
5 Thermal Quantities Sensors 
Time to study: 1.5 hours 
Objective of the study: After learning the next chapter, you will acquire the knowledge related 
to the physical temperature, you will acquire important concepts related to this magnitude, and 
you will learn the principles of measuring ambient temperature, objects and body temperature. 

•         Describe the concept of temperature and define the types of temperature scales in which given 
physical quantities are given. 

•         Explain and divide important types of heat sensors to predict body temperature. 

•         Describe the principles of contact and non-contact temperature sensors. 

•         Define the basic concepts related to these sensors. 
  
Interpretation: 

5.1 Physical nature of temperature 
Temperature is a physical quantity, belonging into the SI system. Subjectively, temperature can 
be understood as a feeling of coldness or warmth. Temperature is generally the term for the 
thermal state of the mass. The thermal state of an object is related to the average kinetic energy 
of the particles of its substance. For example, in gases, the temperature is proportional to the 
mean kinetic energy of the molecules and the frequency of their precipitation. 
Temperature dependence of physical quantities is used to determine the temperature. This 
allows transformation of the measured temperature into another physical quantity. 
  
Types of temperature scales: 
° C - degree Celsius 
K - Kelvin 
° F - degree Fahrenheit 
° Rank - degree Rankin 
° R - degree Réaumur 
  



 
Fig.5.1 Comparison of temperature scales 

  
Kelvin Scale: The scale is called the thermodynamic temperature scale. It belongs to the 
category of absolute temperature scales, ie. its beginning is in absolute zero. The second 
significant point on this scale is the temperature of the triple point of water, which is 273.16 K. 
Celsius scale: The base value of this scale is 100 °C for the equilibrium temperature of 
chemically pure water and its ice at the pressure of 101325 Pa and 0 °C. Among these, the 
temperature scale is divided into 100 equal parts. 
Fahrenheit Scale: Temperature states of a mixture of water, ice and salmiac are chosen as the 
base points of this scale. 

Body temperature 

Normal temperature: 
- in the armpit: 34.7–37.3 ° C 
- in the mouth: 35.5–37.5 ° C 
- in the rectum: 36.6–38 ° C 
- in the ear: 35.8–38 ° C 

Measurement of body temperature 

Stated here will be sensors used primarily to measure body temperature. Body temperature 
measurement is one of the oldest diagnostic methods in medicine. Today we distinguish contact 
and non-contact methods of measuring the temperature of the human body. For contact 
methods, the measuring instrument - the thermometer (or only its sensor) directly touches the 
tissue whose temperature we measure. The heat is then transmitted from the tissue to the 
thermometer by direct contact. Conversely, for non-contact methods the heat transfer from the 
tissue to the thermometer takes place through the surrounding environment, i.e., the 
atmosphere. 



By contact method, temperature is measured on accessible places located near large arteries, 
that reflect core body temperature well. Most often, it is in the armpit, oral cavity, or rectum, 
less often in the esophagus or vagina, etc. Medical mercury or electronic thermometers with 
NTC thermistors are used.  
Non-contact measurement uses infrared radiation detection. The source of this radiation is any 
mass whose temperature is higher than absolute zero. Contactless devices also include ear 
infrared thermometers designed to measure body temperature based on thermal radiation of the 
ear drum. 

5.2 Contact Body Temperature Measurement 
Mercury and electronic thermometers are currently used for contact temperature measurement. 
In the future, the complete elimination of mercury thermometers is expected because of their 
containment of a toxic substance - mercury, and their measurement being very slow. 

5.2.1 Mercury thermometer 
The medical mercury thermometer belongs to the group of liquid thermometers. It is adapted 
to measure the maximum temperature by narrowing the capillary at a point above the bulb with 
mercury. Therefore, mercury must be tapped back into the bulb prior to its use. The measuring 
range of the medical mercury thermometer is 35 ÷ 42   degrees celsius. The disadvantage of 
mercury thermometers is a relatively slow measurement. According to some studies, it is 
advisable to keep the thermometer in contact with the body for at least 8 minutes. 
  

