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AbsLIYZCt－A switched－CapaCitorinterface fbr a capacitive
PreSSureSenSOrisdevelopedwhichprovidesalineardigitaI
OutPut・Itconsistsbasicallyofasample／holdcircuitEbllowed

byacharge－baIanclnganalog－tO－digitalconverter．Thesensor

CaPaCitancechangeshyperboIicallywithanappIiedpressure．
ToconvertthenonlinearCaPaCitancechangeintothelinear

digitalot）tPut，tWOIinearizationmethodsareinvestigated．In
eithermethod，alineardigitaloutputwithanaccuracyhigher
than8－bitisobtained・Becauseofhighaccuracycapabilityand
COmPatiblefhbricationprocess，tbeinterfhcedescribedisbest

SuitedfbrasmartSiliconcapacitivepressuresensor．

I．INTRODUCTION

CCORDINGtoa1989survey，PreSSureSenSOrSget

a60％shareofthesensormarket・Thisbigmarket，

A

Whoseannualsalesarenowoveronebilliondollars，WaS

alreadyexpectedinthelatesixtiesforvastapplicationsin

Pneumatics，medicine，andautomobiles・Theseapplica－

tionsrequlrelowcost，maSSPrOduciblepressuresensors

ll］・Tomeetsucharequirement，theintegratedsenPOr

COnSistingofthepleZOreSistancebridgedilfusedorlOn

implantedontoasilicondiaphragmhasbeendeveloped

l2］，【3］・Thistypeofpressuresensorftaturesagoodlin－

eanty，butsu鮎rs丘omthetemperaturedependenceand

largepowerdisslpation・

Lowertemperaturedependenceandsmallpoweroper－

ationcanbeexpectedfromcapacitivepressuresensors

l41，【5］・Inaddition，theirsensitivityislOto20times

higherthanthatofthepiezoresistancebridgel6］．How－

ever，themeasuredcapacitancechange，Whichisstill

Smallcomparedtotheoff岳etcapacitance，iscomparable

Withstraycapacitancesduetopackagingandleads．This

makesitmandatorytoincludeinterfaceelectronicsonthe

SenSOrChip．

Asaninterfacetomeetthisrequlrement，relaxationos－

Cillatorswereproposedl7］－［9］・Thesecircuitsaresimple

enoughtobefabricatedbyaCMQSprocesswhichis

COmpatiblewithacapacitivepressuresensor・Highres0－

1utioncannotbeexpected，however，becausetheyconvert

thetotalcapacitanceofthesensorintofrequency・An－

OtherpromlSlngCandidatefortheon－Chiplnterfaceisthe

SWitched－CaPaCitorcircuit．Ofseveralsuchinterfaces
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［10Hl2］，thosebasedonthecharge－balancingorover－

Samplingpnncipleswillbebestsuitedforthecapacitive

SenSOr，becauseoff岳etcapacitancecancellationanddigital

encoding ofcapacitancechangecanberealizedwitha

minimumdevicecountl13］，【141．

Theresponseofthecapacitivepressuresensorishighly

nonlinear・Thisposesanotherproblemtotheon－Chipln－

terface・Thispaperendeavorstoprovidethelinearization

functionintheinterfacecircuit．Tothisaim，nOnlinear

behaviorofacapacitivepressuresensorisfirstexamined．

Fromthisexamination，itisconcludedthatlinearization

ispossibleonlywithdigitaltechniques・Asaresult，the

interfhcemustincludethedigitalencodingfunction・A
SWitched－CaPaCitor charge－balanclng analog－tO－digital

（A／D）converterisadoptedforthisapplicationbasedon

WOrkdonebyl13］・Twoapproachestolinearizationap－

propnateforthecharge－balanclngA／Dconverterarethen

investigated・Ineitherapproach，Satisfactoryresultsfrom

prototypeinterfacesareobtained．

II．ELECTRICAL MoDELOFCAPACITIVEPRESSURE
SENSORS

AgeneralstruCtureOfacapacitivepressuresensoris

ShowninFig・1・Whenthediaphragm，Whichisanodi－
Callybondedtoaglassorsiliconsubstrate，bendsdueto

apressure，thecapacitanceofachamberchanges・

AssumlngaCirculardiaphragmwiththegeometricdi－
mensions showninFig・1，theelasticdeflectionofthe
diaphragmrestrainedarounditscircumfbrenceunderthe

