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CHAPTER 6

Sensors

Sensors are devices that measure a physical property, such as temperature, humid-
ity, stress, and so on. As this is an electronics book, we are concerned with converting
such measurements into electrical signals. We have also stretched the definition of a
sensor a little to include things such as global positioning systems (GPSs) that locate
your position in space.

Many sensors will provide an output signal that is simply a voltage proportional
to the property being measured. Others are digital devices that provide digital data
about the property. In both cases, these measurements will often be the input to a

“microcontroller.

eneral Principals

Before we look at some of the vast array of sensors that age available, we will cover
some of the general principles that underpin all sensing.

6.1.1 Precision, Accuracy, and Resolution

When looking at a sensor, it is important to understand the difference between preci-
sion and accuracy, particularly as precision often gives a misleading impression of
the accuracy of the sensor. A classic example of this is with digital weighting scales.
These may confidently tell you that you weigh 85.7 kilggrams when you actually
weigh 92.1 kilograms. This is only an error of 10 percent or so, and may not matter
if you always use the same scales, but as an absolute measurement, it might be well
off the mark.

So precision is a matter of the number of digits reported by the sensor. For an
analog sensor, the readings are continuous.

When it comes to digital sensors, th fre will be a number of bits of resolution. That
might be 8 bits (1 in 256), 12 bits (1 in 4096), or higher; that is, the reading is no longer
continuous, but has been quantized.

525
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FIGURE 6.1 Sensor types

P

6.1.2 The Observer Effect .
The observer effect states that the act of observing a property changes it. This is

case in a car tire, for example. When you measure the pressure with a conventx

measuring. For most sensors, this change will have a negligible effect, but itis s
thing worth keeping at the back of your mind when deciding whether you are g
a true reading. F

6.1.3 Calibration

1f your invention is a low-cost consumer item that will be mass-produced
will be much cheaper and easier to produce if there is no calibration to dQ
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How sensors are used in circuits: Data Gathering
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FIGURE 6.2 Sensors

individual calibration to take differences in individual sensors into account is likely
to be prohibitively expensive. -

If, on the other hand, your invention is spec1ahzed high-value equipment, then
individual calibration of sensors is possible.

The principal of calibration is the same whatever property the sensor measures.
The idea is that you take a number of readings from the sensor of unknown accuracy
while the sensor is measuring a standard value of known accuracy. So, to calibrate a
temperature sensor, your accurate standard might be boiling distilled water at 100°C,
or more likely, the temperature in a highly accurate oven constructed for the purpose
of calibrating the sensor. This oven will'itself need to have been calibrated against an
even more accurate standard.

When you have discovered the degree to which your sensor deviates from the
standard, then you can compensate for it in some way. Since the sensor will almost
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528  PRACTICAL ELECTRONICS FOR INVENTORS

certainly be supplying information to a microcontroller, a common way to make the
calibration is to change the values in a lookup table. This table contains accurate
values against raw values. For example, the raw value straight from a 12-bit ana-
log-to-digital converter is a number between 0 and 1023. These numbers, perhaps
in increments of 5, might be the left-hand side of the table, with the right-hand side
of the table containing the equivalent temperature as a decimal in degrees Celsius.
Interpolation can be used in the gaps between the raw readings by assuming that the
small segment of the curve is linear (see Fig. 6.3).

1200 }

, //

800

600

Actual Value
\
2%

S
=]

v

200 ¥
0 Mg/

0 10 30 60 100 150 210 280 360 450 550
Raw Reading

FIGURE 63 Actual reading against raw value for a fictional sensor

Some IC sensors are actually calibrated individually during the manufacturing
process, with the values for the lookup table being written into the read-only mem-
-,
ory (ROM) of the sensor. This allows accurate sensing at low cost.

6.2 Temperature

Temperature sensors are one of the most common types of sensors. Computers and
many types of equipment will sense their own temperature to prevent overheating.
In addition, as well as electronic thermometers, there are thermostats that keep tem-
perature constant by controlling the power to a load, usually just turning it on and
off. Figure 6.4 shows a variety of temperature sensors.

Thermistor TMP36 Thermocouple

FIGURE 6.4 Temperature sensors
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Chapter 6: Sensors 529

6.2.1 Thermistors

The term “thermistor” is a combination of the words “thermal” and “resistor.”
A thermistor is a resistor whose resistance changes markedly with temperature.
Thermistors come in two flavors: negative temperature coefficient (NTC) and posi-
tive temperature coefficient (PTC). An NTC thermistor’s resistance will decrease with
increasing temperature, and a PTC thermistor will behave the opposite way, with the
resistance increasing as temperature increases. The NTC is the more common type.

The relationship between temperature and resistance in a thermocouple is not a
linear one. Even over relatively short temperature ranges—say 0 to 100°C, a linear
approximation will introduce considerable errors (see Fig. 6.5).

