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Negative Temperature Coefficient (NTC) thermistors are small, cheap and
accurate temperature sensors. They are also highly non-linear and the
inexpensive ones require calibration to get even moderate accuracy. This
document covers the basic theory and presents an example to illustrate the
typical issues involved.

Introduction

Negative TemperatureCoefficient (NTC) thermistorsare semiconductorsysually producedfrom a metal oxide ceramic.A
thermistor’'s conductivity is proportionalto its free chargecarrier density. The free chargecarriersare liberatedby thermal
energy,the numberof free carriersincreasingwith temperatureAs aresulttheresistancef a NTC thermistordecreasesughly
exponentiallywith temperatur¢Boltzmannstatistics).

The major advantagesf thermistorsaretheir largetemperatureoefficientof resistancesimple electricalrequirementspoten
tially good stability over time, and small size and cost. Their major disadvantageare a highly non-lineatemperatureelatior
shipandneedfor calibrationto obtaingoodaccuracy.

A Simple Theory

Let theresistancef athermistormeasureat a referencaemperaturg 1) be called(Rg), assumingan exponentiadecreasén
resistancavith temperaturgivesriseto a simpleexpressioror theresistancégrR )
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The symbol(8) in equation(1) is a constanthat dependsprimarily on the materialthe thermistoris madefrom. It hasunits of
°K. Thetemperatures equation(1) areall measuredh absoluteemperaturéKelvins).

In practicethis theoryworksprettywell for describinga realthermistor thoughit canbeimprovedon asis detailedbelow.
To find thetemperaturdrom theresistancegquation(1) mustbeinverted theresultis
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An Empirical Model

In practice,thermistorsdo not follow the exponentialaw perfectly. A semilog plot of real thermistorcurvesshowsan almost
linearrelationshipthedominanthon-linearity beingof cubicform. This hasled to the useof a cubicapproximation
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Sincethedeviationis primarily cubic,someapproximationsieglecthe squarederm.
Equation(3) is messyto invert, butit canbeinvertedapproximatelyto getanequationof similarform
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The expectecerrorin usingthe full third ordermodel,equation(3), is lessthan1/100T overa 200C spanwithin the rangeof
0° to 260<C. 0.01T is lessthanthe usualmeasuremenincertaintyfor typical thermistorapplications.

Self Heating

In anelectricalcircuit a thermistorfunctionslike atemperaturevariableresistor,assuchit dissipategpower,whichin turn heats
it up, affectingthetemperatureneasurement.

Therateatwhich athermistordissipatepoweris givenapproximatelby

Pap =AT/0 ®)

Where () is the caseto-ambientthermalresistanceand (AT) is the differencebetweenthe thermistor'scasetemperatureand
the ambienttemperatureThe units of thermalresistancearetypically degreeselvin perWatt. The valueof (6) is quitevariable,
for smallisolatedelectroniccomponent®# canexceedl00K/W, whereaswell heatsunicomponentsnay beunder1°K/W.

Someof the energyinputto thethermistoris absorbedisthethermistorheatsup, hereis theequation
=C-—= (6)

In this equation(PT) is the power absorbedby the thermistor,(T¢) is the thermistor'scasetemperatureand (C) is the heat
capacityof thethermistor.The unitsof heatcapacityaretypically Joule/K

Let (P) betheelectricalpowerinputto thethermistor,conservatiorof energyrequireshat

AT dTc
P::PA+PT::7+C—Jt

Thisis afirst orderdifferentialequatiorwhich canbe solvedfor AT, theresultis

@)

—t
AT = PQ(l—eW) (8)

From(8) it canbe seenthatthe asymptoticemperatureiseis the expectedPd ). Thethermaltime constanis (C8 ). Sincemany
manufactureslo not publishvaluesfor (C), it oftenmustbe estimatedn house For thermistorghatarefairly homogeneouthis
candoneby weighingthemandusingthe publishedspecificheatsfor similar materials Both (§) and(C) canalsobe measurec
by meansof equation(8).

For manyapplicationghe selfheatingaffectis unimportant.For someapplicationghe thermistorpowercanbe pulsedon only
duringmeasurement® reducedissipation.

