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ADigitalHygmmeter

HIROMI SHiMIZU，HIROKIMATSUMOTO，STUDENTMEMBER，IEEE，MASAHIRO ASAKURA，AND
KENZO WATANABE，SENIOR MEMBER，IEEE

AbsLnct－AdigitalhygrometeruslngaPOlyimidecapaCitivehumid－
itysensorisdeveloped．Thecapcitancechangeofthesensordueto
adsorptionofwatervaporintheatmosphereisdetectedbya声witched－

CapaCitordigitalcapacitancebridgecontrolledbyaone－Chipmicro－

COmputerandisdisplayedasrelativehumiditywithO・1－PerCentreS0－

1ution．The accuracy of the hygrometer calibrated by a two－POint

methodissolelydeterminedbythetemperaturedependencearLdthe

long－termdriftofthedielectricsensitiYityofthesensorandisesti－

matedtobe2percent．

A≡畏

I．INTRODUCTION

EXPANDS with humidity．Thiswell－known

alphenomenonhasbeenwidelyusedasahy－

grometerindailylift，butisnotapplicabletoautomatic

humiditycontrolofindustrial，agnCultural，andourliving

environmentsbecauseitfailstoprovideanelectricalsig－

nal．Amongmanyelectronichumiditysensorsnowbeing

developedll］，aCOnductive－typeSen岳orusingaTetalox－

ideoraceramicandacapacitive－typeSenSOruSlngaPOl－

ymerBlmarepromlSlngCandidatesfbrlow－COStmaSSPr0－

duction．The conductive sensors tolerate a high

temperatureenvironment，butsu鮎rfh）malargetemper－
aturedependenceandtheirsensitivity to pollutionl2］－

［41．Therefbre，thecapacitivetypeseemspreftrablefbr

accurateandstablehumidity measurementatroomtem－

perature・

TypicalhygroscopICmaterialsusedsofarforsenslng

moisturein capacitive sensors arelithium一銭uoridel5】，

Celluloseacetatel6］，andcellulose acetatebutyratel7］．

Whilethesehydrophilicfilmso鮎rhighsensitivity，their
dielectriCconstantsaresensitivetotemperatureandtheir

CaPaCitancechangewithhumidityishighlynonlinearbe－
CauSeOftheirnonuniformadsorptlOnisotherm・Compared
Withthem，the“dielectricsehsitivity’’，i．e．，therelative

absorptlOnOfwatervapor，Ofpolyimideisrathersmall，

butismuchlesssensitivetobothtemperatureandthick－

nessl8］，【9］．Inaddition，gOOdlinearitycanbeexpepted

betweenthebulkcapacitanceandrelativehumidity（RH）

［10】，【111．Basedonthesepredecessors’works，Wehave

developedalinearhumiditysensor・Itscon負gurationand
characteristics aredescribedinthenextsection．

ThecapacitancechangeofthesensorduetoRHissmall

COmparedwithitso鮎etcapacitance．Therefore，aCCurate
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detection ofRH and convertlnglt tO a microprocessor

COmPatibleslgnalrequlreaCapaCitancebridgefbllowed

byananalog－tO－digital（A／D）converter・Buildingsuchan

interfaceuslngOfflthe－Shelfcomponentsispossible，but

isimpracticalfromtheviewpolntOftheyieldandtheper－

formance／price ratio．To accomplish the samefunction

Withamuchsimplercircuitandwithaneyetowardthe

possibilityofon－Chipslgnalconditionlng，thedigitalca－

pacitancebridgeisdevelopedbasedonaswitched－CaPaC－

itorcharge－balancingA／Dconverterl12］．Thedigitalcir－

Cuitryforcontrollingthiscapacitancebridgecanbeeasily

implementeduslng StandardloglCgateS，butaone－Chip

8－bitmicrocomputerisusedinsteadtoaccommodateother

functions．Thismicrocomputer－COntrOlledinterfaceisde－
scribedin SectionIII．

Althoughthecapacitanceofthesensorchangeslinearly

WithRH，itso鮎etcapacitanceandsensitivitydifferfrom
devicetodevice．Therefbre，tWO－pOlntCalibrationisnec－

essaryfordirectreadingofRH．Thecalibrationprocedure

andtheoverallperfbmanceofthedigitalhygrometerare

discussedinSectionIV．ThepaperconcludesinSection

Vwiththebriefsummaryandthefuturework．

II．HUMIDITY SENSOR

Thehumiditysensorconsistsofapolyimidecapacitor
fabricatedonasiliconsubstrate．Theuseofasiliconasa

