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ASimpJeLinearTemperature・tO・FrequencyConverter

Usinga Thermistor
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SUMMARY A novel temperature－tO・frequency converter

COnSisting of the thermistor・COntrOlled current source，COmpar－

ator，andmonostablemultivibratorisdeveloped．Linearizationis

made by comparing the voltage developed across the current

SOurCeWithanexponentiallygrowlngVOltage．Aprototypecon－

VerterbuiltuslngStandardcomponentsshowsanexcellentlinear－

itywiththeresidualerrorlessthanO．2％overtherangefrom273
Kto353K・Theconverterfeaturesthesimpleconfiguration，high
accuracy，andsinglesupplyoperation．

1．lntroduction

Temperatureisoneofthephysicalquantitiesclose－

lyrelatedtohumanlifeandthusitsmeasurement and

COntrOlareeternalengineeringproblems．TosoIvethe
problem，manytemperaturetranSducerssuchasather－

mocouple，reSistance thermometer，p－njunction diode，

andthermistorhavebeendeveloped．Oftheseathermis－

toristhemostinexpensivetransducerwiththehighest
SenSitivity・Itsresistancevariationagainsttemperature

is，however，highlynonlinear，plagueingthedesignofthe

interfacebetweenthetransducerandadigitalsystem．

Awell－aCknowledgedmethodforinterfacingisthe

frequency encoding of the thermistor resistance．To

linearize the relation between frequency and temper－

ature，tWOapprOaChesarecommon；Oneistolinearize

theoscillationfrequencyofanastablemultivibratoror

aColpittsoscillatorbymeansoftworesistorsconnected

Oneinseriesandtheotherinparallelwiththethermis－

tor（1）．（7）・This approach features the simple

COnfiguration，butisapplicableonlytothelimitedtem－

peraturerangebecauseoftheapproximation．Thesec－

Ondapproachcomparesthevoltageacrossthethermis－

torwithanexponentiallygrowlngOrdecaylngVOltage

toconvert the exponentialvariation ofthe thermistor

resistance with temperatureinto thelinear changein

time（8）－（11）・Exactlinearizationis possible，but the

temperature－tO－frequency（T／F）Converters based on

thisapproachweremorecomplicatedthantheastable

multivibratorand，Whatisworse，requiredthebipolar

powersupply．
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Athermistorfeatures，aSStatedabove，itslowcost

andhighsensitivity．In ordertomake thebest use of
thesemerits，itsinterfaceshouldbenecessarilysimple

andlow cost．A simple T／F converter based on the

SeCOnd approach of thelinearizationis developed to

meet such requlrementS．Followlng thisintroductory

SeCtion，Sect．2describesits circuit configuration and

prlnCiples of operation．The practicalperformance

Obtainablewiththeconvertercalibratedattwotemper－

aturesisestimatedinSect．3．Sect．4presentstheexperi－

mentalresults．ThepaperconcludesinSect．5Withthe

potentialapplicationoftheT／Fconverter．

2．CircuitDescription

Figurel（a）showsthecircuitdiagramoftheT／F

COnVerter．OP－ampAlandtransistor QICOnStitutethe

（b）

Fig．1Thecircuitdiagram（a）andwaveforms（b）oftheT／

F converter．
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thermistor－COntrOlled current source，prOducing the

temperature－dependentvoltage佑atthecollectorofQl・
TheR3Cllow－paSSfilterisincorporatedtopreventthe

currentsourcefromoscillating．Thevoltage佑isthen

comparedwiththeexponentiallygrowingvoltage佑

across ccbythecomparatorA2・Whenthecapacitor

voltagel左reaches拓，aSShownbythewaveformin

Fig．1（b），thecomparatorA2triggersthemonostable
multivibrator（MV）．TheoutputpulseoftheMVwith

duration Th makes，in turn，the transistor Q20n tO

discharge the capacitor Cc・After Tm，Ccis charged

toward the supply voltage　佑c untilit reaches　佑・

Repeatingthisprocess，thecircuitproducestherectan－

gularpulsetrainwhosefrequencydependsontempera－

ReferringtoFig．1（a），thevoltage佑isgivenby

佑＝杭。（1－丘だ誹T），　　　　　　　　（1）

wherek＝R2／（Rl＋R2）andRTisthethermistorresist－

anceexpressedas

斤r＝餌xpβ（圭去），　　（2）

whereR。istheresistanceatthereferencetemperature

7LandBistheconstantdeterminedbythethermistor

material．The capacitance Ccis charged throughRc
untilitsvoltagereachesVT・ThecharglngtimeTtisthus

丘＝cc叫n怠十号一昔）・　　（3）

SettingtheoutputpulsewidthThOftheMVsuchthat

h＝cc可景－ln怠）　　　（4）

hold，OneCangetthelinearrelationbetweentheoscilla－

tionfrequencyandtemperature T；

／＝嘉一孟＝ScT，　　（5）
where S。denotestheconversionsensitivity．

3．MeasurementAccuracyand Range

3．1Calibration

Thedividerratiokisdeterminedbytheallowable

internalpowerdissipationofthethermistor・Theload

resistorRsofthecurrentsourceisthenchosensuchthat

VTbeintherangeappropriateforthecomparatorA2・

WithkandRsthusfixed，Rcofknownvalue，andCc，RL，

andCtroughlyselected，theT／Fconverteriscalibrated

bythefollowingprocedure・

First，theoscillationfrequencies木andj；aremeas－

uredattwotemperatures7land7ち；

去＝cc叫n怠＋菜一書恒′，（6）
whereaprimedenotesthecomponenttobetrimmed・

ManipulatingEq．（6），OneCanObtaintherelation

S。′＝

1　　れ‾1－㍍‾1

C。尺。′β‾‾了 ‾1一元‾1
（7）

TrimRc，atthisstagesuchthattheconversionsensitiv－

ityScfitthespecifiedvalue・Next，trimtheresistorRt
suchthattheoscillationfrequency，SayA，meetEq．（5）．

