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AbstTYZCE－Aninterfhcefbracapacitivepressuresensorwhich
accommodates digitalencoding andlinearizationfunctions has
been developed・The front・endis a switched・CaPaCitor bridge
Whichconvertsthesensorcapacitanceintoaproportionalvolt－
age・This voltageis applied to a pulse・width modulator to be
COmParedwithamodelsignalgeneratedbyadigitaIwavefbrm
Synthesizer（DWS）・Thismodel－basedsignalprocessingprovides
thedigitalequivalentofthepressurebeingmeasured．Forhigh・
yield，mOnOlithicimplementationoftheinterfhceIOVerSamPling
△・∑demodulationtechniquesareusedfbrtheDWS．Inaddition

tothedigitalfunctions，0馳etandscaleadjustment，andcross－
ParameterCOmPenSationarealSopossiblewiththisarChitecture．
Aprototypeinterhceisdescribedtodemonstratethesecapabil・
ities．

］〃dbxTbms－CapacitanCe meaSurementICapaCitance tranS－

ducer，digitalfilters）PreSSuremeaSurementIpuIsewidthmod・
uIation，Slgma－deltademodulationISlgnalprocesslng・

●

B　　　　　　　　I．INTRODUCT10NECAUSEofthewideapplicabilitylnindustrialprocesses，

automobiles，and biomedicalinstrumentation，PreSSure

SenSOrSOCCuPyalargeshareofthesensormarket．Tbaddress

thismarket，low－COSt，maSS－PrOduciblepressuresensorshave

been developedl1］・A typicalsensoris the piezoresistor

diffusedontoaSidiaphragm・Thistypeofintegratedpressure

SenSOrhasplayedamqorroleintheearly stageoftrans－

ducerdevelopmentbecause ofitslinearresponseandeasy

interfacingl2］，［3］・Comparedwiththepiezoresistivetype，

thecapacitivepressure sensor，Whichdetectsapressureby

thecapacitancechange ofachamber，has such advantages

aslowerpowerdissIPation，Smallertemperaturedependence，

andhighersensitivity［4日6］・Thecapacitancechangeofthe

SenSOrissmall，however，COmParedwiththeoffsetcapacitance

andishighlynonlinear・Thispresentsseveralproblemsfbrthe

interface circultry・

Thefirstoftheseisthedevelopmentofaffont－endarchi－

tecturewhichpermitshigh－SenSitivltydetectionofsmallca－

PaCitancechanges・ThisproblemhasbeensoIvedbyswitched－

CaPaCitorandoversamplinganalog－tO－digital（Am））conversion

techniquesl7］，【8］・The secondis theinverse problem of

Obtainlng the pressure being measured from the detected

SenSOrCapaCitance・Assolutionstothisproblem，tablelook－
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upandnonlinearenCOdingmethodshavebeenproposedl9］．

Thesemethodsarevalidfbraone－dimensional（1－D）inverse

PrOblem，buttheirapplicationtosensorswhichhavealarge

temperature dependenceis difficult・A promlSlng aPPrOaCh
tosuchatwo－dimensional（2－D）Ormultidimensionalinverse
problemismodel－basedidentification．

A capacitive pressure sensor can be modeled wellby

a simple expressionl9］，【10］，and this expression can be

easilytransfbrmedintothetimedomainbydigitalwavefbrm－

Synthesis（DWS）techniques・Therefbre，themodel－basedap－
PrOaCh combined with switched－CaPaCitortechniques seems

the best solution to theinterface problem fbra capacitive

PreSSureSenSOr・Theaccuracylnthisapproachdependssolely

On how precisely the modelslgnalsimulates the practical

Perbrmanceofthesensor・ThisusuallyrequlreShigh－PreCision

COmPOnentSinthe hardware realization・Tb reduce compo－

nentprecisionrequlrementS，andtherebytoenablehigh－yield，

monolithicimplementationoftheinterface，OVerSamPlingde－

modulation techniques are used fbr generating the model

Slgnal・InthefbllowlngSeCtions，thecapacitivepressuresensor

interfacedesignedbasedonthesetechniquesisdescribed．

II．SENSOR MoDEL

Acapacitivepressure sensordetectstheappliedpressure

bymeansoftheelasticdeflectionofthediaphragm・Forthe

SimplestruCture，thedenectionisproportionaltotheapplied

PreSSureP・Therefbre，thes？nSOrCaPaCitanceC（P）changes
hyperbolicallyandisapproxlmatedwellby