A Case Study

In this exampleapplicationa NTC thermistoris usedto measureoutsidetemperaturgearround. Assuminga moderateclimate,
the expectedemperatur@angeis from —40° Cto +80°C.
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Hereis theelectricalcircuit diagramfor the sensor
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Figure 1

The thermistor(RT1) is connectedo the positive supply. The positionsof RT1 andR1 could haveaseasilybeenreversedand
RT1 connectedto the negativesupply, but the positive connectionhas the advantageof producingan output voltage that
increasesvith temperatureAlso, if the Analogto Digital ConvertefADC) hasa fairly consisteninputimpedanceits effecton
R1 canbeincludedasa simpleparallelsum.

The parametergiiven for RT1 (8 = 3750andRy = 10k Ohms)arethe manufacture’sypical values.Thereare usually several
tolerancegradesavailablewith £10% beingthe leastexpensive5% toleranceunits are very common,while 1% or betterunits
beginto costa lot more.The repeatabilityof a given unit is usuallyvery good.Evena unit with a 10% manufacturingolerance
can be calibratedto measurewith an accuracybetterthan 0.1°C over a wide temperaturegange.The long term stability of a
thermistorsensoris usually determinedby the packaging Hermeticglassbeadpackagesave good long term stability, asdo
someglasscoatedsurfacemountunits.

Referringto Fig.1, capacitorC2is aradiofrequencyinterferencdilter. C2 may not be requiredfor manyapplicationsCapacitor
C1l actsasa low passfilter, it not only reduceshigh frequencynoise,it alsoreduceserrorsdueto ADC chargeinjection. For
many applicationsC1 could be reducedor eliminated.The thermistor'sown thermaltime constantis often severalseconds
which tendsto bethelimiting factoron signalbandwidth.

Selectingthevalueof R1is aninterestingproblem.Different valuesfor R1 producedifferentcurvaturesn thecircuit’'s tempera

ture to voltage relationship.For temperaturecontrollersoperatingat a fixed temperatureR1 is usually selectedto give the
greatestkensitivityat the operatingtemperatureFor measuringnstrumentslike this one,a commonchoiceis to pick R1 sothat
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the sensitivityis equalat the extremesof the measurementange.This constraintis easyto expressanalytically,andit tendsto
reducethe non-linearity of thevoltagevs temperatureelationshipovertherangeof interest.

To analyzethis moreprecisely beginwith thevoltageto thermistoresistanceelationshigfor thecircuitin Fig.1

1
V== 9)
1+rl

The lowercase"v" in the equationis the voltageratio betweenthe ADC input voltage and the positive supply voltage, v is
alwaysbetweerzeroandone."r1" is the resistanceatio of the thermistorRT1 to the fixed resistorR1, r1 maybe anynonzero
positiverealnumber putit usuallylies betweerl000and1/1000.

Usingequation(1), theratio of thermistorresistanceat a giventemperaturéo resistancatthereferencéemperaturér) is

R 1 1
Lnir]= Ln[—]::ﬁ(———) (10)
R
Putting(10) into (9) andmanipulatinggets

1
(5%

The symbol(s) hasbeenintroducedor theratioRy/ R1

1l+se

Equation(11) hasbeenplottedfor variousvaluesof (s) in Fig.2.

(v) versugqT) for variousvaluesof (s)
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Figure 2

In Fig2 Theredlines coverthe rangeof (s) from 0.1to 1, the greenlines cover (s) from 2 to 10 andthe blue lines cover(s)
equal20to 100.
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Intuitively, the bestchoicefor R1 is the onethat resultsin the (v) vs (T) graphthatis closestto a 45° diagonalline over the
temperatur@angeof interest.This canbeapproximatednalyticallyby usingthe equatslopeconceptmentionecbefore.

From (11) the slopeof thegraphis foundto be

_L))Z (12)

(13)

For the exampleat hand,equation(13) suggestsettingR1 = 7417 Ohms.The value actually chosenfor R1 in Fig.l was 10k
Ohms.10k is simply a moreconvenientvalue.Also, eye-balling Fig.2, it lookslike 10k might be a betterchoice,evenif it isn't,
it's closeenough.

