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SENSING AND MEASUREMENTS 
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Sensing and measuring 

Sensing: observing physical systems by quantities 

associated with excitations, states, and answers 

with the purpose of drawing conclusions on their 

structure and/or their behaviour.  

Measuring: 

Comparison with a unit: determining the ratio of 

a quantity and a quantity unit.  

Åcomparison to some limit of the quantity,  

Åcomparison to some unit quantity ă measuring.   

The knowledge acquired by sensing is used for 

evaluating and/or controlling the system.  

Sensing means some type of comparison: 
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Measuring, metrology 

SI units (Le Syst¯me International dõUnit®s ð International System of 

Units, 1960):  

Metrology  deals with the derivation of  the units associated with 

quantities, with their physical realisation, and the principles of 

realising the measurements.  

SI base units : kg, m, s,  

temperature  

time  

length 

mass luminous intensity  

amount of substance 

electric current  

Everything other: derived units , 

e.g.  

Velocity ð m/s  

Pressure ð kg/m 2 

Electric voltage - m2ňkgňs-3ňA-1 
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Metrology 

The definition of the SI units (May 2019):  (new) 

Time: second (s)  The duration of 9,192,631,770 periods of the radiation 

corresponding to the transition between the two hyperfine levels of the 

ground state of the caesium -133 atom. 

Length: meter (m)  The distance travelled by light in vacuum in 1/299,792,458 

second. 

Mass: kilogram  (kg) The kilogram is defined by setting the Planck constant h 

exactly to 6.62607015Ĭ10Ĭ34 Jẗs, where J = kgẗm2ẗsĬ2.  

Electric current: amper  (A) The flow of   1.602176634Ĭ1019 times the 

elementary charge e (the charge carried by a proton) per second.  

Temperature: kelvin (K)  The kelvin is expected to be defined by setting the 

fixed numerical value of the Boltzmann constant k to 1.380649 Ĭ10Ĭ23 JẗKĬ1, 
where J = kgẗm2ẗsĬ2.  

mol (mol) The amount of substance of exactly 6.02214076Ĭ1023 elementary 

entities (the Avogadro number).  

candela (cd)  The luminous intensity, in a given direction, of a source that emits 

monochromatic radiation of frequency 5.4 Ĭ1014 hertz and that has a radiant 

intensity in that direction of 1/683 watt per steradian. 



5 

Metrology 
The definition of the SI base units has changed a lot 

since the beginnings, e.g. the meter :  

According to Metre Convention 1875, Paris 1 m is 

1/10,000,000 of the meridian through Paris between the 

North Pole and the Equator.  

According to the derivation of 1889 1 m is the length 

measured between two notches engraved on of a platina -

iridium etalon in the temperature of the melting ice.  

In1960 1 m was derived as  1,650,763.73 1650763.73 

wavelengths in a vacuum of the radiation corresponding to 

the transition between the 2p10 and 5d5 quantum levels 

of the krypton -86 atom.  

In 1983 meter was defined as the distance travelled by 

light in vacuum in 1/299,792,458 second (the current 

definition). Realisation: wavelength of an iodine stabilized 

helium-neon laser.  

By successive redefinitions the relative uncertainty 

decreased from 10-7 to 10-11.  

Krypton-86 lamp 

He-Ne laser 

Pt-Ir etalon 

Meridian measurements 
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Metrology 

SI  derived 

units 

possessing 

specific 

names: 

Derived quantities SI unit Notation 

Expressed 

with SI 

units 

Expressed 

with SI base 

units 

frequency hertz Hz    s-1 

force newton N   m Ŀ kg Ŀ s-2 

pressure pascal Pa N/m2  m-1 Ŀ kg Ŀ s-2 

energy joule J N Ŀ m m2 Ŀ kg Ŀ s-2 

power watt W J/s m2 Ŀ kg Ŀ s-3 

electric charge coulomb C    s Ŀ A 

electric potential difference, voltage, electromotive force volt V W/A m2 Ŀ kg Ŀ s-3 Ŀ A-1 

electric capacity  farad F C/V m-2 Ŀ kg-1 Ŀ s4 Ŀ A2 

electric resistance ohm ɋ V/A  m2 Ŀ kg Ŀ s-3 Ŀ A-2 

electric conductivity siemens S A/V m-2 Ŀ kg-1 Ŀ s3 Ŀ A2 

magnetic flux weber Wb V Ŀ s m2 Ŀ kg Ŀ s-2 Ŀ A-1 

magnetic induction, magnetic flux density tesla T Wb/m2 kg Ŀ s-2 Ŀ A-1 

inductivity henry H Wb/A m2 Ŀ kg Ŀ s-2 Ŀ A-2 

Luminous flux lumen lm cd Ŀ sr cd 

illuminance lux lx lm/m2 m2Ŀ m-4Ŀ cd = m-2 Ŀ cd 

radioactivity becquerel Bq   s-1 

ionising radiation dose gray Gy J/kg m2 Ŀ s-2 

ionising radiation dose sievert Sv J/kg m2 Ŀ s-2 

planar angle radian rad   m Ŀ m-1 = 1 

spatial angle steradian sr   m2 Ŀ m-2 = 1 

catalythic activity katal kat   s-1 Ŀ mol 
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Sensors 