C（P）＝q＋△C（P）

＝Co＋q
1－α　P

1t
P j㌔

八，－

（1）

Where q）is the sensor capacitance when P＝0，Which

is referred to as the offset capacitance hereafter；αis the

SenSitivity parameter depending on the detailed diaphragm

StruCture；andf㌦isthemaximumapplicablepressurel9］．

Thesensorcapacitancealsochangeswithtemperature・Tb

afirst－Orderapproximation，thechangeduetotemperatureis

linearandindependent ofthe applied pressure・The sensor

modelfbrslgnalprocesslngCanthusberepresentedas

C（P，r）＝q（r）＋△C（P，r）

＝qJHr）＋△C（ク，端）長（r）　（2）

Where

ム（r）＝1＋β1（r一端） （3）
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Fig・1・Ablockdiagramoftheinterface・

長（r）＝1＋β2（r一端） （4）

and△C（P，7b）denotesthecapacitancechangeduetothe
appliedpressureatthereferencetemperature了も，Whichis
givenby（1）・Itisnotedthatthetemperaturecoefficientsβ1
andβ2aSSumedi恥rentvaluesingeneral・

III．INTERFACE ARCHITECTURE

Ablockdiagramoftheinterfacedesignbasedonthesensor
modelisshowninFig・1・Thefront－endisaswitched－CaPaCitor

bridge．CancelingtheoffsetcapacitanceCo（T），itconvertsthe

capacitancechange△C（P，T）intoaproportionalvoltageV；・
Theincrementaladdresscounter，read－Onlymemory（ROM），

delta－Sigma（△－＝）demodulator，1－bitdigital－tO－analog（D／A）

converter，andlow－paSSfilter（LPF）fbrmthedigitalwavefbrm

synthesizer（DWS）・TheROMstoresthenormalizedsensor
model△C（P，Tb）／Co．Transfbrmingthismodelintothetime

domain，theDWSgeneratesthemodelsignalvm・Thecom－

paratoroperatesasthepulse－Widthmodulator（PWM）・The

camierslgnaltobemodulatedisthemodelsignalvm，andthe
modulationslgnalisl左．CompanngvmandVi，thecomparator

latchesthedigitalequlValentofthepressurebeingmeasured

intothereglSterandsendsittoanextemaldeviceviathe
communicationinterface．Each blockis describedin more

detailinthefollowlng SeCtions・

Fig・2showsthecircuitdiagramoftheswitched－CaPaCitor

bridge・Here，C（P）denotesthecapacitivepressuresensor・
Bridgeoperationiscontrolledby91ereSetSlgna14＞Rissued

bythecomparatorinFig・1・When4＞R＝“1，”C（P）ischarged

toareferencevoltage佑whileCcandCsaredischarged・The

chargeC（P）VLstoredinC（P）isthentransferredtoCswhen

4・R＝…1・MAtthesametime，thechargeCc佐chargesCS

intheoppositedirection・Thisprocessofchargetransferis
insensitivetoparaSiticcapacitancesandtheoffsetvoltageof

op－amPA，prOducingtheoutputvoltage

坑＝
C（P，r）佐一C。佑

Cβ

（5）

IfthevoltagettisadjustedsuchthatCcVt＝Co（T）VL，

thentheoffsetcapacitaTCeCo（T）ofthesensoriscanceled・
Tbmperature compenSat10nis accomplishedbyintroducing

thetemperaturedependencefl（T）intol左・Thebridgethus

Fig・2・Thecircuitdiagramoftheswitched－CaPaCitorbridge・

Table
Data

Fig・3・Theconfigurationoftheoversampling△r∑demodulator・

providesonlytheunbalancevoltageduetotheappliedpressure

1㌔＝
△C（P，孔）

Cg
烏（r）佑・　　　（6）

TheROM stores the sensormodelin aone－dimensional

tableform．TheaddressisthepressureP＊quantizedintosuf－

ficientlysmallsteps，andthedataisthenormalizedcapacitance

change△C（P＊，Tb）／Coatthereftrencetemperature7b・The

addresssizenisdeterminedbytherequiredresolutionE，andif

E＝0．1％，thenn＝10bits・Thedatalengthdependsnotonly

ontherequiredresolutionbutalsoonthenonlinearityofthe

sensormodel．Thenonlinearitycanbemeasuredintermsofthe

sensitivityof△C（P，7b）topressureP，Whichisd組nedby

ギC（P苗）＝
∂ln△C（P，端）

∂ln P
（7）

ThenonlineantyindexkisglVenbytheratioofthemaximum
tominimumvaluesofthesensitivityinthespecifiedpressure

range・Ifk＝1，thenthesensorislinear，andtherequired

datalengthequalstheaddresssize・Forkotherthanl，adata

lengthof（n＋log2k）－Orlog2（k／E）－bitsisrequiredtoachieve
theresolutionE％．Tbourknowledge，thelargestnonlinearlty

indexofcommercialcapacitivepressuresensorSis4・

Theoversampling△－∑demodulatorfollowsthetwo－Stage

MASHcon丘gurationshowninFig・3［11］・Containingtwol－

bitquantizers，itconvertsthetabledatainparallelfbrmintothe

2－bitstream，aSSumlngthefourvalues，－3，－1，＋1，and＋3・

The2－bitstreamisthenconvertedintothewidth－mOdulated

pulsetrainaccordingtotheruleshowninFig・4・Thepulse

trainisfinallyconvertedintotheanalogmodelsignalvmby

thel－bitD／Aconverter．Forthisdemodulationtechniqueto
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Amplitu血

