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ARelaxation－Oscillator－BasedInterface fbr

High－AccuracyRatiometricSignalProcesslng

OfDiffbrential－CapacitanceTransducers
KoujiMochizuki，KenzoWatanabe，Fellow，m，ThkashiMasuda，andMotoyasuKatsura

Abs加Ct－Forhigh－aCCuraCySlgnalprocesslngOfdi恥rential－
CaPaCitancetransducersIaninterfaceeircuitryisdeveIopedbased

on a relaxation oscillator．Two capacitors of the transducer

Are multiplexed by diode switches to fbrm the op－amP－based

iJltegratOr・Thedutyratiooftheoscillatoroutputthenmeasures

dleratiooftwocapacitances・Acircuitanalysisshowsthatthe

interEhcecandetectthecapacitancechangeassmalIasO．01％

OEthetotalcapacitance・ExperimentalresultsarealsoglVentO

COn丘rm the analysis．

Lh血7brms－Analogcircuit，CaPaCitivetransducer，intelIigent
transducer，PreSSure meaSurement？relaxationoscillator，SIgnal

prOCeSSlng・

D　　　　　　　　I．INTRODUCTIONIFFERENTIAL capacitance transducers consistlng Of

ganged two capacitorsare Widely used fbr detectlng

PreSSuredifference，lineardisplacement，androtationalangle

l1］，［2］・Theirprinciplesofdetectionarebasedonthecomple－

mentarychangesoftwocapacitorswiththemeasurand．The

CapaCitancechangemaybelinearornonlinear．Ineithercase，

theaccurateandlinearrepresentationofthemeasurandcan

be obtainedby dividing thecapacitancedifftrencebetween

two capacitors by their sum・Several techniques have so

farbeenproposedforsucharatiometric slgnalprocesslng，

includingswitched－CaPaCitoranalog－tO－digital（AID）［3］，［4］，

CaPaCitance－tO－frequencyl5］，［6］，CapaCitance－tO－Phasel7］，

andcapacitance－tO－VOltageconversionl8］．

Thispaperdescribes yetanothersimpleinterface fbrthe

ratiometricslgnalprocesslng・Theinterfaceisbasicallyarelax－

ationoscillator・Suchaconfigurationhasbeenappliedwidely

tocapacitivesensorstodetecttheircapacitancechangeinthe

frequencyfbrml5］，［6］・Difftrentfromtheseapplications，the

interfacepresentedheredetectstheratiooftwocapacitances

inthefbmOfthedutyratio・Thisslgnalprocesslnglnthe
timedomainallowshigh－SPeedmeasurements．Inthefbllow－

lngs，theinterfaceconfiguration，theratiometriCoperation，the

aCCuraCyeStimate，andexperimentalresultswillbedescribed．
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Fig・1・AnequlValentcircuitofadifftrentialcapacitancetransducer・

II．TRANSDUCER MoDEL

Adi鮎rentialcapacitancetransducercanberepresentedby
twocapacitorswithacommonelectrode，aSShowninFig・l

【8］．

Inalineardisplacementencoder，theareaSOftheelectrodes

Changelinearlywiththedisplacement二r・ThecapacitancesCl

andC2Canthenbeexpressedasfbllows：

C1，2＝箸（1珂　　（1）
Where Cois a total capacitance of the tranSducer．In a

difftrentialpressuretransducer，Ontheotherhand，thespaclngS

between the electrodes changelinearly with the pressure

difftrenceこr・Therefbre，ClandC2areeXPreSSedas

rlI I

C1，2＝－－
21干．I・

（2）

Whether the capacitance changeislinearOr hyperbolic，

themeasurandこrCanbedetectedindependentlyofthetotal

CaPaCitanceCobythefbllowlngratiometricoperation：

C1－C2　　2Cl
∬　＝

Cl＋C2　Cl＋C2
－1． （3）

III．INTERFACE CIRCUITRY

Thecircuitdiagramoftheinterfacecircuittoperfbrmthe

ratiometricoperationisshowninFig・2・Theinterfaceconsists

Ofanintegrator fbllowed by a comparator・The output of

the comparatoris ftd back to theintegratorto sustain the

relaxation oscillation．

Two capacitors Cl and C20fa difftrentialcapacitanCe

transducer are multiplexed by diodes Dl and D2tOform

theintegrator Al・The multiplexlnglS made automatically

dependingontheoutputsVlandlちoftheintegratorandthe

COmParatOr，reSPeCtively．

Forthe moment，diodesare aSSumedtobeidealswitches．

ThisassumptlOnisreasonablebecausethediodesareincorpo－

ratedintotheftedbackpathoftheop－amPAl．Rl＝R2＝R3
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ThecomparatorA4Performsthetriangular－tO－reCtangular