18000

16000
14000

12000 \
10000 \

a
3 R, 3977
ES Ty 25°C
% 8000 B 3977
[
6000
4000 \
2000 Sy
\\\
0
0 10 20 30 40 50 60 70 80, 90 100
Degrees C

FIGURE 6.5 Resistance against temperature for an NTC thermistor

The Steinhart-Hart equation is a third-order approximation used to determine the

temperature as a function of the thermistor’s resistance. It works for both NTC and
PTC devices. It is normally stated as:

% = A+BR®R4CIN°R) 6.1)

T is the temperature in Kelvin; R is the resistance of the thermistor; and A, B, and
C are constants specific to that thermistor. The manufacturer of a thermistor will give
all three constant values.

An alternative and more common model for this relationship uses a single param-
eter (Beta) and assumes constants of T, and R,, where T, is usually 25°C and R, is the
resistance of the thermistor at that temperature.

Using this equation, the temperaturé can be approximated to:

1 1 R 1
. Y 4 e .
T Beta R ’ T 6.2)

0

Insta360

Exhibit 1007

Page 8




530  PRACTICAL ELECTRONICS FOR INVENTORS

Rearranging this, we can also derive an expression for R:

Beta] — —

T 'IT (6.3)
R=Re 0

Aswell as providing Beta, Ty, and Ry, the data sheet will also specify a temperature
range and accuracy.

To use a thermistor as a thermometer for input to a microcontroller, a voltage
is required that can be measured by the analog-to-digital converter of the micro-
controller. Figure 6.6 shows a typical arrangement using a potential divider with a
fixed-value resistor of the same value as R.

Vin :
Symbols for Thermistors
Thermistor
R NTC Thermistor PTC Thermistor
7[0

() © - 1i°

"‘tﬂ IIU

O O

FIGURE 6.6 Using a thermistor as a thermometer

If we place a NTC thermistor at the top of the potential divider, then as the tem-
perature of the thermistor increases, its resistance falls and V,, rises.
Looking at Fig. 6.6: 5

S B 4 (6.4)

R
Vout = ! 1 1 ‘/in (6 5)
R] + Beta w—%w .
Re 0

Example 1: Using a potential divider as shown in Fig. 6.3 with a fixed resistor of 4.7
kQ and an NTC thermistor with a T, of 25°C, an R, of 4.7 kQ, and a Beta of 3977, what
is the formula for calculating Ve?

Answer 1: Just substituting the values into the equation, we get:

(5% 4700)

1 1
3977 — - ——
700+ e (T (25 + 273))

out
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931

5

out

1
14| a7 —~ ————
. {T (25+273)J

Note that 273 is added to the temperature in °C to give a temperature in °K.

Example 2: Using the same setup as Example 1, what is V,,, at 25°C?

Answer 2: In one way, this is a trick question, since by definition the thermistor’s
resistance at 25°C will be 4.7 k€, so the voltage will be 2.5 V. However, we can apply

the formula as a sanity check:

' 5
out 1+(63977><oj

V= =25V
ot 1+1

Example 3: Using the same setup as Examples 1 and 2, what is V, at 0°C?

Answer 3:
_ 5
out
1+ 3977 ,._:.1—.. — ————-1————
¢ 273 (25+273)
Vout = 5
1+| 3077 J—« 1.
. 273 (25+273)
Vo= _115v
out 434

6.2.2 Thermocouples

While thermistors are good for measuring relatively small ranges in temperature—
typically 40 to +125°C, for much higher temperatures and temperature ranges, ther-

mocouples are used (see Fig. 6.7).

Any conductor subjected to a thermal gradient will experience something called
the Seebeck effect; that is, it will generate a small voltage. The magnitude of this
voltage is dependent on the type of metal, so if two different metals are joined, the
temperature of that junction can be'measured by measuring the voltage across the

metal leads, at-the far end from the Tiunction. It is also necessary to measure the tem-
perature at the other end of the thermocouple leads (often using a thermistor, since
this will probably be at room temperature). This second temperature is called the

“cold-junction” temperature.
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532  PRACTICAL ELECTRONICS FOR INVENTORS

Metal 1 - Chromel

Hot Junction

Metal 2 - Alumel

Temperature Gradient

FIGURE 6.7 Thermocouples

Lookup tables are often used to calculate the absolute temperature at the junc-
tion, based on the voltage and the cold-junction temperature, as the relationship
is not completely linear and needs a fifth-order polynomial to model it accurately.
Manufacturer’s data sheets for thermocouples will normally contain large tables for
calculating the temperature.

The most commonly used metals for a thermocouple are the alloys chromel
(90 percent nickel and 10 percent chromium) and alumel (95 percent nickel, 2 percent
manganese, 2 percent aluminum, and 1 percent silicon). A thermocouple made with
these materials will typically be able to measure temperatures over the range —200°C
to +1350°C. The sensitivity is 41 pV / °C for these metals.

6.2.3 Resistive Temperature Detectors

Resistive temperature detectors (RTDs) are perhaps the simplest temperature sen-
sors to understand. Like thermistors, RTDs rely on their resistance changing with
temperature. However, rather than usea special material that is sensitive to tempera-
ture changes (like a thermistor), they simply use a coil of wire (normally platinum)
around a glass or ceramic core. The resistance ‘of the core is often contrived to be
100 Q at 0°C.