Substrate o鮎rs the possibility ofintegratlng the slgnal
processlngCircuitandthusdeveloplnga“SmartSenSOr’’・

Thefhbricationprocedureisasfbllows：First，Auisevap－

OratedontoonesurfaceofaO．001f2－cm，n－typeSiwafer

350Ilmthickandissinteredat6500CfbrlOmintomake

the contact ohmic．Afterremovlng a SiO21ayeron the

Othersurfacebychemicaletching，thepolyimideisspun

OntOaSisurfaceat3000rpmfor30S．Thepolyimidefilm

isprebakedat2000Cfbrlhandthencuredat3500Cfbr

lh．ThehygroscopicfilmthusfabricatedistypICallyl・5

Ftmthick．Then，Auisevaporatedontothefilmthrougha

metal mask to fbrm a moisture－permeable，COmb－like

electrode．The thicknessis typlCally500　A．A thin

polyimidefilmlessthanlFLmthickis agaln COatedall

OVerthesurface，eXCeptthebondingpads，bydipplngtO

protectthehygroscopicBlmfrommechanicaldamagein

thesubsequentbondingandpackagingprocess・Thiswaftr

isthenscribedintochipsmeasunng8mm x12mm・The

COnfiguration ofthe humidity sensor thus fabricatedis

ShowninFig．1．Finally，eaChchiplSmOuntedinaper－

fbratedmetalheaderthroughwhichthesensorisexposed

totheatmosphere．
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Fig・1・ThestruCtureOfthehumiditysensor．

Thebulkcapacitancebetweentheupper／comb－likeand

lowerelectrodeswasmeasuredoverahumiditycyclefbm

20－tO90－perCentRHandatemperaturerangefrom150C

to350C・Theaccuracyofthereferencehygrometerat－
tachedtothehumidity－COntrOlledenvironmentalchamber

is3percent・Acommerciallyavailablefbur－terminal－palr
bridgelwasusedfbrthecapacitancemeasurementover

thefrequencyrangeffom200Hzto500kHz・TyplCal

resultsmeasuredatlO－kHzfrequencyareplottedinFig・

2・Nohysteresiswasobserved・Asexpected，agOOdlin－

eantywithanonlineantyerroroflessthanO・2－perCent

andsmalltemperature－dependencelessthanO・1－PerCent

PH／OCcanbeseen・Thepositivetemperrurecoemcient
lSCOnSideredduetothethermalexpanslOnOfthefilm

Whichallowsmorewatertopermeatethefilm．Thedi－

electricsensitivitydefinedastherelativechangeinthe

CapaCitancefbraunitchangeinRHis3100ppm，Which
isatyplCalvalueofthepolyimidefilmcuredat3000C

l10］・Thecapacitancedecreasesslightlywiththeincrease

inmeasurementfrequencywhilekeeplngthesensitivity

andthelinearityconstant【9］・Theresponsetimefbrthe

StepChangeffom20－tO90－perCentRHwasabout5sand

thatforthereversechangewasabout7S．Theseresults

indicate that the comb－1ike electrodeis permeable to

moistureandthustheresponsetimeisdeterminedsolely
bydi恥sionthroughthefi1mthickness．

Figure3showsthelong－termStabilitytestedfbr8weeks

invariousenvironments・Duringthefirstweekofaccel－

eratedaglngat400Cand90－PerCentRH，thesensorex－

hibitedarapidincreaseinthecapacitanceuntilitsettled

downtothesteady－StateValue・Thesteady－StateCaPaCi－

tanceincreasesslightlywhenthesensorisexposedtoa

hotandwetatmospherefbralongperiOdanddecreases

Slightlywhenexposedtoahotanddryatmospherefora

longperiod・Thenuctuationis，however，lessthan2－per－

CentRH・Therefbre，thepresentsensorhasprovenitsca－

PaCltyfbraccurateandreliableRHmeasurementinthe

Ordinaryenvironmentsencounteredinourdailylifb．

III．HYGROMETER CoNFIGURATION

Thewholecircuitdiagramofthedigital＿hygrometeris

ShowninFig・4・ItcomprlSeSthreemainblocks；thehu－

miditysensorrepresentedbyCx，theinterfaceconsisting

OfthecapacitancebridgeandthecomparatorA2，andthe

One－Chip8－bitmicrocomputer・Thehumiditysensorhas，

lHPModel，4275A，MultifrequencyLCRMeter．
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Fig・2・ThesensorcapacitanceCxversusrelativehumidity（RH）．
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Fig・3・Thecapacitancechangeofthesensorobservedinthelong－term
test．
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Fig・4・Thecircuitdiagramofthedigitalhygrometer．

