sensitivity> 1000%/ppm
bes/ tec<200/400 s
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The word sensor has a Latin root “sentire,” which means “to perceive,” originated in
13501400, the Middle English era. A sensor 1s a device which responds to stimuli—
or an input quality—Dby generating processable outputs. These outputs are function-
ally related to the input stimuli which are generally referred to as measurands.

Transducer is the other term that is sometimes interchangeably used instead of
the term sensor, although there are subtle differences. A transducer is a device that

converts one type of energy to another. The origin i1s “transduce,” which means “to
transfer” that was first coined in 1525-1535. A transducer is a term that can be used

for the defimtion of many devices such as sensors, actuators, or transistors.
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Carbon monoxide sensors ;
N Motion sensors

Windows and doors

SCNsSors “#- A |

Smoke sensors
3/
Light sensors —
_] 5 - 5 Temperature sensors

Security sensors




Essential drive sensors
Pressure

Mass air flow
Atmospheric pressure
Oxygen

C0,

Rotational speed
Petrol level

Pedal position
Angular position
Engine temperature
Oil level

Crankshaft position

Safety sensors
Safety distance

Tilt

Torque

Steering wheel angle
Acceleration

Belt

Convenience sensors
Air quality
Humidity
Temperature

Rain

Seat posiion
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Low precision - High precision - High precision -
low accuracy low accuracy high accuracy

2.2.1 Accuracy

Accuracy of a sensing system represents the correctness of its output in comparison
to the actual value of a measurand. To assess the accuracy, either the system is
benchmarked against a standard measurand or the output is compared with a
measurement system with a superior accuracy.

For instance considering a temperature sensing system, when the real tempera-
ture is 20.0 °C, the system is more accurate, if it shows 20.1 °C rather than 21.0 °C.

2.2.2 Precision

Precision represents capacity of a sensing system to give the same reading when
repetitively measuring the same measurand under the same conditions. The preci-
sion is a statistical parameter and can be assessed by the standard deviation
(or variance) of a set of readings of the system for similar inputs.




2.2.3 Repeatability

When all operating and environmental conditions remain constant, repeatability is
the sensing system’s ability to produce the same response for successive measure-
ments. Repeatability is closely related to precision. Both long-term and short-term
repeatability estimates can be important for a sensing system.

For a temperature sensing system, when ambient temperature remains constant
at 21.0 °C, if the system shows 21.0, 21.1, and 21.0 °C in 1 min intervals, and shows
22.0,22.1,and 22.2 °C after 1 h, in similar I min intervals, the system has a good
short-term and poor long-term repeatability.

2.2.4 Reproducibility

Reproducibility is the sensing system’s ability to produce the same responses after
measurement conditions have been altered.

For example, i’ a temperature sensing system shows similar responses; over a
long time period, or when readings are performed by different operators, or at
different laboratories, the system is reproducible.

2.2.5 Stability

Stability 1s a sensing system’s ability to produce the same output value when
measuring the same measurand over a period of time.




2.2.6 Error

Error is the difference between the actual value of the measurand and the value
produced by the sensing system. Error can be caused by a variety of internal and
external sources and is closely related to accuracy. Accuracy can be related to
absolute or relative error as:

Absolute error = Output — True value,

_ Output — True value (2.1)
Relative error = :

True value




2.2.7 Noise

The unwanted fluctuations in the output signal of the sensing system, when the
measurand is not changing, are referred to as noise. The standard deviation value of
the noise strength is an important factor in measurements. The mean value of the
signal divided by this value gives a good benchmark, as how readily the information
can be extracted. As a result, signal-to-noise ratio (S/N) is a commonly used figure
in sensing applications. It 1s defined as:

S Mean value of signal (22)

N~ Standard deviation of noise

Noise can be caused by either internal or external sources. Electromagnetic
signals such as those produced by transmission/reception circuits and power
supplies, mechanical vibrations, and ambient temperature changes are all examples
of external noise, which can cause systematic error. However, the nature of internal
noises is quite different and can be categorized as follows:




It produces charge inhomogeneties, which in turn create voltage fluctuations that
appear in the output signal. Thermal noise exists even in the absence of current.
The magnitude of a thermal noise in a resistance of magnitude R (Q) is extracted
from thermodynamic calculations and is equal to:

Vrms = \/AKTRAS, (2.3)

in which v, 1s the root-mean-square of noise voltage, which is generated by the
frequency component with the bandwidth of Af, k is the Boltzmann’s constant,
which is equal to 1.38 x 107> JK ™', and 7 is the temperature in Kelvin.