PreSSurePisglVenby

d（り＝孟p・穿専一（芸）2〕2（1）
Whereh，FL，andEarethethickness，thePoissonratlO，

andtheelasticmodulusofthediaphragm，reSpeCtively．

Thecapacitanceofthechamberisthenexpressedbythe
followlnglntegral：

qア）＝∈0∈r
2訂rdr

（2）

PerfbrmlngtheintegralandsomemanlPulation，WeCan

express the capacitance as afunction ofthe fractional

PreSSureX：

勒）＝G石加わ‾1亮，
（3）
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Where

and
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Fig．1．AstruCtureOfacapacitivepressuresensor・

瓦（≦1），
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㌔＝一・

3

五　　九3彿

1－〝2　ガ’

（4）

（5）

（6）

Itis clearphysically thatPmis the maximum allowed

pressure which causes a centerdeAection equalto the

Chamberdepth4），andCbistheoffsetcapacitancewhen

P＝0．Expanding（3）intoaTaylorseries，Wehave

C¢）＝G∑

≡G

ズ〃

〝言b2〝＋1

1－（2／3）ズ

1－ズ
＋0（方2）， （7）

whereO（X2）denotestheresidualtermofsecond－Order
Small．

Someofthepracticalsensorsusesteppeddiaphragms

toincreaseapressure sensitivity，and someuse square

diaphragmsfabricatedbyanisotroplCetChingtechniques・

Despitethesedi鮎rentstruCtureS，itisfoundexperimen－
tallythattheircapacitanceversuspressurecharacteristics

arehypefbolicandcanbedescribedby

1－αズ

C¢）＝G
ノ　ーズ
＝G＋AC¢）

ACk）＝GT＝；J・

Where

（8）

（9）

Fig．2compares the capacitances measured and ap－

proximatedby（8）fbrthreecapacitivepressuresensors・

TheparametersαandPmofeachsensoraredetermined

by the measured capacitances．Errorbetween the mea－

Suredandapproximatedvaluesislessthan1％．There－

fbre，aCapaCitivepressuresensorcanberegardedreason－

ablyasanonlinearcapacitordescribedby（8）・

0．5

ロ；Measured values

＝：Approximationby（8）
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Fig・2・Capacitancechangeofdiaphragmsensorsasafunctionofapplied
preSSure・

ⅠⅠⅠ．INTERFACE

Abasicconfigurationoftheinterfacecircultryisshown

inFig．3．Here，C（ズ）denotesthesensorcapacitance・The

Circuitoperationisdividedintothesampleandholdstates・

Inthesamplestate，thesample／hold（S／H）stagesenses

the sensorcapacitance toits proportionalcharge Q¢）・

Duringthesubsequentholdstate，thedifftrentialintegra－

tor（DI）andthecomparator（CP）quantizethechargeQ（X）

heldbytheS／Hstagewithrespecttothereftrencecharge

Q，．Theprincipleofquantizationisbasedonthecharge

balance．Thecounter（CNT）storesthequantizedresult・

Eachblockwillbenextdescribedinmoredetail．

Fig・＿fshowsthecircuitdiagramoftheS／Hstage・Here，

¢and¢arethenonoverlappingtwophaseclocks，¢sand

¢Harethestatesignalsdiscriminatingbetweenthesample

andholdstates，andV；isarefbrencevoltage．Inthe¢＝

Hl’’phaseofthesample（¢S＝“1’’）state，thest型SOr

CapaCitanceischargedtothevoltageV；・Inthenext¢＝

“1’’phase，thechargeamplifierfbrmedby op－ampAl

transftrsthechargeQk）（＝C（X）V；）storedinC（ズ）into

thecapacitorC”PrOducingtheoutputvoltage

鴨か）＝－e¢）／G． （10）

ThisvoltageisstoredintheholdcapacitorCL・

Duringthesubsequentholdstatewhen¢H＝“1”，the

CaPaCitorCLisconnectedbetweenthevirtualgroundnode

G）andtheoutputterminalofop－ampAl．Theholdcircuit
ftedsthechargeC，巧か）toI垣difftrentialintegrator（DI）

throughthenode①every¢・＝HlHphase・Itisnoted
thattheaboveoperationlSlnSenSitivetotheoff畠etvoltage

Ofop－amPAland parasitic capacitances between each

nodeandgroundl15］，becausetheoff岳etvoltageiscan－

Celedbythatstoredinq”andparasiticcapacitancesare

SWitchedbetweenthevoltage sources andground・Fur－
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Fig・3・Ablockdiagramoftheinterface．