RTDs are much less sensitive than thermistors and can therefore be used over a
much wider range of temperatures. The resistance of platinum changes in a relatively
linear manner, and can be assumed to be linear for a range of 100°C or so. For the
range 0 to 100°C, the resistance of a platinum RTD will vary by 0.003925 Q/Q/°C.

So, a 100 Q (at 0°C) platinum RTD will, at a temperature of 100°C, have a resis-

o

tance of:

100Q + 100°C x 100 Q x 0.003925 Q/€/°C =139.25 Q
The first 100 Q in the equation above is for the base resistance of the RTD at 0°C
This can be arranged in a potential divider in the same way as a thermistor.

6.2.4 Analog Output Thermometer ICs

An alternative to using a thermistor and fixed-value resistor in a potential divider

arrangement is to use a special-purpose temperature measurement IC.
Devices such as the TMP36 come in a three-pin package and are used as show!

in Fig. 6.8.
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271055V
O =
0.1uF
= | ™™P36 |0
VOU[
GND
O O

FIGURE 6.8 TMP36 temperature sensor

Unlike a thermistor, the sensor’s output voltage is almost linear at 10 mV / °C for a
temperature range of —40 to +125°C. The accuracy is only +2°C over the temperature
range.

The temperature in °C is simply calculated from V,,, using the formula:

T = 100Vout — 50

The constant 50 is specified in the data sheet for the TMP36.
These devices are considerably more expensive than thermistors and series resis-
tors, but they are very easy and convenient to use.

6.2.5 Digital Thermometer ICs

An even higher technology approach to temperature measurement is to use a digital
thermometer IC. These devices have a serial interface for use by microcontrollers.

A typical digital thermometer IC is the DS18B20. It uses a serial bus standard called
1-Wire that can allow multiple sensors to share the same data line (see Fig. 6.9).

3.0t0 5.5V
O
4.7kQ
D D
DS18B20 Q DS18B20 Q Microcontroller
5 Digital | =
’ vo GND
O

FIGURE 6.9 DS18B20 temperature sensor IC

These devices are more accurate'than the linear devices such as the TMP36. The

digital thermometer IC has a stated accuracy of £0.5°C and a temperature range of
-55°C to +125°C.

Since digital thermometer ICs transmit their data digitally, they are very suitable
for remote sensing, as lead length and electrical interference will have less effect than

Insta360
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534  PRACTICAL ELECTRONICS FOR INVENTORS

with an analog device. In fact, they will either work accurately or not at all in an
electrically noisy environment.

Digital thermometer ICs can also be configured to work in “parasitic” power
mode, where they harvest power from the data line, allowing them to be connected
with just two wires. The GND and positive supply to the DS18B20 are both grounded,
and the microcontroller must control a MOSFET transistor that pulls the data line up
to the supply voltage under strict timing conditions.

Chapter 13 contains more information about using the 1-Wire interface with
microcontrollers.

6.2.6 Infrared Thermometers/Pyrometers

If you have been to the doctor recently and have had your temperature taken, you
will probably have seen an infrared thermometer that is placed near your ear and
measures the temperature just on the inside surface of the ear without any actual
contact. The ear is chosen because it is effectively a hole into the body that is free
from the influence of external radiation, so that the back surface of the ear acts as a
“black-body” radiator.

Pyrometers, or more specifically, broadband pyrometers, measure the radiation
intensity, which has dimensions of energy per second per unit of area and use the
Stefan-Boltzmann law to determine the temperature:

j =0T

The radiation intensity (j*) is proportional to the fourth power of the temperature,
where o is the Stefan-Boltzmann constant (5.6704 x 107 Js"'m ™K ™).

These devices use an infrared sensor such as the MLX90614 coupled with optics
that focus the infrared radiation from the subject onto the sensor. When used for
other measurement applications, the infrared thermpmeter will often have a low-
power laser align with the sensor so that it can be aimed to take spot readings of
temperature.

Devices such as the MLX90614 are more than just a sensor, containing a low-noise
amplifier, high-precision analog-to-digital converter, and all the associated electron-
ics to produce a digital output.

As with other IC sensors, the advantages of including all the electronics in the same
package as the sensor itself are the reduction of noise and simplicity of interfacing.

Other sensors are available for high temperatures, such as those found in indus-
trial furnaces, and the term “pyrometer,” with its overtones of fire, is usually reserved
for such high-temperature applications.

6.2.7 Summary

Table 6.1 shows a number of temperature sensors and their characteristics.