waveformconversion，tOPrOducetheoutputoftheinterface・

Thehigh－levelduration7bandthelow－1eveldurationofthe

outputpulseareglVenby

指＝n＋策＝C2品（鴨＋軋）伴↓

先＝乃＋乃＝Cl晶（佑＋軋）／鴨・

ThedutyratioDisthus

上）≡

where

花　　　　C2

先＋7b Cl＋C2
（1＋紆）

Fig．2．Thecircuitdiagramoftheinterface・

isalsoassumed・Op－amPA2thenfbrmStheadderwiththe

weight－1・Theadderoperates，infact，aStheinvertlngVOltage

fbllower，becausel）1andD2neVerturnOnSimultaneously・

Dependingontheswitchconditions，theoperationofthe

。SCillatorisdividedintofburstates77（i＝1，2，3，4）・The

integratorandwaveformsineachstateareshowninFigs・3

and4，reSpeCtively．

Inthe7lstate，Wh占ntheoutputofthecomparatorishigh

（Vl〒VL）andtheoutputofop－amPAlispositive，the
capacltOrC2ischargedthroughRtwiththepolarityopposite

tothatshowninFig・3（a）・TheoutputofAlthusdecreases

linearly，aSShowninFig・4・Thisoperationcontinuesuntilthe

outputofAliszer‘）andD2isswitchedoff・Theinitialvoltage

ofC2isttl．The（luration71isthenglVenby

n＝C2月t鴇／軋．　　　　　（4）

ThediodeDlisnowfbrward－biasedandtheoperationis

switchedtothe了もstate．Theintegratoronthisstatecharges

CIWiththepolarityshowninFig・3（b）・Thisdecreasesthe

outputofAluntilitreaches－tL，thethresholdvoltageofthe

comparator・TZisthusglVenby・

乃＝C1品．　　　　　　（5）

nisindependentofthevoltage，becausetheintegratoris

drivenbythethresholdvoltageofthecomparator・

WhentheoutputofAlreaChesthethresholdvoltage，the

outputofthecomparatorchangest0－th，andtheoperationis
switchedtotheT3State．Inthisstate，theintegratorchargesCI

withthepolarityShowninFig・3（C）・Thisoperationcontinues

untiltheoutputofAliszeroandDlisswitchedoff・T3is

then glVen by

n＝ClRt軋／鴨・　　　　　（6）

Whenll reacheszero，D2isnowfbrward－biased，andthe

operationisswit（：hedtothe了もState・Theintegratorinthis

statechargeSC2WiththepolarityshowninFig・3（d）・This

increasestheoutputofAluntilitreachesltl，thethreshold

voltageofthecomparator・TlisglVenby

n＝C2Rt．

：nis alsoindepeBndentofthevoltage・

（7）

ごl■　＝
（－1（1一語）

C竜＋C2
IftL＝Vb，thenEt・iszeroandthedutyratiocorresponds

exactlytothecapacitanceratio・Thedutyratiocanbemea－

suredeasilybymeansofgatlngahigh－frequencyclock・The

measurementisaccomplishedinonecycleoftheoutputpulse・

Therefbre，theinterfaceshowninFig・2allowsthehigh－SPeed

slgnalprocesslngOfadifferentialcapacitancetransducer・The

analogequlValentofthecapacitanceratiocanalsobeobtained，

ifdesired，bylow－PaSSfi1terlngtheoutputpulse・

IV．AccURACY

Error sourcesinvoIvedin theinterface are the voltage

。nbalancetL／Vh，mismatchbetweenIhandR2，biascurrent

IBOfop－amPAl，andoffsetvoltagesttffOfop－amPSand

comparators・Tbeliminatethevoltageunbalanceefftct，the

interfaceis modifiedas showninFig・5・Themodihcation

isbased。nthefactthat了もandTlgivenby（5）and（7），

respectively，donotdependonthevoltage・Thisconfiguration

hasanotheradvantagethatnonidealperformancesofdiode

switcheshavenoefftctontheaccuracy，either・

waveformsobservedintheimprovedinterfacearedepicted

inFig・6・Inthefigure，nisdefinedastheperiodduring
whichthecomparatorsA3andA4bothassumethehighlevel，