ÅKinematic sensors: speedometer, tachograph 

ÅDynamical sensors: accelerometer, gyroscope 

ÅTemperature sensors: thermocouple, resistance temperature 

device (RTD), thermistor  

ÅPressure sensor: manometer, barometer,  

ÅElectrical sensors: voltmeter, current sensor  

ÅMagnetic sensors: magnetic field detector, compass  

ÅComposite sensors: video camera, GPS, LIDAR 

Examples: 

Sensor             

           Transducer 

x(t) y(t) z(t) 
Processing 

Sensor / transducer: brings a physical quantity into a 

workable form (workable by a human or anautomaton)  
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Sensors 

Sensor             

             Transducer 

x(t) y(t) z(t) 
Processing 

Processing is needed because the sensors usually do not  

produce the features needed by the user.  

The (most typical) reasons:  

ÅMeasurement errors, inaccuracies,  

ÅNoises, 

ÅUnwanted internal and environmental effects,  

ÅCrossover between measured parameters.  
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Sensors typically today 

ÅAnalogous: the output quantity can be interpreted in 

continuous scale.  

ÅBinary: the output varies between two discrete values 

ð can be interpreted as logic levels.  

ÅDigital: the output quantity can be interpreted in 

discrete numeric scale.  

The physical quantities are transformed to  

Åelectrical quantities: voltage, current, frequency, or  

Åquantities that can be measured by using electrical 

principles: electrical resistance, capacity, inductivity.  

Classification of the sensors by the output generated:  
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Sensors 

Some simple examples: 

Micro-switch (limit -switch)  

Potentiometer  

ñ binary sensor: 

displacement or force to 

resistance zero/ infinite  

ñ analog sensor: angle to 

resistance 
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Sensors 

Some simple examples for optical sensors: 

Photo-interrupter  

Light intensity sensors 

ALS (ambient 

light sensor) 

LDR (light-

dependent 

resistor)  

Infrared distance 

measurement sensor 

Optical rotary encoder  
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Sensing and measurement 

Semiconductor pressure sensor 

Pressure difference causes 

deformation on the thin Si disc 

(membrane).  

The deformation causes 

changes in the resistance that 

can be measured by using the 

Wheatstone-bridge principle.  
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Sensing and measurement 

Magnetic field sensor 

Magnetoresistive effect:  

The magnetic field changes the 

electrical resistance of the 

permalloy  material (an iron alloy).  

Measurement: Wheatstone-bridge.  

ferromagnetic material  
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Sensing and measurement 

Stain gauge stamp Mechanical deformation (strain):  

changes the resistance of a thin 

conductive layer.  

Application example: 

weight cell.  

Measurement: 

Wheatstone-bridge.  

//upload.wikimedia.org/wikipedia/commons/5/53/Strain_gauge.svg


15 

Temperature measurement 

Temperature sensor options:  

ÅResistor Temperature Detector (RTD) 

ÅThermocouple(TC), 

ÅThermistor  

ÅSemiconductor based temperature sensors 

ÅContactless infrared temperature sensors  

ÅBimetal switch  

ÅLiquid- or gas-filled bellows switch  

Binary temperature sensors (thermal switch, thermostat):  

Proportional ( analog) temperature sensors:  
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Temperature measurement 

ÅBimetal switch  

Binary temperature sensors  

Limit switch: if the temperature goes beyond some limit its 

state of a switch is changed between ON/OFF.  

Bimetal strip ð rolled by two metal 

strips with different thermal 

expansion coefficients: due to 

different length increases of the 

two materials it is deflected.  