Thiscompletesthecalibration．

3．2　Accuracy

TheabovedescriptionassumesthatBisconstant

overthemeasurementtemperaturerange・Infact，itisa

bilinearfunctionoftemperature，CauSingthenonlinear

error．ExpandingBintoaTaylorseries，Wehave

β＝月。＋β1（dT）十月2（』T）2＋β3（』r）3＋…

＝月。＋β1（』r）＋0（』2），

where

』T＝r一㍍，

1　d乃β

β乃＝五節，

（乃＝1，2，‥・）

andO（』2）＝∑風（』r）f．
′＝2

by

（8）

（9）

Thepracticaloscillationfrequencyf’isthengiven

β。／r－（β1』r＋ 0（』2））』7ツrn
（10）

InderivingEq．（10），Eq．（4）withBreplacedbyBois

assumed．Thenonlinearerroristhus

E＝土子＝旦匿絆　　（11）
TyplCalvaluesofBt，sforthethermistorwithRo＝20kn

andB。＝3884at7㌔＝323Kare：Bl＝2．04，B2＝－7．06×

10－3，B3＝1．22×10－5，B4＝－7・05×10．9・Usingtheseval－

ues，EisestimatedtobelessthanO．34％forAT＝±50

K．

Anothererrorsourceisthetemperaturevariation

Arm ofthe output pulsewidth Th（10）・The relative fre－

quencydeviationSduetoAT，nisgivenby

∂＝号＝一告号　　　　（12）

Atypicaltemperaturecoe侃cientofArm／TmislOOppm／

OC．Theratio Tm／Tfallswithinl／2iftheoscillationfre－

quencyisbelowlOkHz・Themaximumfrequencydevia・

tionoverthetemperaturerangelOOKisthusestimated

t。be－0．5％．Fortunately，the frequency deviation8

tendstocancellthedeviationE．Therefore，aneXCellent
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Fig・2　ThemeasurabletemperaturerangeATversusthether・

mistor constant Bwith the supply voltage　杭。aS a

parameter．

linearity can be expected from the present T／F con－
Verter．

3・3　MeasurementRange

ThemeasurabletemperaturerangeATislimited

bytheallowableinputvoltagerangeofthecomparator

A2・Let tLaxand VLlnbethemaximum andminimum

VOltages，reSpeCtively，that can be applied to the

Camparator・Then，fromEqs．（1）and（2），Wehave

』r 伍。－1ん1。
杭。－1左ax （13）

TherelationbetweenATandBisplottedinFig．2with

佑casaparameter・Here，7L＝300K，VLln＝1V，and

Kax＝佑C－1（Ⅴ）areassumed・Referringtothisfigure，

Onecan select the thermistor and the supply voltage

appropriateforaglVentemperaturerange．

4・ExperimentalResults

A prototype T／F converter was built using the

thermistorwithB＝3440andR。＝5．2knat7㌔＝298K．

Therelevantcircuitparameterswere：k＝0．01，佑C＝24

V，Rs＝100kn，cc＝5．6nF，and Ct＝23nF．The small

dividerratiokeliminatestheself－heatingproblemofthe
thermistor・Thecalibrationwasperformedattwotem－

Peratures7l＝273Kand7ち＝323K，tOtrim R。SOthat

theconversionsensitivitybelOHz／K．Theoutputpulse
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Fig・3　The oscillation frequency f versus temperature T

measuredbyaprototypeconverter．

Width Th WaS adjusted by means of Rt so that the

OSCillationfrequencybe3．23kHzat7ち＝323K．

Therelationbetween the oscillation frequencyf

andtemperature Twasthenmeasuredbyimmersing

the thermistorinto a temperature－COntrOlled oilbath．

The results thus obtained are plottedin Fig．3．An

excellentlinearitycanbeseen・Theresiduallinearity

errorandthecorrelationbetween Tandfwerecalcu－

lated to beless than O．2％and O．9984，reSpeCtively．

TheseresultsconfirmtheprlnCiplesofoperationandthe

accuracyestimate・Themeasurabletemperaturerange

WaSabout80K，WhichalsoBtsthemeasurementrange
plottedinFig．2．

5．Conclusions

Alinear T／F converter using a thermistor was

described・Itfeaturesalowcostmadepossiblebythe

Smallcomponent－COuntandtheslnglesupplyoperation．

Therefore，itcanfindawideapplicabilityasadigital

thermometer・Anothersalientfeatureofbeingaccurate

makesit feasible toimplement alow cost and high
precisiondigitallyprogrammabletemperaturecontrol・

lerbasedonthephase－lockloop，Whichisnowunder

development．
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