Fig・4・AcircuitdiagramoftheS／Hstage・

thermore，thechargeftdtothedifferentialintegratoris

independentofCsandCL．

Thecircuitdiagramofthedifftrentialintegratorandthe

COmparatOrisshowninFig・5（a）・Theintegratorfbrmed

byop－amPA2depositsthesignalchar芦e釦）sent申m
theS／HstageintothefbedbackcapacltOrqeVery¢＝

“1’’phasewhileextractlngthechargeCt隼COnCurrently．

Thus，if隼isa句ustedsuchthatCcTtbeequaltotheo鮎et
ChargeCbKstoredinC（ズ），itoperatesasthechargecir－

Cuittoaccumulateonlythechargeproducedbyanapplied

PreSSureintoq・Whentheaccumulatedchargereaches
thereftrencevoltageQ，（＝C，り），thecomparatorissues

thecontroIsignal¢cfbrtheintegratortoextractQ，from

q・Repeatlngthisprocessofchargeaccumulationandex－
tractionfor2ncyclesofthetwo－phaseclock，aSShownin

thetimingdiagramofFig・5（b），theinterfhcecounts¢c

uslngthen－bitcounter．Thecountmattheendofthehold

Statethenrepresentsthecapacitancechangeofthesensor

quantizedbythereftrencecapacitorC，：

芸＝椚12‾1・∽22‾2・‥・・例月2‾〝＝讐（11）

ThequantizingprocessisinsensitiveagalntOtheoff岳et

VOltagesofop－ampA2andcomparator，andalsotopara－

Siticcapacitances・ThefinitegalnOfop－amPA2hasno

e鮎ctonthequantization，either．

◎
　
V
r

1　　　　2　　　　　　　　　　　　　　　　m
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（b）

Fig・5・Acircuitdiagramofthedi鮎rentialintegratorandthecomparator
（a）andtimingdiagramofcontroIsignals（b）．

IV．LINEARIZATION

The above－mentioned basicinterface converts the ca－

PaCitancechangeofthepressuresensorlinearlyintothe

digitalnumber・The sensorcapacitance changes hyper－

bolically with a pressure，aS describedin SectionII．

Therefbre，fortheinterfacetoprovidethedigitaloutput

linearly proportional to a pressure，SOmelinearization

SChemeshouldbeincorporatedintothebasicconfigura－
tion．

Awell－knowncircuittechniquetolinearizeanonlinear

SenSOristocombineitwithapassivelinearnetwork・The

bestapproximationtothelinearresponseisthenobtained

bychooslngthosecircuitparametersofthepassivenet－

WOrk which make the second derivative ofthe resultant

responseas smallaspossible・Thisanalogtechniqueis

notapplicabletoacapacitivepressuresensor，however，

becausenoinflectionpolnteXistsinthecapacitiveversus

pressurecharacteristics．Thisisevidentalsobythefact

thatthecapacitancesensitivlty，definedastheratioofthe
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Thedecoderfunctionf（m）canbederivedfrom（9）：

J（∽）＝

1－α

（1－m）2●

（14）

P

（b）

Fig．6．Tablelook－up（a）andnonlinearencoding（b）schemesforlinear－

izatlOn．

relativechangeincapacitancetotherelativechangein

pressure，Whichmeasuresanonlineanty，lSinvarianttoa

lineartransformation．Therefbre，1inearizationispossible

Only with a digitaltechnique・Two such methods are

ShowninFig．6．

（a）Tablelook－upmethod：Storingtheconversiontable

intheROMandaddresslngitbythem－bcounterinthe

basicconfiguration，OneCangetthedigitalequivalentof

thepressureundermeasurement・DataD（m）storedinthe

addressmisobtainedby（9）and（11）：

β（椚）＝
椚／2

1－α＋∽／2〝

（∽＝0，1，2，・‥，2〝－1）．（12）

Aresolutionrequiredinmostpressuremeasurementsis

1％，andthus8bisenoughfbrthewordlength・Thetable

addresssizeisdeterminedbythemeasurementrangeas
bllows．

ThesensltlVltyOfthecapacitancechangetothefrac－

tionalpressureisglVenby

∫含C（∫）＝
∂lnAC¢）　1

∂lnJ　　　1－ズ
（13）

Assumenowthe什actionalpressureintherangefromO

to3／4istobemeasured．Thesensitivityinthelower

bound（ズ→0）isl．Thisimpliesthatthecapacitance，and

hencem，increaseslineadywithapressure．Thesensitiv－

ltyintheupperbound，Ontheotherhand，is4・Therefore，

thetableaddresssizeshouldbefourtimeslargerthanthe

WOrdlength；i．e．，1％resolutionovertherangequoted

aboverequlreStheaddresssizelO－bwide・Thisisnota

SeriOusproblemtotheinterfacebecauseitallowsahigher

accuracyA／Dconversion，butalowsamplingrateisin－
evitable．

（b）Nonlinearcodingmethod：Reftmingtothecharge
balancecondition，2nQB）＝mQ，；invoIvedinthebasic