infact，the resistive componentwhich should becon－

nectedinparallelwithCx・Becauseofthehighvolume－
resistivityofpolyimide，however，thisparallelresistance

islargeenoughtobeneglected・

Inthebridge，CkisastandardcapacitortowhichCxis
COmpared・Thedi鮎rencebetweenthemisencodedinto

ann－bitbinarynumberwithreftrencetoCR・Thecapac－

itorCiincorporatedintotheftedbackpathofop－ampAl



302 IEEE TRANSACTlONS ONINSTRUMENTATION AND MEASUREMENTIVOL・37・NO・21JUNE1988

correspondstoadetectionarmofaconventionalbridge・

CapacitorsCcandCflareincorporatedsothatthebalance

operationofthebridgeisinsensitivetotheoffsetvoltage

andthefiniteopen－loopgainofop－amPAl【13］・¢and

不arethenonoverlappingtwophaseclocksfbrdrivingthe

analogswitchesinvoIvedinthebridge・CapacitorCMis

incorporatedtopreventthespikeswhichwouldotherwise

begeneratedbyop－amPAlinthenonoverlapplngPeriod

l14】．This capacitorhas，however，nO e鮎ct upon the
bridgebalanceoperationandisthusneglectedhencefbrth・

ComparatorA2COmpareSthebridgeoutput竹withthe

referencevoltagel左，tOinfbrmthemicrocomputerofthe

presentstateofthebridge・Dependingonthecomparator

outputHQH，themicrocomputerproducesclocksignals
¢land¢2Which controIswitches MlandM2，reSpeC－

tively，tObalancethebridgedigitally・TheloglCeXpreS－
sionsfbr¢1（n）and¢2（n）inthenthcycleofthetwo

phaseclockareglVenby

¢l（〃）＝e（〝－1） ＋¢（〃）　　（1）

¢2拉）＝e（〝－1）・両市　　　（2）

WhereQ（n－1）denotesthelogiclevelofthec？mParatOr
outputintheprecedingclockcycle・TheoperatlOnOfthe
interfacewillnowbedescribedinmoredetail．

Thetimlngqiagramoftheclocksignalsandtheoutput

voltagewavefbrmofthecapacitancebridgearedepicted

inFig・5・Tobeginwith，themicrocomputeroutputsa

resetpulse¢Rinsynchronismwiththe¢clocksignalto

initializethebridge・Theoutputvoltageofop－ampAlis

Th．Thus，inthisresetphase，ccandCFareChargedto
Vk，WhileCx，Cs，andCRareChargedtoVk，Vi，andl左，
respectively，WiththepolarityindicatedinFig・4・Be－

causeccischargedtoTh，thenodeAcanberegardedas
thevirtualgroundterminalofop－amPAll13］・Letusas－

sumethatthecomparatoroutputinthepreviousmeasure－

mentcycleisHl”．Then，inthenext不phase，¢2becomes

HlH andthecharge QR＝CRThstoredin CRistrans－

ftrred，（togetherwiththechargesQx＝Cx叛andQs＝

CsVsstoredinCxandCs，reSPeCtively）intoCFtOCharge

itwiththepolarityindicated・Thenetchargeaccumulated

inCFbythisprocessis

ea。。＝e尺＋払一弘．　　　（3）

SincethedcvoltagesI左，竹，andtharechosensuchthat
Qa。Cbepositive，thechargeaccumulationinthisphase
increasesthebridgeoutputthbyQa。C／CFandthecom－

paratoroutputHQ’’becomes“0’’・Inthe¢phaseofthe

nextcycle，CR，Cs，andCxarechargedagalntOtheirown

voltages．Inthenext不phase，CxandCsaredischarged
totransfertheirchargestoCF，WhileCRremainscharged

becausetheswitchM2iskeptH0ff”・Sincethevoltages

叛andVsarechosensuchthatQx＞Qs，thecharge

e。Xt＝弘一払　　　　　（4）

isextractedfromCFbythisprocessandtheoutputvoltage

Ofthebridgedecr讐SeSbyQext／CF，aSShowninFig・5・
ThischargeextractlOnCOntinuesuntilthecomparatorout－

Fig・5・Timingdiagramandtheoutputvoltagewaveformofthecapaci－

tancebridge・

putHQ’’becomes“l’’andthechargeQaccisaccumu－

latedagalnintoCF．Repeatlngtheaboveprocessofthe

chargeaccumulationandextractionfbrNcyclesofthe

tw0－phaseclockuntilthenextresetpulsed・Rinitializes

thebridge，themicrocomputercountsthenumberoftimes

thechargeQextisextracted・
LetthecountbeM．Then，thetotalchargeaccumulated

intoCFisMQacc，WhilethatextractedfromCiis（N－
M）Qext．Therefbre，thebridgeoutput竹（N）attheend
Ofonemeasurementcycleis

