




Y = +10V

gain = 


10V−(−10V)

5.206V−4.775V


 = 46.42

offset = 


5.206V+4.775V

2

 = 4.991

resulting in

+

-

Y

+10V

1k

R

10k 464k

10k 464k

4.991V

X

Checking in Matlab:

T = [-20:0.1:20];
R = 1000 * (1 + 0.0043*T);
X = R ./ (1000 + R) * 10;
Y = 46.42 * (X - 4.991);
plot(T,Y);
xlabel('Temperature (C)');
ylabel('Y (Volts)');
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Note:

The voltage goes from -10V to +10V as temperature goes from -20V to +20V as desired

The result isn't exactly linear:  the voltage at 0C isn't 0V.  This is due to the nonlinear relationship of

the voltage divider.

Example 3: If you can measure this resistor to within 1 Ohm, how precisely can you determine the

temperature? 

Solution: The sensitivity of this sensor is 

dR

dT
= a ⋅ R0

dT =
dR

a⋅R0
=

1Ω

0.0043⋅10,000

dT = 0.023C

You can measure the temperature to within 0.0233 degrees. 

Dynamic Model of an RTD 

Since the RTD is a physical device, it will have some thermal inertial. In addition, it will not have perfect

contact with the substance being measured - resulting in a finite thermal resistance between the sensor and

the object being measured. This can be modeled with the following electrical analog: 

R = the thermal resistance (degrees C per Watt) 

C = the thermal inertia (specific heat - Joules per degree C) 

Similarly, the step response of this system will follow the exponential rise of an RC circuit 

Ts = 


1

RCs+1

 Tamb

or for a step change in the ambient temperature: 

Ts = Tamb + (Ts(0) − Tamb) ⋅ exp 
−t

RC



The significance of this is that a time lag exists between the sensor's temperature (and hence reading) and

the actual temperature being measured. This lag results in two effects: 

First, the reading will be incorrect until you wait for the sensor to come to equilibrium, 

Second, the sensor acts as a low-pass filter, removing the high-frequency data 
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Example: An RTD has a nominal resistance of 100 Ohms. When 5V is applied to the RTD, it maintains a

temperature 10C above the ambient temperature. If the specific heat of the sensor is 0.5J/C, find how long

you must wait before the reading is valid. 

Solution: The thermal resistance (units: degrees C per Watt) is 

P =
V2

R
=

52

100Ω
= 250mW

R = 


100C

250mW

 = 40

0C

W
⇒ 40Ω

The thermal capacitance (J/C) is 0.5

The RC time constant is then

RC = 40Ω ⋅ 0.5F = 20s

The transient for this sensor then decays as . If you want the reading to be within 2% of its steady-statee−t/20

value, you need to wait four time constants. Hence, you need to wait 80 seconds before you start taking data.

2% = 0.02 = e−t/20

 secondst = 80

Thermisters - "Thermally Sensitive Resistor" 

The symbol for a thermister is shown below. Thermisters have a strong nonlinear relationship between

temperature and resistance - which is denoted by a break in the line across the resistor. Unlike RTD's.

thermisters can have a resistance which increases or decreases with temperature. These are called PTC and

NTC (for positive temperature coefficient and negative temperature coefficient) devices. 

Like the RTD, a thermister is a resistor designed so that its value changes with temperature. While RTD's

are based upon the temperature-dependent relationship of resistance in a metal, thermisters use

semiconductors instead. 

For a semiconductor, the number of free electrons and holes is governed by 

np = n i
2

n i = A0T3e−Eg/kT

where n is the number of electrons, p is the number of holes, and ni is the intrinsic carrier concentration.

Note that as temperature increases, the intrinsic carrier concentration also increases. Similarly, the

conductivity should increase (resistance decreases) as temperature increases. 
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Alternatively, if the semiconductor is heavily doped, it acts more like a metal than a semiconductor. If doped

heavily enough, the resistance will increase with temperature (as in a metal) rather than decrease. This

creates the PTC version of the thermister. 

Thermister Model: 

Because of this exponential relationship between the number of carriers and temperature, a "good" model to

fit data for a thermister is typically of the form 

R = R0 ⋅ exp 
B

T
−

B

T0




where Ro is the resistance at reference temperature To, T is the temperature in degrees Kelvin, and B is the

"characteristic temperature" of the thermister. 

Since the intrinsic carrier concentration also has a T3 term, this model is not exact.  Higher-order models will

be more exact (of course) - typically as follows: 

2-Parameter Model:                     ±0.3C over 50C R = exp A +
B

T



3-parameter Model:             ±0.01C over 100C R = exp A +
B

T
+

C

T3




4-Parameter Model:    ±0.00015C over 100C R = exp A +
B

T
+

C

T2
+

D

T3




Example: Design a circuit to output

-10V at -20C

+10V at +20C

Assume a thermistor with  (T in Kelvin)

R = 1000 ⋅ exp 
3905

T
−

3905

298

 Ω
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Note:

Thermistors have a much sensitivity (change in resistance) than RTD's (good), but

They are highly nonlinear.

Solution:  Again, use an instrumentation amplifier and a voltage divider.  It tends to work best if the voltage

divider uses a resistor equal to the geometric mean of the endpoints

R = RaRb

Analysis:

At -20C  (253K)

R = 10,285 Ohms

X = 7.742V

Y = -10V

At +20C

R = 1,251 Ohms

X = 2.942V

Y = +10V

gain = 


10V−(−10V)

2.942V−7.742V


 = −4.167

offset = 


7.742V+2.942V

2

 = 5.342V

+

-

Y

+10V

3k

R

100k 416.7k

100k 416.7k

X

5.342V

Checking in Matlab:

T = [-20:0.4:20]';
R = 1000 * exp( 3905 ./ (T + 273)  -  3905/298 );
X = R ./ (3000 + R) * 10;
Y = 4.167 * ( 5.342 - X );
plot(T,Y);
xlabel('Temperature (C)');
ylabel('Y (Volts)');
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Note:

With thermistors, a much lower gain was needed than we had with RTD's.  This is due to the higher

sensitivity.

This is still a nonlinear voltage - temperature relationship.

The thermistor is highly nonlinear, and

The voltage divider is nonlinear

Linearizing Circuits: 

Since R is strongly nonlinear, a circuit which linearizes the resistance vs. temperature relationship would be

nice. One such circuit is 

-t

Ra

Rb R  = Z

If Ra and Rb are chosen properly, you can sometimes obtain an overall resistance which is linear at two

temperatures and the midpoint. For example, if you are using a thermistor with

R = 1000 ⋅ exp 
3905

T
−

3905

298

 Ω

from 0C to +20C, you may want them resistance at 10C to be half way between the resistance at 0C and

+20C: 

Z10C = 


Z20C+Z0C

2



There are actually an infinite number of solutions for Ra and Rb in this case (one equation with two

unknowns). One solution is to constrain Rb to 1000, resulting in Ra=504.44 Ohms. This then results in 
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Thermocouples 

Thermocouples are based upon the Peltier and Thomson effects. These two combined are called the Seebeck

effect. 

Pentier Effect: The junction of two dissimilar metals will heat and cool as current flows. This effect is



Keep the current small to minimize I2R heating and to minimize the Peltier effect, and 

Keep one node at a known temperature (such as an ice water bath). 







Solution: The gain is 10V out divided by 1V in (100C spread times 0.01V/C), or a gain of 10. A DC offset is

required to 

compensate for Vo is the Zener voltage equation (or to set 0V at 0C). This can be accomplished with the

following circuit: 
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