interfaceconfiguration，OnenOticesthatnotthecapaci－

tancebutthepressurecanbelinearlyencodedbychang－

ingthereftrencechargeQ，inamannersimilartoQ¢）・
Sincetheoutputmisthenthedigitalequivalentofx，this

isaccomplishedbydecodingm，aSShowninFig・6（b）・

ThismethodoflinearizationrequlreSaD／Aconverter・

Thus，reducingthedecodersizeiscruCial・Atechnique
usefu1forthereductionistodividethedecoderfunction

f（m）intosegmentsbyapiecewiselinearapproximation・

A1％resolutioncanbeachievedusuallyby32segments

orless・TheinputmtothedecoderisthedigitalequlVa－

lentofthepressureundermeasurement，andthus8bis

enoughformostapplications・Comparedtothetablelook－

upmethod，thismethodrequlreSalargerdevicecount，

butallowsahighersamplingrate・

V．ExpERIMENTAL RESULTS

Prototypeinterfaceswerebuiltuslngdiscretecompo－

nents・Op－amP and switches used are LF356and

MC14016，reSPeCtively・TheclockffequencyislOkHz・

OthercircultparameterSare：V；＝5V，Ci＝lnF，Ch＝

3．9nF，C，＝102．2pF，q＝1・5nF，andCi＝1・5nF・

ThecapacitivepressuresensornumberedS2inFig・2is

used．Itsoffsetcapacitanceq）is50pF・Theparameters
αandPmcalculateduslngthemeasuredcapacitanceare

O．64and3．56kgf／cm2，reSPeCtively・Thepressureap－

pliedtothesensorbymeansofacompressorwasmea－

suredbyacommercia11yavailablemanometer・Themea－

surementaccuracyis±0．1％ofthelOkgf／cm2FS・

Datastoredinthelook－uPtableisshowninFig・7（a）

asafunctionoftheaddressm．Theareabelowtheaddress

65issavedfortheoffsetcapacitanceq）．Thetablesizeis

4k（＝212）×8b．Thesamplingrateisthusabout2・5

sample－Per－SeCOnd（SpS）・Fig・7（b）Comparesthedigital

outputoftheprototypeinterfacedisplayedonseven－Seg－

mentLED，swiththereadingofthecommercialmanom－

eter．Errorbetweenthemislessthan1％．

Thedecodingfunctionf（m）forthenonlinearencoding

wasdividedinto32segmentsandstoredintoaROMin

tableformfbreasyimplementation・Dataf（m）storedin

thetableisplottedinFig・8（a）asafunctionoftheaddress

m．Thetablesizeis256（＝28）×5b．Theclockffe－

quencylSreducedto7・68kHz，andthusthesamplingrate

is30sps・The5－bD／AconverterwasbuiltuslnganR－2R

ladder．Thepressuredisplayedbytheprototypeinterface

iscomparedwiththereadingofthecommercialmanom－

eterinFig．8（b）．Bothareingoodagreementexceptfbr

thelowerandupperbounds，anderrorbetweenthemis
within1％．

VI．CoNCLUSIONS

Aninterface circuit fbr a capacitive pressure sensor

based on the switched－CapaCitor charge－balanclng A／D

converter and twolinearization techniques were de－

scribed．Prototypeinterfacesbuiltuslngdiscretecompo－

nentswerealsopresentedtodemonstratethevalidityof
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Fig・8・Thedecoderoutputf（m）storedinaROMintablefbrm（a）and
thedigitalreadingdisplayedbyaprototypeinterfacecomparedwiththat
Ofacommercialmanometer（b）．

thelinearization approaches・In realizing the nonlinear

encodingapproach，theD／AconverteruslnganR－2Rlad－

derwasused・Replaclngitbyaswitched－CapaCitorarray

Willfacilitatethemonolithicimplementationoftheinter－
face．Thisisafuturework．

ThoughdifftrentinstruCture，agreatmanyhumidity，

displacement，thickness，andnowsensorsdetectthemea－

Surandsbytheircapacitancechanges・Theinterfacede－

SCribedhereinwillfindwideapplicabilitylnthesecapac－

2．00
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itivesensors，SinceitmeetssuchrequlrementSaStheon－

Chiplmplementation，digitaloutput，highsensltlVlty，and
goodlineanty．
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