Sofar in this example we haverelied exclusivelyon the simplified model.It would be niceto know the magnitudeof the errors
beingintroducedby usingthe simplemodel. To investigatethatwe needto comparethe simplified modelto the real thermistor
behavior.For theoreticalpurposeghis canbe doneby comparingthe simplified modelto the full cubic approximationbecause
we know from experiencehatthe cubicmodelis very accurate.

Hereis somedatafrom thermistormeasurements

Temperature (°C) (r)
292 0.0025
255 0.004
240 0.0045
195 0.01
160 0.02
120 0.05

70 0.2

50 0.4

-37 20

-60 100
Table 1

In Tablel theleft columnis thethermistor’'stemperaturéT) in °C, theright columnis the thermistor’sresistanceatio (r) which
is theratio of resistancattemperaturgT) to theresistancatthereferencaemperaturéTq).

Fitting the datain Tablel to equation(3) by the methodof leastsquareproduceghefollowing "truth" model

4975.08 300985 1.81688x 10’ (14)
B T2 + T3

Equation(14) is a truth modelin thatwe assumehatit accuratelyindicatesthe behaviorof the real system.t doesnot account
for variouseffectssuchasself heatingor time varyingbehavior nor shouldit for our currentpurposes.

As aconfidencebuilding measurét’s agoodideato graphequation(14) alongwith thedatafrom Tablel

Ln[r] = —-14.0094+
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truth modelof arealthermistor
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Figure 3

As thegraphshows equation(14) agreegjuite well with the actualdata.

To properly comparethe truth model to the simplified model, we mustfit the simplified modelto the truth model. This is
becauseso far the simplified modelhasrelied on the manufacture’snominalvaluesfor it's parametersasa resultmostof the
error betweerthe simplified modelsofar andthe truth modelwould be the resultof miscalibration By fitting the simplemodel
to thetruth model,we effectivelywill calibratethe simplemodel,thusisolatingthe calibrationerrorfrom the modelingerror.

Performinga leastsquaredit to the truth model over the applicationtemperatureangeat 1°C intervalsyields this simplified
model

1 1
Ln[r] == 3536.9{— - —) (15)
T 297.134

To calculatethe errorintroducedby (15), we first assumehat the true temperaturés known, we thenuse(14) to calculatethe
resultingtrue resistanceatio, we theninvert (15) to find the temperaturéndicatedby the simplified model. Finally we subtract
thetruetemperaturego getthetemperaturerror. Theresultingerrorplot is shownin the nextfigure.
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Error(* K) Error plot for the simplified model
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Figure 4

As thefigure shows,the maximumerror from the simplified modelin our exampleis about1.25T, the RMS erroris probably
closerto 1/2°C.

For comparisoriet’s look atthefull modelwithoutthe squarederm,namely

B
Lnr]=A+ — + — (16)

Fitting this modelto our truth modelyields

3918.51 1.01646x 10’
_ e

Theerrorplot for the squarelessmodelis givenin thenextfigure

17

Ln[r] == -12.783%
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Error(* K) Error plot for the square-lessmodel

0.05

| . . . | . . . | . . . T (° K)
300 320 340

Figure 5

As thefigure shows,the errorintroducedinto our exampleby droppingthe squaredermis typically lessthan0.1°C . For many
applicationghis would beacceptable.

Eventhe simplified modelrequirestaking a logarithmto find the temperatureFor certainapplicationssuchasthoserestricted
to integer math on a microcontroller,this is undesirablelf the accuracyrequirementsaren’t too high, the logarithm can be
avoidedwith a polynomialapproximation.

Thetruetemperaturess voltageequatiorfor our examplecanbefound by combining(9) with (3) it is
C D

1 B
— =1+sr=1+sEXxp[A+ =+ =

v T 2" ﬁ] o

Setting(s)=1,andgraphing
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TCK) Truth model for Temperature vs Voltage
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Figure 6
As the figure shows, the temperature voltage relationship is approximately linear with a possibly cubic non-linearity. Fitting 500
samples of this curve to a cubic polynomial by the least square method results in this equation

T == 227.929 + 251.624 v — 358.996 V2 + 267.536 v3 (19)

Fig.7 showsthe error plot for equation (19) combined with Fig.4, the error plot for the simplified equation
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Error plot for the cubic polynomialand
simplified exponentiamodels
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Figure 7
Fig.7 showsthe error graphsfor both the currentcubic polynomialmodelandthe old simplified exponentiaimodel. The error
introducedusingthe cubicapproximatioris aboutthe sameasthatof the simplified modelexceptat the extremeof thetempera
ture range. This is pretty good if you're stuck with integer math, consideringthat the cubic approximationrequiresonly 3
multiplies.