The figures for accuracy in Table 6.1 are somewhat arbitrary, as for most sensors,
high accuracy can be obtained by individual calibration. It is also the accuracy of
the overall system—including the electronics that use the sensor value—that counts.
The figures assume the use of off-the-shelf components using data sheet parameters

Insta360
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TYPICALTEMP ACCURACY
RANGE (°C) (=°C) PROS CONS APPLICATIONS
-40t0 125 1 Low cost Ambient tempera-
ture measurement
-200 to 1350 3 Low cost The lead is part  Industrial
of the sensor Domestic furnace
and it medsures
temperature
difference
-260 to 800 1 Accurate Expensive
Good linearity Slow response
‘ time
-40 to 125 2 Simple to More expensive  Domestic
(TMP36) interface than thermistor  thermostat
Digital thermometer
-55to 125 0.5 Simple to use with More expensive  Domestic
(DS18B20) microcontrollers  than thermistor  thermostat
Digital thermometer
Accurate
-70 to 380 0.5 Does notf need More expensive  Medical
_thermometer/ (MLX90614) contact than contact Industrial control,
pyrometer Up to 1030 solutions especially where
‘ (MLX90616) contact sensing is

difficult

" without any individual calibration and are meant as an indication of the likely accu-
racy of measurement that can be achieved with such a sensor.

6.3 Proximity and Touch

This section deals with detecting objects or measuring their distance from the sensor.
Figure 6.10 shows a selection of such sensors

Touch Screen Ultrasonic Rangefinder IR Proximity Sensor

FIGURE 6.10 Proximity and touch sensors

6.3.1 Touch Screens

Touch screens are commonly used in cellular phones and tablet computers. There
are many different technologies used in touch screens. The most commonly used are
resistive touch screens.

Insta360
Page 14

Exhibit 1007



536  PRACTICAL ELECTRONICS FOR INVENTORS

Resistive touch screens are one of the older and more readily used touch screen
technologies. They rely on a transparent sheet on top of the display. This sheet is
flexible and also conductive. Figure 6.11 shows a typical arrangement for a four-wire
resistive touch screen.

B
A T

———

e

OQO'SOOOOOOO

/

Micro dots Conductive layers
facing each other

cC D
B (5V)
Measuring the X position.
Ve will be proportional to
C the X position
TV c
A(OV)

FIGURE 6.11 Resistive touch screen

Both the top and bottom surfaces are coated with a conductive layer. Insulating
dots are evenly sprayed onto the rigid bottom surface to keep the layers apart, except
when they are pressed together.

To determine the X position of a touch, A is set to 0 Vand B to 5V, establishing a
voltage gradient across the top surface. The voltage measured at C, or for that matter
D, will be proportional to the X position. This is converted into coordinates using an
analog-to-digital converter. N

The conductive layer acts just like a potentiometer with C as the slider. If the
device measuring the voltage at C has a very high input impedance, then the resis-
tance of the track from the surface to the terminal C can be ignored. Most microcon-
trollers will have an analog-to-digital converter with a high input resistance, typi-
cally several MQ. So, the voltage at C will be between 0 and 5V in direct proportion
to the distance from A of the touch.

When it comes to reading the Y position, some-crafty footwork has to take place-
Now C will be set to 0V, D to 5V, am{ the voltage measured at A or B.

All this processing will be carried out by either a special-purpose controller chip
or a microcontroller.

6.3.2 Ultrasonic Distance

Ultrasonic distance-measuring devices are much loved by the developers of hobby
robots. They are also found in commercial equivalents to the tape measure.

These devices send out a pulse of ultrasound and time how long it takes for the
reflection to come back. A simple calculation involving the speed of sound will deter-
mine the distance to the object (see Fig. 6.12).
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Receiver
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FIGURE 6,12 Ultrasonic distance measurement

These devices have a measurement range of up to around 5meters (15 ft), but this
depends very much on the size and sound reflecting properties of the object. They
also suffer limits of accuracy due to variations in the speed of sound, which is depen-
dent on many factors, including atmospheric pressure, humidity, and temperature.
For example, at 0°C, the speed of sound in dry air is 331 meters/seconds, but this
rises to 346 meters/second at 25°C—a difference of 4.5 percent.

Sometimes separate transducers are used for sending and receiving the pulses of
ultrasound, and sometimes a single transducer is used in both roles.

Some devices rely on a microcontroller to initiate the pulse and time the echo.
Other, more expensive, devices will have their own digital processing that generates
an output that can be read from a microcentroller as one of the following:

* An analog output voltage proportional to the distance
¢ Serial data

° A train of varying pulse lengths dependent on the distince

In some cases, all three outputs are provided, such as with the SparkFun device
SKU: SEN-00639.

Example: Assuming that in dry air at 20°C, the speed of sound is 340 meters/second,
if the time period between a pulse of ultrasound being sent is 10 milliseconds, how
far away is the reflecting object?
Answer: distance = velocity X time = 340 x 0.01 = 3.4m

However, that is the distance for the entire round-trip, so the actual distance to the

object is half of that, or 1.7 meters.

6.3.3 Opltical Distance

Another useful device for measuring distance at close range is the infrared optical
sensor (see Fig. 6.13). This type of device uses the amount of reflection of a modu-
lated infrared pulse to determine the distance to the object. The Sharp GP2Y0A21YK
(SparkFun SKU: SEN-00242) is a typical sensor of this type.

Insta360
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Obstacle

IR LED IR sensor

Control Electroni

FIGURE 6.13 Optical distance measurement

Infrared optical sensors are used for closer range measurements than the ultra-
sonic devices and produce an analog output. This is not linear or particularly accu-
rate, so these devices are most useful for simple proximity detection rather than
actual measurement.

