
ECE 320: Electronics
Analog Electronics

ECE 111: Week #19

Please visit Bison Academy for corresponding
 lecture notes, homework sets, and solutions



Electronics:  Analog Electronics
Topics in Electronics

Power Amplifiers:  Drive 8 Ohm speakers at 100 Watts

Filters:  Pass frequencies below 250Hz, reject frequencies above 400Hz

Mixers:  Combine analog signals

Sensors:  Measure sound, light, temperature, pressure, flow, etc.

This Lecture

Finding components on Digikey

Determining parameters for a sensor from the data sheets

Predicting the voltage vs. temperature relationship for a thermistor

Determining a calibration function to determine the temperature based upon voltage.



What can we measure?

Time & Voltage

Microprocessors can measure 0V & 5V

0V is logic 0

5V is logic 1

(Sometimes 3V is used for logic 1)

Hardware converts a signal to logic levels

Open switch = 0V

Closed-switch = 5V

+5V

1k

0V Open

5V Closed



Measuring Time

You can measure time with insane

precision

PIC18F4620:  Measures time to 100ns

Microcontrollers are clocked

10MHz for a PIC18F4620

By counting clocks, you know time to

100ns

Usain Bolt travels only 1um in 100ns

Light travels only 100 ft in 100ns

Due to relativity, time slows down by

15ns when you fly to London



Measuring Distance

Measuring distance is hard

Convert distance to time and you can measure distance

indirectly

Example 1:  Ultrasonic Range

Sensor

Pulse width = time it takes sound to

travel to an object and back

340mph (speed of sound) @ 100ns

= 17um

By measuring time to 100ns, you

can measure distance to 17um



Measuring Resistance: 555 Timer

Resistance cannot be measured directly

Convert it to a time to measure it indirectly

Example: 555 timers

Output is a square wave

period = (R1 + 2R2) ⋅ C ⋅ ln(2)

period = 2.0794ms

With some algebra

R2 = 


period

2⋅C⋅ln(2)


 − 

R1

2



If you can measure the period to 100ns

You can measure resistance to 0.07 Ohms 

R2 has to change by 0.07 Ohms for the

period to change by 100ns
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Measuring Voltage

Another thing you can measure directly

Most microcontrollers have an A/D converter

0V - 5V results in A/D going from 0 to 1023 (10-bit A/D)

Resolution = 4.88mV (one A/D count = 4.88mV)
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Measuring Resistance: Voltage Divider

Resistance cannot be measured directly

Convert it to a voltage to measure it indirectly

Example: Voltage Divider

V = 


R

R+1000

 ⋅ 5V

With some algebra

R = 


V

5−V

 ⋅ 1000Ω

If R = 1000 Ohms

V = 2.500V

The resolution is 3.91 Ohms

The resistance has to change by 3.91 Ohms for the voltage to

change by 4.88mV

+5V

R

1k

V



Sensors

Replace R with a sensor

Temperature-Dependent Resistor (Thermistor)

Light-Dependent Resistor (CdS cell)

Strain-Dependent Resistor (strain gage)

Magnetic-Field-Strength Dependent Resistor (Magneto-resistor)

etc.

and you can measure

Temperature

Light

Strain

Magnetic fields,

etc

+5V
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V



Measuring Temperature (take 1)

Thermal Diodes

The voltage drop across a diode varies

with temperature

Vd = VTln 
NAND

n i
2




ni = A0T3exp 
−EG

kT



By measuring this voltage, you can

measure temperature
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Measuring Temperature (take 2)

RTD's (resistive thermal devices)

With metals, as the temperature goes up,

the resistance goes up

R ≈ (1 + αT)R0

By measuring the resistance, you can determine the temperature

Example: Copper RTD

At 0C, R = 1000 Ohms

At 50C, R = 1215 Ohms

Be a = 2.5%/C most sensitive 

Ni  a = 0.681%/C

Fe a = 0.651%/C 

Cu a = 0.43%/C 

Al  a = 0.429%/C

Pt  a = 0.385%/C

Nd a = 0.16%/C least sensitive



Example: Copper RTD

R = 1000 ⋅ (1 + 0.0043T)Ω

1000 Ohms @ 0C

If  you measure time to 100ns

R is measured to 0.07 Ohms

T is measured to 0.016 degrees C

If you measure voltage to 4.88mV

R is measured to 3.91 Ohms

T is measured to 0.909 degrees C

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
800

850

900

950

1000

1050

1100

1150

1200

Temperature (C)

Ohms



Measuring Temperature (take 3)