竹（呵＝叛＋【坤弘一呵鉱一払）】／q・（5）

RefemngtoFig・5，0nenOticesthatthebridgeoutputis

alwaysintherangefromI左－Qext／CFtOl左＋Qac。／CF・

Thus，WeCanObtaintherelation

〟／〃－（払ー払）佃尺＜1／〃＝lLSB・（6）

ThecapacitanceCxofthehumiditysensorcanberepre－
sented as

G＝C（1＋範・RH）　　　（7）

whereC。istheoffsetcapacitanceandもdenotesthe‘‘di－

electricsensitivlty’’ofthesensor・Adjustlng Viand Vk

suchthatC。Vk＝CsVgandC。叛Sd＝CRThhold，reSpeC－

tively，andsetting●N＝2n，OneCanObtain，from（6），the

n－bitbinaryrepresentationofRH

RH＝〟／2〃＝m12‾1＋∽22‾2＋‥・＋椚〃2‾〝・（8）

Figure6showstheflowchartofthecontroIsubroutine・

Thesubroutineusesthe“DE’’palrreglSterfbrcountlng

′thenumberNofthetwo－phaseclockcycleandthe“HL’’

palrreglSterfbrcountlngM・AfterresettlngthesereglS－

ters，theprogramentersthe¢－State・Inthisstate，the¢，

¢1，and¢RClocksarefirstresetto“0”，andthen，after

5．4FLS，石and¢2，ifHQ”＝“1’’，ClocksarESettO“1’’

andoutputtedtothebridgefromportC・The4・Clocklasts

fbr22．5ILSuntilitisresetto“0’’inthe¢－State・Incre－

mentlngtheHDE，，reglSterandthensenslngtheoutput

level“Q’’ofco嬰paratOrA2，theprogramcompletesthe

Operationinthe¢－State・
Inthe¢－State，theprogramfirstresets¢，¢1，and4＞2

clocks．Thus，alltheclocksare“0ff”untilthe4・and¢1
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Fig・6・The鮎WchartofthebridgecontroIprogram・

Clocksaresetto HlH・Inthisperiod，thesubroutineac－

CePtStheinterrupt requeStfromtheeventtimerwhich，

accommodatedinthemicrocomputer，prOducestheHdigit

SelectslgnalHevery6・6msfbradynamicdisplayofRH・

ThetimerequiredfbrprocesslngtheinterruPtrequeStis

38・5FLS・IftheinterruptlSabsent，thetimeelapsedbefore

the¢clockissetto“1’’is8．7FtS．The¢clocklastsfor

13FLSuntilitisresetto“0”inthe¢一State．Incrementing

the“HL”registerif“Q”＝“1”，the program com－

Pletestheoperationinthe¢－State．

Inthissubroutine，NissettolO4・Therefbre，thepr0－

gramrepeatstheoperationinthe¢－and¢－StateSlO4times

（the¢－StateOperationinthelastcycleisincludedinthe

“Bridgeinitialize”subroutine）．Thetimerequiredforone

measurementcycleisabout470ms，althoughitdepends
OnthenumberoftheinterruptrequeSt・ThecountMstored

intheHHLHreglSterisdividedbylO，COnVertedtothe

3－digitBCD，anddisplayedastherelativehumiditywith

O・1－perCentreSOlutionbytheHdisplay，，subroutine・

IV．CALIBRATION AND AccURACY

Although the humidity sensoris fabricated uslngIC

COmpatibletechnologleS，its off岳etcapacitanceand sen－

Sitivltydi鮎rfromchiptochip．Inaddition，theinterface
Circuitincludesmanynonidealfactorssuchastheoff岳et

VOltage Kslandthefiniteopen－loopgainAlOfop－amp
Al，theoff岳etvoltagett，S20fcomparatorA2，theparasitic

CapaCitancebetweeneachcircuitnodeandground，and

theclockfeedthroughinvoIvedinanalogswitches・Inthis

SeCtion，thee鮎ctofthesenonidealfactorsuponthemea－
SurementaCCuraCylSeValuatedtoestablishthecalibration

PrOCedureandalsotohaveaninsightintotheftasibility

Oftheon－Chiplnterface．

Figure7showstheinterfacecircuitincludingthenon－

idealfactors．Taking these deleterious factorsinto ac－

Fig・7・Theinterfacecircuit，includingthenonidealelements・
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COunt，OneCanderivethefbllowlngeXpreSSionsfbrthe