At close range, the measurements become ambiguous, as shown in the distance/
output voltage plot of Fig. 6.14. Therefore, the sensors are usually mounted recessed
so that no object can get closer than the ambiguous distance, which is about 5 cm for

the sensor in Fig. 6.14.

(WA
[\

I
n

Analog Output (V)
r
|

- [
S

0.5

0 5
Distance to object (cm)

FIGURE 6.14 Output against distance for a Sharp GP2Y0A21YK

When this type of sensor is used with a microcontroller, a lookup table is used to

convert the measured voltage to a distance reading.

In some circumstances, you just need to know whether or not something is pres-
ent. This can be detected with a slotted optical sensor, where the infrared source and
sensor are aligned with a slot in between. When the beam is broken, the object is

detected.
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6.3.4 Capacitive Sensors

Capacitive sensors are frequently used as proximity or touch sensors as a replace-
ment for mechanical push switches. They sense conductors and therefore are ideal
for sensing proximity of a hand or finger.

There are various different approaches to capacitive sensing, but they all follow
the basic principals shown in Fig. 6.15.

I

Send
. 1IMQ
Receive |
O ©
% -

FIGURE 6.15 Capacitive sensing

In this case, the sensing is accomplished using two general-purpose input/output
(GPIO) pins of a microcontroller. The Send pin is configured as an output, and the
Receive pin as an input. A single fixed resistor between the two pins forms one half
of an RC arrangement, with the capacitor formed by the object being sensed and a
sensor plate forming the other half of the capacitor.

When a hand moves close to the plate, the capacitance increases. This is sensed
as the control software toggles the state of the Send pin and times how long it takes
for the Receive pin to catch up with the changed state. In this way, it effectively mea-
sures the capacitance and hence the proximity of the object being sensed. The longer
it takes for the Receive pin to change to the same state as the Send pin, the closer the
object is to the plate.

This type of sensing has the advantages that it requires very little special hard-
ware and can sense through glass, plastic, and other insulators. More advanced
versions of this approach can sense in two dimensions to make a capacitative touch
screen.

6.3.5 Summary

Table 6.2 compares the relative merits of the different types of distance sensors.
Another type of sensor that is usgd in industrial settings is the inductive sensor.
This is in essence a mini-metal detecior.
Proximity of a magnet can also be detected using magnetic sensors such as Hall
effect sensors (discussed in Section 6.6.3) and even the humble read switch, which
consists of a pair of contacts in a glass envelope that close when near a magnet.
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TABLE 6.2 Distance Sensors

SENSOR DISTANCE RANGE ACCURACY PROS CONS APPLICATIONS
Ultrasonic 150 mmfo 6 m 25 mm Simple fo Relatively high  Industrial control
interface o cost Security
Robotics
Optical reflective 100 to 800 mm 10 mm Simple to Measurement Industrial control
interface o sensitive to IR Security
reflectivity of Robotics
Low cost object
Optical slotted N/A N/A Low cost Detects only industrial control
presence or
. absence, not
. distance
Capacitive 0to30cm N/A Low cost Detects con- Push switch re-
ductive object placement
with resistive Touch screens
link fo earth
only

6.4 Movement, Force, and Pressure

Many different types of sensors can tell us about how things are moving. This has
become a common occurrence in smartphones, where an accelerometer is used to
detect the orientation of the device for automatic switching of the screen between
landscape and portrait format, as well as for game playing. Figure 6.16 shows a vari-
ety of different movement-detecting devices.

PIR Potentiometer

Vibration Sensor

Force Sensitive Resistor

Rotary Encoder

FIGURE 6.16 Movement sensors;

6.4.1 Passive Infrared

Passive infrared (PIR) detectors are most commonly used in intruder alarms. They
detect changes in infrared heat. Because they require a plastic lens, they are usually
sold as a detector module on a printed circuit board.
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More advanced movement detectors will have multiple detectors that respond
to a rapid change in the level of infrared heat. When this is detected, the module
may activate a relay, or in some modules, switch a transistor with an open collector
arrangement.

Figure 6.17 shows how to use an open collector device such as the PIR sensor from
SparkFun (SKU: SEN-08630) to give a digital output.

Vip O—

R1
10kQ
PIR
Module
Digital
Output
GND O O

FIGURE 6.17 Using a passive infrared
sensor

6.4.2 Acceleration

The ready use of accelerometers in cellular phones has led to them becoming a low-
cost and readily available component. The most common of these use a technology
called microelectromechanical systems (MEMS). The basic principal for these devices
is to measure the position of a mass attached to a spring that stretches under accelera-
tion (see Fig. 6.18). The neat trick is that all of this is fabricated onto an IC.

L8

Spring (k) Mass (m)

[ .

WA i :‘.Q Acceleration (a)
X

FIGURE 6.18 Mass and spring accelerometer

X

e

This arrangement is basically the same as a spring balance of the sort favored by
fishermen and travelers worried about exceeding their baggage allowance. In fact,
turning it through 90 degrees, you would be measuring the gravitational constant
whose units are those of an acceleration. This is how an accelerometer can determine
its orientation on the vertical axis.