  

Load V 

~T 

thermal expansion 

coefficient  
relative length 

difference  

‐ =  ɻ(T-Ὕ) 
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Temperature measurement 

ÅLiquid- or gas-filled bellows switch  

Temperature dependence of a gas:  

Temperature dependence 

of the volume of liquids:  

relative change of volume  

Volumetric thermal 

expansion coefficient  

(unified gas law)  

The bellows keeps constant pressure: 

‐ =  ‎(V-ὠ) 

ὠὝ ὠὝ (T-Ὕ) ὒὝ ὒὝ (T-Ὕ) 

ὠ ὒὃ 

= ὧέὲίὸȢ 
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Temperature measurement 

linear thermal coefficient  

Resistor Temperature Detector (RTD) 

Principle: temperature dependence of the resistance of 

conductive materials  

A 2nd order approximation:  
  

T0 
T 

R 

Rref=R(T0) Higher order approximations:  

by the Taylor -expansion of the 

function R(T) . 

=  ‌(T-Ὕ) ὙὝ =ὙὝ  (ρ ‌ЎT) 

ὙὝ =ὙὝ  (ρ ‌ЎT+‍ЎὝ ) 

In the reality a nonlinear relationship is valid.  
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Temperature measurement 

RTD: Pt100 ð 100 Ý platinum is used most frequently 

Standard: DIN IEC 751 

A: Ñ [ (0.15 + 0.002 | t | ] ÁC  

B: Ñ [ (0.30 + 0.005 | t | ] ÁC  

Classes ð according to tolerance:  

Materials used:  

Platinum 0.00385 Ý/Ý/ÁC -260 ð 850 ÁC 

Copper 0.00427 Ý/Ý/ÁC -100 - 260 ÁC 

Nickel 0.00672 Ý/Ý/ÁC -100 ð 260 ÁC 
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Temperature measurement 

Characteristics of Pt100 RTD (according to IEC751): 

ÅNominal resistance at 100ÁC: 100Ý. 

ÅLinear thermal coefficient ‌=0.00385 (average between 

0 and 100 ÁC) 

ÅMore accurate ð nonlinear ð relationship:  

a = 3.90830 x 10-3 

b = -5.77500 x 10-7 

(Callendar-Van Dusen equation)  

ὙὝ =Ὑ (ρ ὥT+ὦὝ+c(T -100) Ὕ) 

c = 
τȢρψσπρØ ρπ ρςςππЈ#  4  πЈ#
 π                           πЈ#  4  ψυπЈ# 
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Temperature measurement 

Measurement with RTDs: voltage divider 

Excitation by voltage generator:  

Excitation by current generator  

 

RRTD UO 

UI 

RS 

I 

Excitation by constant current is more advantageous:  

Åno bias, 

ÅThe resistance of wiring does not affect the result.  

bias 

nonlinear  

linear  Ὗ = I Ὑ  

Ὗ = Ὗ  
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Temperature measurement 

RTD measurement: Wheatstone-bridge 

One element of the bridge is an RTD, the other ones are resistors with constant 

values. Output voltage Uo is measured.   

 

R 

Ue 

RÑr R 

R Uo 

 

R 

I 

R 

R Uo 

RÑr 

Excitation by voltage generator  Excitation by current generator: 

it is usually more advantageous.  
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Temperature measurement 

Thermo Couples (TC)  
  

 

V Tref Tm 

Tsense 

réz 

réz 

kromel 

alumel 

  

szigetelŖ- 
anyag 

§rny®kol§s 

shielded 
(earthed junction) 

ĂNakedò Cased 

Thermoelectric ( Seebeck) effect: mobility of electrons varies in 

different metals; this phenomenon results in different electric 

potential that can be measured ð in a junction of different metals 

thermal voltage occurs.  

K-type TC (according IEC 584) 

chromel(+) - alumel(-)   41ÕV/ÜC 

chromel: nickel (90%) ð chromium (10%) alloy 

alumel: nickel (95%) ð manganum (2%) ð aluminium (2%) - silicon (1%) alloy 
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Temperature measurement 

Thermistors 

ÅNTC ð negative temperature coefficient  

ÅPTC ð positive temperature coefficient  

Resistors made of semiconductor ceramic material with  

NTCs are most frequently used. The principal equation:  

A, B, C are empirical constants 

(can be found in catalogues)  

(Steinhart -Hart)  

Measurement: 

Åvoltage divider, or  

ÅWheatstone-bridge.  

Ὕ =  
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Temperature measurement 

Semiconductor temperature measurement ICs, e.g.: LM20  

Operating principle:  exploits the temperature dependence of the 

semiconductor PN junction (Si material).  

Analog output quasi-linear sensor: 

(SOT-23 case) 

Ὕ = -1481.96+ ςȢρωφς Ͻρπ
Ȣ

Ȣ  Ͻ
 

ὠ= -11.69 mV/ ᴈϽὝ ρȢψφφσ ὠ 

ὠ= σȢψψϽρπ ϽὝ + ρȢρυϽρπϽὝ ρȢψφσωω 

More exact nonlinear expression:  