Example 1. The rise and fall time of a sensor signal are generally inversely
proportional to its bandwidth. Assume that the rise time of a thermistor response
is 0.05 s and the relation between the rise time and the bandwidth is 14, = 1/2Af.
(A) Calculate the magnitude of the thermal noise. The ambient temperature 1s 27 °C
and the thermistor resistance is 5 k€ at this temperature. (B) What is the signal-to-
noise ratio, if the average of current passing through the resistor is 0.2 mA?

Answer:

(a) The bandwidth is equal to Af= 1/27. = 1/2 x 005 (s) = 10 Hz and
according to (2.3), the rms value of the thermal noise voltage is equal to:

Prms = \/4 x 1.38 x 1073 % 300 (K) x 5,000 (Q) x 10 (Hz)
=288 x 10~* (V) = 0.0288 mV or 20 log(¥yms) = —150.8 dB.

(b) Current of 0.2 mA generates a voltage of 5,000 (kQ) x 0.0002 (A) =1V in
the thermistor. As a result, the signal-to-noise ratio is:

%: 1(V)/2.88 x 1075(V) = 3.47 x 10°.




2. Shot noise: The random fluctuations, which are caused by the carriers” random
arrival time, produce shot noise. These signal carriers can be electrons, holes,
photons, and phonons.

Shot noise 1s a random and quantized event, which depends on the transfer of
the individual electrons across the junction. Using the statistical calculations, the
root-mean-square of the current fluctuation, generated by the shot noise, can
be obtained as:

iems = \/21€AT, (2.4)

where [ is the average current passing through the junction, Af is the bandwidth,
and e is the charge of one electron, which is equal to 1.60 x 107" C.




Example 2. In a photodiode the bias current passing through the diode is 0.1 mA.
(A) If the rise time of the photodiode is 0.2 ms and the relation between the rise time
and the bandwidth is 7. = 1/4Af, calculate the rms value of the shot noise current
fluctuation. (B) Calculate the magnitude of the shot noise voltage, when the
junction resistance is equal to 250 €.

Answer: The bandwidth is equal to Af = /41, = 1/[4 x 0.0002(s)] = 1,250 Hz.
According to (2.4) the rms value of the shot noise current fluctuation is equal to:

ims = \/2 x 0.1 x 107°(A) x 1.6 x 107"7(C) x 1,250 (Hz) = 200 x 10"°A
= 200 pA.

When the average resistance of the junction is equal to 250 €, this fluctuation
current generates a rms voltage of 200 x 10712 (A) = 250 (QQ) = 50 x 10~ (V)
= 0.05 pV or 20log(vms ) = —146.02 dB.




3. Generation-recombination (or g-r noise): This type of noise is produced from
the generation and recombination of electrons and holes in semiconductors.
They are observed in junction electronic devices.

4. Pink noise (or I[f noise): In this type of noise the components of the frequency
spectrum of the interfering signals are inversely proportional to the frequency.
Pink noise is stronger at lower frequencies and each octave carries an equal
amount of noise power. The origin of the pink signal is not completely
understood.




2.2.8 Drift

Drift 1s observed when a gradual change in the sensing system’s output is seen,
while the measurand actually remains constant. Drift is the undesired change that is
unrelated to the measurand. It is considered a systematic error, which can be
attributed to interfering parameters such as mechanical instability and temperature
instability, contamination, and the sensor’s materials degradation. It is very com-
mon to assess the drift with respect to a sensor’s baseline. Baseline is the output
value, when the sensor is not exposed to a stimulus. Logically for a sensor with no
drift, the baseline should remain constant.




2.2.9 Resolution

Resolution (or discrimination) 1s the minimal change of the measurand that can
produce a detectable increment in the output signal. Resolution is strongly limited
by any noise in the signal.

