－COmpenSateddifftrentiatorunderstepexcitation．

Ofop－amPS，reSPeCtively，glVenby
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（15）

（16）

△V4＝隼。f／A　　　　　　　　　　　（17）

△仇′＝〈1用（去・去）巨S（18）
In derivingthefirst－Orderexpression（14），R2＝R4，R5＝

R6，LJC2R2≪1，andLL，Cl（R＋1／／R3）空1areaSSumed．

Assumingtypicalvalues6＝0．05％，A＝100dB，VLs＝

0・5mV，隼。f＝10V，月1＝R2＝R3，and－0．5×0．5，0ne

Can eValuate each errorterm asfollows：ER＝0．1％，EA＝

3×10‾5，EV＝0．5×10‾4，△侮＝2．5mV，△抱＝0．1

mV，△坑′＝1・5mV・Theoffseterrorcanbeeasilynullified

by an offset a4justment and thus the ultimate accuracylS

determinedbythenonlinearerrOr．Fromtheaboveevaluation，

itisconcludedthatresistancematchinglSCruCialfbrahigh
resolution．

The operationalspeedislimitedby the difftrentiatorbe－

CauSethephasecompensation uslng C3is accompaniedby

the time delay・As described previously，a Step Currentis

applied to theinvertlnglnput terminalofop－amP A3・The

equlValentpresentationofthedifferentiatorisshowninFig・4・

Theresponselら（S）tothestepexcitationisthengivenby

坑（β）＝
一月2J U3　　　　LJ2LJu

β　　β＋山3　β2＋山25＋山2Uu

WhereLL｝uistheunlty－gainbandwidthofA3and

U2＝筏高

山3＝房高’

（19）

Forthephasecompensationtobeeffective，PlaclngLJ3atOne

tenthofwuispreftrable・LetLJ3＝W2／2＝0．1LJu．Then，the

StePreSpOnSeてノ4（t）becomes

U4（り＝一月27（1－（1．0－0．05cosO．44叫詳

＋0・23sinO．44（扉）e‾〕3㌦（け　　（22）

The amplitudes of oscillatory temS are Smallowlng tO

the phase compensation and the unit response（22）can be

approximated by a simple exponentialfunction．The O．1％

SettlingtimeTsisthenglVenby

㌔＝7uJ1． （23）

time：20ps／div

Ul，U2，U。。t：5V／div

Fig・5・Experimentallyobservedwaveforms．
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Fig・6・Theoutputamplitude tt versusこr．

Thisistheminimumtimerequiredfbrtheratiometricopera－

tionofO・1％accuracyifA3Slewsmuchfaster・Specifically，

ifw3＝2×105rad／S，thenTs＝10FLS・

V．PROTOTYPEINTERFACE

A prototypeinterface based on Fig・2was breadboarded

uslngLF41lop－amPS・ThecircultParameterSareR1＝R2＝

R3＝R4＝1・2Mn，R5＝R6＝5kO，C3＝2pF，

ttc＝－tts＝15V，Vl。f＝13V．Micacapacitorsareused

fbrClandC2andtheirvaluesareSelectedsuchthatこrrange

丘om－0．5to O．5．

Fig・5shows experimentally observed wavefbrms when

Cl＝20pFandC2＝5pF（X＝0・6）・Itcanbese？n
thatvoutassumes＋7・8and－7・8Valtematelyandsettlesln

15ps・TheseobservedvaluesagreequlteWellwiththeoretical

Values given by（8）and（23），reSPeCtively．The noisefl00r

includingthe oscillatory amplitudeisless than2mV．This

also confirms the step response ofthe phase－COmPenSated

difftrentiatorgivenby（22）．

The amplitude VL oftheoutputslgnalmeasuredoverthe

WiderangeofcapacitancechangeisplottedinFig・6・Fig・7

Showstheoutputamplitudeplottedfbrthesmallcapacitance

Change・Inthis measurement，agangedcapacitorcomposed

Ofthreeparallelplateswhosetotalcapacitanceis6pFwas

usedinparallelwithmicacapacitorsl7］．Thesepreliminary

resultscon鮎mtheaccuracyestimatesintheprevioussection，

indicatlngthataresolutionashighasO・1％iseasilyattainable
With theinterface．
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Fig・7・Theoutputamplitudefbrasmallcapacitancechange・

VI．CoNCLUSIONS

A relaxation－OSCillator－basedinterface circultry has been

PreSented，WhichperfbrmstheratiometricslgnalprocesslngOf

adiffbrentialcapacitancetransducerintheamplitudedomain．

Circuitanalyseshaveshownthataresolutionhigherthan0．1％

andasamplingrateashighaslOOkspsareeaSilyachievable

Withthesimpleconfiguration・Aprototypeinterfacebuiltuslng

Offlthe－Shelfcomponentshascon鮎medthecircuitanalyzes

anddemonstratedthevaliditylnPraCticalapplications．

Aone－ChiplmPlementationoftheinterfhceanditsapplica－
tionstopracticaltransducersarefutureworks．
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