while了もastheperiodduringwhichA3andA4bothassume

thelowlevel．During71，theintegratorAlkeepscharglngCl

bythecurrentt（V▲一侮1）／Rt－IB）andli3Slewsfrom

（α軋一侮4）upto（VL－thげ3）・7tisthusgivenby

孔＝
C1月1月t（1－α）Vl一叱椚

月3

＋V，仔4

V一ノーV膚1－月tJβ

（12）

During了も，Ontheotherhand，theintegratorAlkeepsdrawlng

thecurrentt（ttl＋侮1）／Rt＋IB）fromC2andViSlewsfrom
（一雄l－VLff4）downto（－Vb一侮3）・Tbisthusgivenby

了も＝
C2月2月t（1－可陥一校耶＋叱刑

ガ3 陥－Vげ1－月tJβ
（13）

From（12）and（13），OneCanObtainthefirstorderexpression

ofthecapacitanceratio

n Cl

n＋端　Cl＋C2
（1＋∈） （14）
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Fig．3・Theintegratorin each state．
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Fig・4．Waveforms．observedintheinterface．

Where

C2　　　　　2C2

Cl＋C2▼▲■　■　cl＋C2

・〈筈＋
月1－月2

ど月
〃1

V，m VJ什3－位仔4

Ⅴ一　（1－可V′ ）（15）

（16）

Thefirst term represents the error due to the resistance

mismatch andthe secondterm due to the offset voltages・

Theerrorduetoeachsourceisevaluatedfbr：rrangingfrom

Fig．5．Animproved circuit．

V 4

V3

αV4
／1
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＼ t

T 6
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Fig・6・Waveformsobservedintheimprovedinterface．

－0・5toO・5uslngfbllowlngtyplCalvalues；til＝軋＝10V，

月1≧工だ2≧㌦R3＝1kn，布＝125Mn，Co＝Cl＋C2＝2

pF，（t＝0・1・TheresultsarelistedinThbleI，indicatlngthata

resolutionhigherthanO・1％canbeexpectedfromthissimple
interface．

V．PROTOTYPEINTERFACE

A prototypeinterface based on Fig．2was breadboarded

using off－the－Shelf op－amPS（LF411）．Tb evaluateits per－

fbrmance，a ganged parallelplate capacitor was used as a
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TABLEI

EsTIMATED ERRORS

Errorsource　　　8max

cR　＝1×10－30・75×10－3

18　＝15pA O・28×10－3

V。仔＝0・3mV O・15×10－3
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Fig・7・Experimentallymeasuredcapacitancechangeanddutyratio・

transducerl8］．The30MHzclockwasusedforthedutyratio

ThecapacitancesClandC2aregivenby（2）Withxbeing

thedisplacementoftheinnerelectrodefromthecenteroftwo
outerelectrodes．ThetotalcapacitanceCois3pFor6pF・

Fig・7showstypICalmeasurementresultswhenCo＝6pF・

The。SCillationfrequencywhenCl＝C2isa4justedtobe

O．5kHz by means ofRt・Dots plottedinthefigure are

averagedvaluesof・20measurementsateaChdisplacement・

Thedisplacementisadjustedbyamicrometerscrewwiththe

finest scale oflOIlm・

rIbevaluatetheresolution，meaSurementSarerePeatedwith

Cobeing3pF・Thestandarddeviationinthecapacitance

evaluatedfromthedutyratiomeasurementsis60aF，Which

correspondsto2×10－3％resolution・Theseresultsconfirm

theaccuracyestimateintheprevioussection・

VI．CoNCLUSIONS

Aninterfacecircuitrywaspresentedforratiometricslgnal

processlngOfadifferentialcapacitancetransducer・Circuit

analyzeshaveshownthataresolutionhigherthanO・1％is

easilyachievablewiththissimpleconfiguration・Theprototype

interfacebuiltuslngOff－the－Shelfcomponentshasconfirmed

thecircuitanalyzesanddemonstratedthevaliditylnPraCtical

applications・

TheratiometricslgnalprocesslnglSPerformedinthetime－

domainbymeasurlngthedutyratiooftheoutputslgnal・

Therefore，theinterfaceproposedhereallowshigh－SPeedmea－

surements．Thesamplingspeedhigherthan5ksps（samples／S）

canbeexpectedfromuslnghigh－SPeedcomparators・Aone－

chiplmPlementationandapplicationstopracticaltransducers

arefuture works．
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