ChargesaccumulatedinandextractedfromCF：

eま。。＝（G特＋G均一q叛）／（1＋亡）（9）

eニxt＝（q均一G巧）／（1＋亡）　　　（10）

Where

e＝【1＋（q＋G＋G）／G】／dl　（11）

q＝G＋ら＋砂／叛　　　　　　（12）

QfistheclockfeedthroughchargeiqjectedintonodeA，
andC；istheparasiticcapacitancebetweennodeBand

ground・ParasiticcapacitancesotherthanqhavenoefJ
ftctuponthechargetransftr・Thedenominatorl＋∈Of

（9）and（10）indicatesthereductioninthechargetransftr

eLRciencyduetothefiniteopen－loopgainAlOfop－amP

Al・ThefinalbridgeoutputVこ（N）isthengivenby

yこ（〃）＝暇＋Ksl＋【〟銭。。－（〃－〟）e局／q・

（13）

Since㍑（N）isintherange

叛＋Ks2一銭、t／q＜㍑（〃）

＜叛＋Ks2＋e；。。／G．　　　（14）

Wehave，afteralittlemanlPulation

（．ク。S一銭xt）／（〃鎚）＜〟／〃一銭X．／鎚

＜（ク。S＋e；。。）／（〃鎚）

Where

e。S＝q（Ks2－Ksl）

8品＝G叛／（1＋亡）．　　　（17）

SinceNisverylarge，104inpractice，thee鮎ctofthe
OffsetvoltagesuponthemeasurerrlentaccuracylSnegli－

gible・ThefinitegainA］doeshotdistuねthebridgebal－

anceeither，becausethereductionofthechargetransfer

efhciencyiscommontobothQiccandQ：xt．Therefbre，the

interfacemeasuresdigita11y

m＝〟／〃

＝【（C＋CもRH＋q）暇＋¢－G巧】／（G叛）・

（18）
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ThedirectreadingofRHonthedisplayrequlreS

（C＋q）叛＋坊＝G竹　　　（19）

Cも暇＝G叛．　　（20）

Tomeettheaboveconditionsfbrtheoffsetcancellation

and the sensltlVlty a4justment，tWO－POlnt Calibrationis

obliged；first，thereadingmlWhenthehumiditysensoris

exposedtotheatmosphereofsomereferencehumidity

RHlisnoted・Then，eXPOSethesensortotheatmosphere

ofdi鮎renthumidityRH2・Watchingthereadingm2，ad－
JuStthereferencevoltageVksuchthatm2－mlCOincides

withRH2－RHl・ThisestablishesthesensltlVltyCOndition

（20）．Next，aqjustthevoltageVisuchthatm2COincides

withRH2・Thisestablishestheoffsetcancellationcondi－

tion（19）．

Thereadingsofthehygrometerthuscalibratedarein－

dicatedontheright－handordinateofFig・2fbrthehu－

miditycyclefrom20to90percent・Becausethecalibra－

tioneliminatestheerrorscausedbythenonidealfactors

invoIvedintheinterfaceandcompensatesthedeviations

oftheoffsetcapacitanceandthesensitivityofthehumid－

ltySenSOr，theerrorofthishygrometerissolelydeter一

minedbythetemperaturedependenceandthelong－tem

driftofthesensorandisestimated，fromdatainFigs．2

and3，tObelessthan2percent・

V．CoNCLUSIONS

Adigitalhygrometeruslngthepolyimidecapacitivehu－

miditysensorisdescribed・Theswitched－CapaCitorinter－

facefbrdetectlngthecapacitivechangeofthesensorand

convertlngltintothedigitalnumberisverysimpleand

requlreS nOCOmPOnentmatChingandtrimmlng・There－

fore，alowcostandcompact Hsmarthumidity sensor’’

canberealizedbyintegratlngthehygroscopicfilmand

theinterfacecircuitontoaslngleSichip・

Theaccuracyofthepresenthygrometerislimitedto2

percentbythetemperaturedependenceandthelong－term

driftofthehumiditysensor．Thetemperaturecompensa－

tioncanbeeasilyaccomplishedbythesoftwarebecause

theone－Chipmicrocomputeraccommodatestheanalog－tO－

digital converter available fbr convertlng the voltage

acrossatemperaturesensorsuchasaJunCtiondiodeora

thermisterintothedigitalnumber・Thiswillallowthein－

dicationofthetemperature－humidityindexaswellasthe

improvementoftheRHmeasurementaccuracy・
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