It shouldbe notedthatthe useof the polynomialmodelintroducessomecomplications.The simplified exponentiaimodelonly
requiresthe parametergRy) and (8), which are usually availablefrom the manufacture’datasheet.The polynomial model
requiresa leastsquaredit, ideally to realthermistordata,which requiresseveraimeasurement#lthoughthe polynomialmodel
canbefit to the simplified exponentiamodelcalculatedrom the manufacture’slata,doing sowill introducethe errorsfrom the
simplified modelinto the polynomial. Theseerrorswill addin a statisticafashionwith theinherentpolynomialmodelingerrors,
generallyreducingthe accuracyof the polynomialmodelcomparedo the simplified exponentiamodelcalculateddirectly from
the manufacture’slata.The only way aroundthis is to performcalibrationmeasurements.

To summarizethe resultsof the error analysisso far. The truth modelis reportedto be accurateo within 1/100T over a fairly
wide temperaturgange.The modelwith the squareterm suppresseds probablygoodto within 1/10C over spansexceeding
100C andrequiresa minimumof 3 calibrationpoints. The simplified exponentiaimodelis accuratego about1°C overa 100C
span.The cubic polynomialmodelhasanaccuracycomparabléo the simplified exponentiamodel.

Calibration

Most commercialthermistorsare specifiedat 25°C to havea specificresistanceand a characteristi@@ . Typical tolerancedor
inexpensivepartsare Ry + 5% andg + 2%. To seethe effectsof thermistorerror toleranceon measuremerdccuracy we will
createan error plot usingthe nominalsimplified exponentiainodelasthe truth modelandplot the differenceaseachparametel
is variedto its maximumtolerance.
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Error plot for the simplified model
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Figure 8
Fig.8 displaysthe effect of £5% errorin referenceresistanceand+2% errorin the 8 factor on temperatureneasuremerdccu
racy for our exampleproblem.The figure showsthatan errorin 8, by definition, only manifeststself awayfrom the reference
temperatureThe systemas a whole is nontlinear, but for reasonablytight toleranceshe effect of varying tolerancewill be
proportionalto thatshownin Fig.8. Both miscalibrationsontributeabout1°C of error,moreat the extremesparticularlyat high
temperature so the total miscalibrationerror can be greaterthan 2°C. To correctfor miscalibratedresistancerequiresone
measurementCompletecalibration of the simple model requiresonly two measurementdyut more measurementhave the
potentialto improvethe accuracyslightly.
When calibratingwith only a few pointsit is bestto choosepointsof interestto the application.For high volumeor high accu
racy work involving many calibrationpointsit may be worthwhile to setup an automatedtalibrationsweepprocedureThis is
easierthanarrangingfor manydifferentconstantemperaturegsndmuchfasterin operation.

®m Summary

Thermistorswhile nonlinear,canbeaccuratelynodeled.
Modelswith reduceccomplexityareavailable
Thermistorsaresubjectto self-heatingeffects

Choiceof companiorresistorin thethermistorvoltagedivider circuit depend®n the applicationandon thetemperatureneasure
mentrange

Thefinal accuracyof athermistorsensoidependsnostly on thequality of the calibrationandmodelingused

ThermistoiModel TypicalErrorfor 100°C range CalibrationdRequired
Third OrderPolynomialwith Exponential < 0.01°C 4

Third OrderExponentialvith SquaréeTermRemoved 0.1°C 3

SimpleExponential 1°C 0-2

Third OrderPolynomial 1~2°C 0-3

Table 2
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Overanapproximatelyl00<C span,a 5% resistancdolerancecontributeso +1°C of measuremergrror. A 2% tolerancan theg
factor alsocontributesabout1°C of error.In the worstcase all listed errorsmustbe addedtogetherto find the maximumerror
due to the thermistorsystem.For someapplicationsstatisticalconsiderationgnay indicate a lower error growth rate. More
sophisticatednalysiswill usuallyyield moresophisticatedesults.