The force acting on the mass due to the acceleration is:

F=k(x—-x))=ma

Insta360
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So:

Since the manufacturer will know k and m, we just need to be able to measure
the displacement of the mass . Measuring this movement often uses the capacitive
effect of the mass, in relation to one or two plates. A common arrangement is for
the mass to move between two plates making a capacitive divider (see Fig. 6.19 and
Section 2.23.14 in Chap. 2).

X, If the mass, shown as a rectangle in between two plates in Fig. 6.19, is half-
I 1] way between the two plates A and C, then the capacitance between Aand Band
between B and C will be equal. An acceleration to the left of the diagram will
move the wei ght to the right, changing the ratio of the capacitance.
Most accelerometers come in a little IC package that not only includes three
accelerometers—one for each dimension—but also all the necessary electronics,
analog-to-digital converters, and digital electronics to provide serial communi-
L cation of the data back to a microcontroller using an I2C serial interface.
B A much used low-cost accelerometer is the MMAB8452Q (SparkFun SKU:
€ COM-10953).
FIGURE 6.19 Measuring
the offset of the mass 6.4.3 Rotation

sy Measuring rotation can be as simple as using a potentiometer as a voltage
divider, where the voltage at the slider is proportional to the angle of rotation
(see Fig. 6.20). However, the potentiometer will not measure a full 360 degrees,
and it has stops at both ends of the track that prevent it from turning all the way
around.

A more flexible alternative to the potentiometer is the quadrature encoder.
This type of device rotates without any stops, so you can just keep turning it.
These are often used as an alternative to potentiometers in electrical appliances.
They actually just measure steps to the left or steps to the right, rather than the
absolute position.

A quadrature encoder is really just a pair of concentric tracks that each has
a contact. They act as a pair of switches producing pulses as the shaft is rotated
(see Fig. 6.21).

GND

FIGURE 6.20 Measuring
rotation with a potentiometer

(i -
4

Eom
L

Phase 1 2 3 4 1 2 3 4 1 273 4
FIGURE 6,21 Outputs from a quadrature encoder

The transitions of A and B ate used to determine the direction in which the shaft is
being rotated. For example, a clockwise rotation would be read as going from phase
1 to 4 and a counterclockwise from 4 down to 1.

Clockwise (AB): LH HL HH HL

Counterclockwise (AB): HL HH LH LL
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As you can tell, this is a digital device that will be connected directly to a
microcontroller.

Quadrature encoders come in various resolutions: Low-cost ones may have only
12 pulses per revolution. Better-quality devices can have up to 200 pulses per revolu-
tion and be designed for high-speed operation of up to 30,000 rpm. Such devices will
use optical sensors rather than contacts.

A variation on the quadrature encoders that measure relative rotation are abso-

lute rotary encoders. This type of device is essentially a rotary switch with a number
of tracks that then indicate the angle by providing a binary output.

Rather than count in “normal” binary, the binary numbers. for each posmon are
arranged so that only one bit changes between one position of the switch and the
next. This type of encoding is called a Gray code. For example, the 3-bit Gray code
looks like this: 000, 001, 011, 010, 110, 111, 101, 100.

Table 6.3 shows some of the pros and cons of rotation sensors.

E4.3 Rotation Sensors

ACCURACY PROS CONS APPLICATIONS
tentiometer 2to 5° Cheap End stops limited  Volume control, efc.
Measures absolute to 300°
angle
uadrature 30° Cheap Measures Volume control, etc.
ncoder changes in angle,
low cost) not absolute
' angle
ladrature 2° Accurate Expensive Industrial control
coder High speed
optical)
solute rotary 22° (4-bit encoder) Measures absolute Not very accurate Industrial control
coder angle
Wind 6.4.4 Flow

v

The simplest sensors for measuring flow are variations on
some kind of paddle wheel or turbine that is placed in the
flow and spins at a speed proportional to the flow. The prob-

lem of measuring the rate of rotation remains. An anemom-
Proximity Sensor N

eter that measures‘the wind speed is a typical example of this
(see Fig. 6.22).
The wind will cause the arrangement of cups to spin at

a rate of rotation proportional to the wind strength. Some

fixed point on the cup assembly passes close to a proxim-
ity sensor that produces a pulse for each full rotation. In this
Rotation way, you geta stream of pulses at a frequency proportional
to the wind:speed. Measuring the speed is then just a matter

of using a microcontroller to count the number of pulses in a

, ' given period of time.
IGURE 6.22 A cup anemometer
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The proximity sensor may be a fixed magnet on the cup assembly and a magnetic
sensor such as the Hall effect sensor (described in Section 6.6.3), or may be an optical

sensor where a beam is interrupted.

Various types of fluid flow sensors are summarized in Table 6.4.