Thermistor

With silicon, as the temperature goes up, the

resistance goes down

R = R0 ⋅ exp 
B

T+273
−

B

298

Ω

By measuring the resistance, you can determine the

temperature



Example: Thermistor

Assume

R(25C) = 1000 Ohms

B = 3905K

R = 1000 ⋅ exp 
3905

T+273
−

3905

298

Ω

At 25C, R = 1000 Ohms

If you measure time to 100ns

You measure resistance to 0.07 Ohms

You can measure temperature to 0.0016

degees C

If you measure voltage to 4.88mV

You measure resistance to 3.91 Ohms
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Problem (Homework)

Find a temperature sensor from Digikey

Assume a thermistor

Determine the parameters for this sensor

R(25C) and B0/50

Determine Resistance vs. Temperature

Assume 0C to 50C range

Determine Voltage vs. Temperature

Assume a voltage divider

Determine a Calibration Function

T = f(V)



Finding Sensors:  Digikey

www.Digikey.com

Search "Sensors"

Returns over 19,000 sensors



NTC Thermistor:  5,293 options



Resistance @ 25C:   Pretty much what is says.  Low values are good for measuring wind

speed (low R produces more self heating.  The wind provides cooling.  Temperature is

thus a measurement of the cooling or wind speed).  High values are good for low

self-heating and low-power consumption.

Resistance Tolerance:  Smaller is better.  The variation in the resistance at 25C

(manufacturing tolerance.)  Sort of a measure of the standard deviation - only most people

don't know what standard deviation is.

B Value Tolerance:  Smaller is better.  How accurate you know the temperature /

resistance relationship,  The lower the number, the more precise the measurement (and the

more it costs.)

B0/50, B25/50, etc.  The temperature-resistance relationship parameter (more on this

later)

Operating Temperature (off the page to the right):  The range the sensor can operate

Mounting Type (off the page to the right):  Through hole (good for us) or surface mount

(good for industry).



Narrow the search to

1000 Ohms at 25C

Through Hole

In Stock



Selecting one



Open data sheets



Translation:

Limit the self-heating to 200mW   .  For a 1k thermistor, limit the(I2R < 200mW)
voltage to less than 14.14V across the thermistor at 25C

Dissipation factor (in air):   3.5mW/K.     At equilibrium, power out = power in.  Power in

is self heating .  Power out is from cooling (3.5mW/K).(I2R)

Thermal cooling time constant (in air):  12 seconds.   It takes some time for the thermistor

to warm up to air temperature.  The thermistor will be within 5% of equilibrium in 3 time

constants, or 36 seconds.

B25/100:   3930K.   This is the temperature - resistance relationship over the range of 25C

to 100C (not quite what we want but close).  T is the temperature in degrees Celsius

(Kelvin + 273)

R ≈ 1000 ⋅ exp 
3930

T+273
−

3930

298K





Temperature vs. Resistance
T = [0:0.1:50]';
R = 1000 * exp((3930 ./ (T + 273))  -  (3930 / 298) );
plot(T,R)
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Temperature vs. Voltage

Assume a voltage divider with a 1k resistor & 5V source
V = R ./ (1000 + R) * 5;
plot(T,V)
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Calibration Functions

Linear Curve Fit

Assume you measure voltage.  What is the

temperature?

T = f(V)

Linear Calibration Function:

T ≈ a ⋅ V + b

The least-squares solution is

T ≈ −19.069 ⋅ V + 73.2955

Maximum error: 1.96 degrees
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Calibration Functions

Cubic Curve Fit

Assume

T ≈ a ⋅ V3 + b ⋅ V2 + c ⋅ V + d

B = [V.^3, V.^2, V, V.^0];
A = inv(B'*B)*B'*Y

  - 1.2146531  
    10.385968  
  - 47.174316  
    96.973783  
 

meaning...

T ≈ −1.214 ⋅ V3 + 10.385 ⋅ V2 − 47.174V + 96.97

Maximum error = 0.1087 degrees  

 



1 1.5 2 2.5 3 3.5 4
0

10

20

30

40

50

V (Volts)

T (Celsius)

Actual

Curve Fit



Converting to Temperature

If  V = 3.23 Volts, what is the temperature?

Solution: Use the calibration function you just computed
 

>> V = 3.23;

>> T = [V^3, V^2, V, 1] * A

T =   12.0248

+5V

R

1k

V



Summary

If you can measure voltage, you can measure resistance

If you can measure resistance, you can measure temperature

or light, strain, gas, etc.

From the data sheets, find {R25C, B25/50}

R = R25C ⋅ exp 
B25/50

T+273
−

B25/50

298

Ω

From Matlab, you can then find the temperature - voltage relationship

V = 


R

R+1k

 5V

Calibration is determining a function that relates the two

T ≈ aV + b

Least-squares curve fitting allows you to find {a, b}