（a）－3

Amplitu血

十3

l l l l、L
l 1　 0 l

－3

I免 れ

（C）l

Fig・4・Thepulse－Widthrepresentationoftheoversampled2－bitdata．

beequlValenttothatrealizeduslngamultibitD／Aconverter

WithE％resolution，thequantizationnoiseofthel－bitD／A

COnVerterShouldbereducedmorethan6・0210g2（k／E）dB

byoversampling・Tbbespeci鮎，aSignal－tO－nOiseratio（SNR）
higherthan86・2dBisrequiredfbrthedemodulatortoachieve

O・1％resolution・nletWO－StageMASHdemodulatorimproves

theSNRby15dBbyeverydoublingoftheoversampling

ratio（OSR）・Therefbre，theOSRshouldbehigherthan100

tomeettheresolutionrequiredfbrmostapplications．This

limitsthefrequencyspectrumOfthemodelsignal・Thetable

dataisreadoutoftheROMeveryclockcycleappliedtothe

incrementaladdresscounter・TYleSamPlingfrequencyisthus

theclockfrequencyh，andtheNyquistfrequencyis差／2．
TbmeettheSNRrequlrement，therefbre，themodelsignal
Shouldbeband－limitedto差／2（OSR）．IntheDWSshownin
Fig・1，theband－limitinglSaCCOmPlishedbyextrapolatingthe

SenSOrmOdelsothatthetabledataresultsinasmooth，Periodic
function・nlisextrapolationtechniquewillbedescribedinthe
next section．

The LPF rqects the out－Of－band noise．The third－Order

BesselfilterwithalinearPhasecharaCteristicisusedfbrexact

WaVefomgeneration・nleOutPutisthusgivenby

Vm（り＝
△C【P＊（坊瑚

q
長（r）鴨　　　（8）

Where thefirst temin theright－hand sideis the sensor

modelstoredintheaddressP＋，andf2（T）鴨isthereftrence
VOltage of thel－bit D／A converter whichintroducesthe

！emperaturedependencef押）・Tbindicat？eXPlicitlythatvm
lSthesamPledanalogslgnalinsynchronlSmWiththeclock

frequency，timetisincludedin（8）．Thescaleaqjustmentis
madebymeansofVb．TTleCOmParatOrStOreStheaddressP＊

Whenvmcoincideswith鴇intothereglSteraStheestimate
OfthepressurePundermeasurement．
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Fig・5・TYlenOrmalizedcapacitancechangeof（a）thepressuresensorand
仲）itspowerspeCtrum．

ⅠV．PROTOmEINTERfACE

AprototypeinterfacewasbuiltuslngOff－the－Shelfcompo－

nents・Foreasyassembly，theDWSwasrealizedbyuslnga
Z－80CPU・nlereSOlutionspecifiedinthepressurerangefrom
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SignalFrequency胴yquistFrequency

（b）

Fig．6．Tbesensormodelfbr（a）theoversamplingdemodulationand（b）its

0－42MPa（2kg／cm2）（FS）is1％FS・lThemodelparameterS

ofthepressuresensorweredeterminedbymeasunngthepres－

sureversuscapacitanCeCharaCteristicsinthetemperaturerange
ffom0－500C：Cb＝35．4pF，α＝0・443，7㌦＝3・81kgf／cm2

（0．374MPa），β1＝－1・2×10－4，β2＝1・5×H「4・me

temperaturevariationsinthespecifiedtemperaturerangeare
withinO．5％FS．nlerefbre，nOtemPeratureCOmPenSationwas

made，althoughtheinterfaceaccommodatessuchafunction・
TYle SenSOr mOdel△C（P，Tb）／Cb was calculated using

theseparameterS・Fig・5（a）showsthemodelthatisstored
in the ROM．Foreasy correspondence between the ROM

addressandpressure，theaddressesffom0－2048wereallotted
tothemodel．FortheexacttranSfbrmationofthemodelinto

thetimedomain，thepowerspectrumWaSCalculateduslng

a2048－pOintFFT・AKaiserwindowwasappliedtoavoid

spectrumbroadeningduetoabruPtChangeSatthelowerand

upperbounds・TheresultisshowninFig・5（b）・Itindicatesthat
theerroraccompanylngthetransfbrmationwillbeoftheorder
of10－8ifthemodelsignalincludesthefrequencycomponents