TABLE 6.4 Flow Sensors

SENSOR DESCRIPTION PROS CONS
Hotwire A current is passed through the wire fo keep it at a con- Simple Hot

stant temperature. Fluid flow draws heat away from the

wire, and the curréent required to maintain the tfempera-

ture is an indication of the rate ,of flow.
Ultrasonic Ultrasound is injected into the fluid from an upstream No moving Very dependent on
(transit time)  transducer, and the time to reach a downstream trans- parts geometry of the

ducer is measured. The process is then reversed, and the arrangement

fiuid velocity can be determined from the difference in

fimes.
Ultrasonic A fransmitter and receiver are used side by side to mea- No moving Requires particles in
(Doppler) sure the difference in frequency between the transmission parts the fluid

and ultrasound reflected from particles in the fluid.
Laser Similar to ultrasonic Doppler, monochromatic light froma  Accurate Requires particles in
(Doppler) laser is used. The difference in wavelength of the reflected the fluid

light is measured.

Expensive

6.4.5 Force

Force can be sensed using a force-sensitive resistor. These devices operate in a similar
manner to a resistive touch screen. They are two layers, with conducting tracks and
a microdot insulating layer, but the harder you press,
comes into contact with the bottom conductor and the lower the resistance. These

devices are not usually very accurate.

Strain gauges operate on the principal of deforming the geometry of a resistor as

it is put under tension or compression (see Fig. 6.23).

L -
J [ )

Under tension

L

No deformation
are thinner and R increases

FIGURE 6.23 Strain gauge

the more of the top conductor

L

l

Under compression
The pattern stretches, conductors The pattern compresses, conductors
are thicker and R decreases

L
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For a more accurate sensing of force, a load cell is used. This arranges two or more
strain gauges bonded onto a deformable metal block. They will often also include
temperature compensation.

6.4.6 Tilt

Although an accelerometer can be used to measure the angle of tilt, or just detect tilt
from the horizontal, if all that is required is to know that the sensor has tilted from
the horizontal, then a simpler sensor can be used. The simplest of these use a small

metal ball in a case, which sits on contacts when horizontal but rolls off when the
device is tipped.

'

6.4.7 Vibration and Mechanical Shock

Piezoelectric materials are good for detecting shock and vibration. The vibration sen-
sor in Fig. 6.16 uses a small weight (just a rivet) on the end of a flexible strip. of piezo-
electric material. When the weight wobbles due to vibration, a voltage is generated
across the terminals. The output of these voltages will drift, so for practical use, place

a 10 MQ resistor in parallel with them. This same approach will work for detecting
mechanical shock.

6.4.8 Pressure

_Unless you plan to work in process control or build a weather station, sensing pres-
sure is unlikely to be something that you will need to do. Except for when you have
very particular sensing requirements, the solution is nearly always to buy a digital
sensor on a chip, such as the two listed in Table 6.5.

R
TABLE 6.5 Pressure Sensors
SENSOR RANGE DESCRIPTION FEATURES APPLICATIONS
Silicon Oto 10kPa A sensorona Temperature com- Respiratory
(general chip with nozzles pensated diagnostics
purpose) that measures Good linearity (medical)
(MPX2010) pressure differ- Factory-calibrated  Airmovement

enfial Low cost control

Silicon 40kPa to Asensoron *  Accurate Altimeter
(Atmospheric) 115 kPa a chip top (+1.2 kPa) Barometer
(KP125) surface sensor Factory-calibrated

that measures
atmospheric
pressure

Other types of pressure sensors are on a larger scale, usually based on traditional
bressure measurement, such as bellows or a Bourdon tube. These create a physical
displacement that is then measured by one of the techniques discussed earlier, such
as a potentiometer, a strain gauge, or capacitative position sensing like that used in
an IC accelerometer.
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6.5 Chemical

There are many sensors available for detecting chemicals of various kinds—far too

many to list here. The selection shown in Fig. 6.24 illustrates a range of the sensors
available, and we’ll look at their principals of operation in the following sections.

Gas Sensor Humidity Moisture
FIGURE 6.24 Chemical sensors

6.5.1 Smoke

Domestic smoke detectors are (or should be) a feature of every home. The most
common devices are actually quite sophisticated in their sensing (see Fig. 6.25).

Americium
Tonizing radiation Detector
source Stream of ions Plate

DQOQOOOOC

Smoke particles

FIGURE 6.25 An ionizing smoke detector %

They use a radioisotope (Americium) that generates a stream of ionized particles
in a chamber that is open to the air. This allows a small current to flow between
the metal casing of the radiation source and a detecting plate at the far side of the
chamber.

If smoke particles enter the chamber—even microscopic particles—they attach
themselves to the ions, neutralizing them and reducing the current flowing. This is
detected by the control electronics. )

The other common type of smoke detector (optical) uses a focused infrared LED
with a photodiode, off-axis from the infrared LED. When smoke enters the sensor, the
smoke particles scatter light, which can be detected by the photodiode.

| 652 Gas :

Gas detectors, such as the MQ-4 from Hanwei Electronics (SparkFun SKU: SEN-
09404) shown in Fig. 6.24, contain a small heating element and a catalytic detector

to detect concentrations of methane as low as 200 parts per million. Other types of
sensors use different catalysts to make them sensitive to other gases.