A temperature sensing system with four digits has a higher resolution than three
digits. When the ambient temperature 1s 21 °C, the higher resolution system (four
digits) output is 21.00 “C while the lower resolution system (three digits) 1s 21.0 °C.

Obviously, the lower resolution system cannot resolve any values between 21.01 °C
and 21.03 °C,

2.2.10 Minimum Detectable Signal

In a sensing system, minimum detectable signal (MDS) 1s the minimum signal
increment that can be observed, when all interfering factors are taken into account.
When the increment is assessed from zero, the value is generally referred to as
threshold or detection [imit. If the interferences are large relative to the input, 1t will
be difficult to extract a clear signal and a small MDS cannot be obtained.




Fig. 2.2 Calibration curve: 4
it can be used for the

L
calculation of sensitivit e
y & Ay, [T .
Z : :
:E L7
= | '
el VA
= I : :
] o |

-

x (input signal)

2.2.11 Calibration Curve

A sensing system has to be calibrated against a known measurand to assure that
the sensing results in correct outputs. The relationship between the measured
variable (x) and the signal variable generated by the system (y) is called a calibra-
tion curve as shown in Fig. 2.2.
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Sensitivity 1s the ratio of the incremental change in the sensor’s output (Ay) to the
incremental change of the measurand in input (Ax). The slope of the calibration
curve, y = f(x), can be used for the calculation of sensitivity. As can be seen in
Fig. 2.2, sensitivity can be altered depending on the calibration curve. In Fig. 2.2,
the sensitivity for the lower values of the measurand (Ay,/Ax;) is larger than of

the other section of the curve (Ay,/Ax,). An ideal sensor has a large and prefe-
rably constant sensitivity in its operating range. An ideal sensor has a large and
preferably constant sensitivity in its operating range. It is also seen that the sensor
eventually reaches saturation, a state in which it can no longer respond to any
changes.




2.2.13 Linearity

The closeness of the calibration curve to a specified straight line shows the linearity

of a sensor. Its degree of resemblance to a straight line describes how linear a
system is.




2.2.14 Selectivity

Selectivity is the sensing system’s ability to measure a target measurand in the
presence of others interferences.
For example, an oxygen gas sensor that does not show any response to other gas

species, such as carbon dioxide or nitrogen oxide, is considered a very selective
Sensor.
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2.2.15 Hysteresis

Hysteresis 1s the difference between output readings for the same measurand,
depending on the trajectory followed by the sensor.

Hysteresis may cause false and inaccurate readings. Figure 2.3 represents the
relation between output and input of a system with hysteresis. As can be seen,
depending on whether path 1 or 2 1s taken, two different outputs, for the same input,
can be displayed by the sensing system.




2.2.16 Measurement Range

The maximum and minimum values of the measurand that can be measured with a
sensing system are called the measurement range, which is also called the dynamic
range or span. This range results in a meaningful and accurate output for the
sensing system. All sensing systems are designed to perform over a specified
range. Signals outside of this range may be unintelligible, cause unacceptably
large inaccuracies, and may even result in irreversible damage to the sensor.

Generally the measurement range of a sensing system is specified on its techni-
cal sheet. For instance, if the measurement range of a temperature sensor is between
— 100 and 800 °C, exposing it to temperatures outside this range may cause damage
or generate inaccurate readings.




2.2.17 Response and Recovery Time

When a sensing system 1s exposed to a measurand, the time it requires to reach a
stable value 1s the response time. It is generally expressed as the time at which the
output reaches a certain percentage (for instance, 95 %) of its final value, in
response to a step change of the input. The “recovery time” is defined conversely.




A sensing system response to a dynamically changing measurand can be quite
different from when it is exposed to time invariable measurand. In the presence of a
changing measurand, dynamic characteristics can be employed to describe the
sensing system’s transient properties. They can be used for defining how accurately
the output signal 1s employed for the description of a time varying measurand.
These characteristics deal with issues such as the rate at which the output changes in
response to a measurand alteration and how these changes occur.

Fig. 2.5 Response (1)
of a first-order system A
to a step function K
63% of final
value




W(1)K

Fig. 2.8 Responses of a second-order sensing system to a step function at different damping ratios
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