uptothe8th－OrderharmOnic・
Asexplainedintheprevioussection，thegenerationofsuch

amodelsignalbymeanSOfanOVerSamPlingdemodulator
fbllowedbythel－bitD／AconverterrequlreSthemodelsignal
tobeband－limitedto差／2（OSR）・Tbmeetthisrequirement，

thetablesizeisexpandedto4096，anddataateachaddress
aredeterminedasfbllows．First，dataintheequallyspaced15

addressesintheexpandedareaareObtainedbyconvoIvingthe

lnLeintemationalunitofpressureisPa・Inthispaper，however，kg批m2
isusedbecauseofitseasycorrespondencewiththetableaddress・

Fig・7・Experimentallyobservedmodelsignal（uppertraCe）andcomparatOr
output（lowertrace）・％rticalscale：lV／div（uppertrace），5V／div（lower
trace），andhorizontalscale：0・ls／div・
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Fig・8・ErrorsbetweenreadingsoftheprototypeinterfaceandacommerCial

given17datapointsinFig・5（a）withthesamplingfunction・

Asthesamplingfunction，theimpulseresponseofthelow－

passFIRfilterwith257tapsisusedtopreventtheconvolution

fromgeneratlngtheextrahigherfrequencycomponents・The
tentativedatathusobtainedarethenoptlmizedbythesimplex

methodinlinearprogrammingl12］，Withtheconstraint

minimizemaximumlD＊（F）－D（P＊）l，

（P＊＝0，1，2，・‥，16）

whereD（P＊）aredatagiveninFig・5（a），andD＊（P＊）rep－

resentsdatamodifiedbytheconvolution・Dataattheother

addressesarefinallydeterminedbyinterpolation・Theimpulse

responseoftheabove－mentionedFIRfilterisagalnuSedas

thesamplingfunctionfbrtheinterpolation・

Fig・6（a）showsthetabledataobtainedbytheabovepro－
cedure．Tbenhanceaccuracy，16bitsareuSedfbrthedata

length・Dataataddressesfrom0－2048Correspondexactlyto
thesensorcharaCteristicsshowninFig．5（a）．TheFFranalysis

isshowninFig．6（b）・TheOSRfbrthe8th－OrderharmOnicis

256，WhichisenoughfbrtheSNRrequlrement・Theclock

frequency差usedfbrtheDWSis8・23kHz・TheNyquist
frequencyinFig・6（b）ishalftheclockfrequency，andthe
8th－Orderharmonicfrequencyis16Hz・Thecutofffrequency
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oftheBesselfilteris setto20Hz・The sampling speedis

8・23kHz／4096＝2samples per second・Fig・7shows the

model signal vm and the comparator output4＞R Observed

experimentally whenl kgf／cm2（0．98MPa）pressure was
appliedtothesensor・TheuppertraceindicatesthattheDWS
basedontheabove－describedtechniquesgeneratesthemodel

Slgnalsuccessfully・

ThedigitalequlValentsoftheappliedpressuresentfromthe

COmmunicationportoftheZ－80weredisplayedon7－Segment

LED’s and were compared with readings ofa commercial

manometer．The manometeris accurate to O．5％FS．Errors

betweenthemareplottedinFig．8．Itcanbeseenthaterrors

are within1％FS exceptatthe higherpressure・Thelarge
erroratthehigherpressureisattributedtothedeviationofthe
sensormodelfromtheactualsensorcharacteristics．Errorsare

alsooffsetbyO・5％FS・Thisoffsetisduetotheincomplete

CanCellation ofthe offset capacitance・Including the higher
Ordertermsinthesensormodelandtheexactoffsetaqustment

WOuldimprovetheaccuracy・

V．CoNCLUSIONS

Acapacitivepressure－SenSOrinterfacewhichprovidesthe

digitalequlValent ofthe pressure to be measured has been

PreSented・The provision of such afunction，Which would

Otherwiserequlrethelargenumberofprecisioncomponents，

WaS realized uslng a Simple architecture・The key to this

realizationismodel－basedsignalprocesslngmadepossibleby

theDWSincorporatlnglinearprogrammlngandoversampling
△－∑demodulationtechniques・

The proposed architecture accommodates almost all the

functionsrequiredfbraninterfaceandisapplicabletoany
SenSOrPrOVidedthattheappropnatemodelisstoredintable

fbrmandthatthefront－endproducesasensorslgnalconsistent

Withthemodelslgnal・Therefbre，itisapromlSlngCandidate

fbr a universalinterface or a sensor slgnalprocessor・The

resolutionachievablewiththisarchitecturedependslargelyon

asensormodelembeddedinaROM，andthebestapproach
toanexactmodelmaywellbeautomatictunlngbyleamlng・
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