Insta360
Exhibit 1007 Page 25



Chapter 6: Sensors 547

Using such a device involves supplying a voltage (often 5 V) to the heating ele-
ment (which typically draws a few tens of milliamps) and putting the sensor pins
in a voltage divider arrangement with a fixed resistor to create a measurable output
voltage.

6.5.3 Humidity

Although highly accurate techniques are available for measuring humidity, in many
applications, an accuracy of 1 or 2 percent is acceptable and can be achieved with a
low-cost capacitative sensor. These sensors are often combined with a temperature
sensor, control electronics, and a serial interface for use by a microcontroller.

Capacitative sensing relies on humidity changing the dielectric constant of a poly-
mer separating the two plates. These devices achieve better accuracy by laser calibra-
tion; that is, they are calibrated during manufacture by using a laser to write into
digital memory on the device, setting a calibration parameter.

Unless extreme accuracy is required in a very specialized application, there is
little reason to use anything other than an IC humidity sensor.

I.ight, Radiation, Magnetism, and Sound

Figure 6.26 shows a selection of various types of sensors associated with detecting
radiation or magnetism.

Photoresistor {LDR) Photodiode Geiger-Miiller tube

FIGURE 6.26 Light, radiation, and magnetic sensors

6.6.1 Light

Light detection is used in many different ways, from Optical transmission of data
to proximity detection. There are many types of sensors for this purpose, including
some we have already discussed, such as the photoresistor. Forinformation about the
use of photoresistors, photodiodes, and phototransistors, see Chapter 5.

6.6.2 lonizing Radiation -

To sense ionizing radiation, a GeigeiﬁéMﬁller tube is usually used. These tubes con-
tain a low-pressure inert gas such as neon. A high voltage (400 to 500 V) is applied
between the outer conducting cathode and a wire anode running down the middle
of the tube (see Fig. 6.27).
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lonizing Radiation
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FIGURE 627 A Geiger-Miiller tube

When ionizing radiation passes through the tube, the gas is ionized and conducts,
producing a pulse at V... These pulses are counted using a Geiger counter, tradition-
ally producing a click sound with each event.

. Different tubes are designed to be more sensitive to different types of radiation. To
detect alpha particles, tubes with a very thin mica end will allow the easily stopped
alpha particles to pass through and be detected.

6.6.3 Magnetic Fields

In discussing sensing rotational speed in a flow meter, suggested detecting each
rotation by sensing when a magnet passed a sensor. This sensor could just be a coil of
wire, in which a current would be induced. However, the slower the magnet moves
past the coil, the smaller the signal available. An alternative to this is to measure the
static magnetic field and just detect the presence or absence of the magnet. A common
device for doing this is called a Hall effect sensor.

The Hall effect is an electrical effect that occurs when a current passes through a
conductor in the presence of a magnetic field. Referring to Fig. 6.28, when current is
flowing along a bar of thickness d, in the presence of a magnetic field B, a voltage Vu
will appear between the top and bottom surfaces of the conductor.

Magnetic Field (B)
A

T
v
y
'
'
'
'
i
'
'
'
¥
1
v
n

o)
Current (1) i
f b
Thickness (d)

FIGURE 6.28 Hall effect sensor =

The voltage from the Hall effect is given by the equation:

B

B ned
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where n is the charge carrier density, e is the charge of an electron, 4 is the length of
the conductor, I is the current flowing through it, and B is the magnetic field density.

Practical Hall effect sensors usually combine the sensor itself with high-gain
amplification in a single IC. Others take this a step further and actually incorporate a
serial interface to send the data to a microcontroller.

There are two types of Hall effect sensors. The most common type also acts as
a switch and just provides an on-off indication of the presence of a nearby magnet.
A more flexible type of Hall effect sensor (a linear sensor) provides a linear output
voltage proportional to the strength of the magnetic field.

6.6.4 Sound

Sensing sound relies on using a microphone and amplifier (see Chap. 15). If you are
sensing the sound level, then you will also need to use a low-pass filter and rectifica-
tion to determine an indication of the level of sound (see Fig. 6.29).

. Low Pass
> Rectify ' Biter | %

v v A\
v
“ “ “ t t t t

FIGURE 6.29 Sensing sound level

A side effect of consumer devices, such as smartphones énd dedicated satellite navi-
gation systems, is that GPS modules are readily available at relatively low cost.

GPS relies on a constellation of satellites (see Fig. 6.30). Each satellite contains a
highly accurate clock that is synchronized with all the other satellites in the constel-
lation. The satellites then broadcast this time signal.

FIGURE 6.30 Global positioning system;'

. AGPS receiver on the ground will attempt to receive time signals from as many sat-
ellites as possible and use the differences in those times, due to the time for the signals
to travel, to calculate the position of the receiver.
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GPS modules are generally a single IC, but require a special antenna that is usu-
ally the largest part of the module. Figure 6.31 shows the Venus 638 FLPx GPS mod-
ule from SparkFun with its antenna attached. This module and modules like it have

erface that transmits a stream of updates giving the position of the receiver

a serial int
and various other information, such as the time and number of satellites currently

being received.

Venus638FLPx GPS module

FIGURE 6.31 The SparkFun

_ Insta360
Exhibit 1007  Page 29