 
Fig.5.2 Encapsulated and tube glass thermometer 

 



Encapsulated thermometer - description: 

1 - a bulb filled with heat pack 
2 - casing 
3 - capillary 
4 - expansion vessel 

Tube thermometer - description: 

1 - thick-walled capillary 
2 - thermometer filling  

Advantages: 

- inexpensive, does not require source for its functioning 

Disadvantages: 

- fragile 
- contains toxic mercury 
- this thermometer cannot be used in the control chain.  
- long delay in steadying the measured value 

5.2.2 Electronic thermometer 
For rapid detection of body temperature, small electronic contact thermometers with LCD 
display and battery power are used to replace conventional mercury thermometers. The 
temperature sensor is placed in a metal tip, which is attached with the thermometer to the 
measuring point. These thermometers are intended primarily for measuring the temperature in 
the armpit. 
Special electronic thermometers designed for accurate and long-term temperature measurement 
and recording are equipped with temperature probes, which are most often fixed with adhesive 
tape directly to the surface of the body. Standard vital signs monitors are also equipped with 
input for temperature probes. 

5.2.3 Sensors for contact temperature measurement 
Seebeck effect 

Seebeck effect is used in thermocouples. The essence of this effect is that if the two 
thermocouple junctions have a different temperature, the contact voltages of these junctions are 
different. The resulting voltage that is found between these interfaces is non-zero and the 
thermocouple can be used as a source of electrical voltage. Electric current flows through the 
closed circuit. 
The value of the thermoelectric voltage for pairs of metals reaches very low values. In addition, 
only about 1% - 3% of the supplied heat energy is converted into electricity. In order for the 
thermocouple to function properly, it is necessary to create a temperature difference between 
the thermal junctions. This is easiest to create by heating the metals interface. Meaning we 
deliver thermal energy. 

Thermoelectric temperature sensors 
These types of sensors belong to the group of sensors for contact temperature measurement. 
Their principle of temperature measurement is based on the so-called Seebeck thermoelectric 



effect (heat conversion to electrical energy). In every conductor whose temperature is not 
constant, so-called thermoelectric voltage arises, for which the mathematical expression 
applies: 

 𝑑𝑑𝑑𝑑 = 𝛿𝛿(𝑇𝑇)𝑑𝑑𝑑𝑑 (5.1) 

Since no electric current flows through the conductor, the voltage UA, B between the ends of the 
conductors A and B depends only on the temperature difference between these ends and not on 
the temperature along the length of the conductor, despite the temperature changes occurring 
throughout the region. This is true when the conductors are made of a homogeneous material. 

 𝑈𝑈𝐴𝐴,𝐵𝐵 = ∫ 𝛿𝛿(𝑇𝑇)𝑑𝑑𝑑𝑑𝑇𝑇𝐴𝐴
𝑇𝑇𝐵𝐵

 (5.2) 

  
This thermoelectric voltage exists but is not measurable. If two wires are connected from 
materials with different Seebeck coefficients, the voltage between their disconnected ends will 
be: 

 𝑈𝑈𝐵𝐵,𝐶𝐶 = 𝑈𝑈𝐵𝐵,𝐴𝐴 − 𝑈𝑈𝐴𝐴,𝐶𝐶 = ∫ 𝛿𝛿1(𝑇𝑇)𝑑𝑑𝑑𝑑 +𝑇𝑇𝐴𝐴
𝑇𝑇𝐵𝐵

∫ 𝛿𝛿2(𝑇𝑇)𝑑𝑑𝑑𝑑𝑇𝑇𝐶𝐶
𝑇𝑇𝐴𝐴

 (5.3) 

The voltage on the thermocouple does not arise on the measuring junction, but at those points 
where the temperature changes along the whole length of the thermocouple all the way to the 
reference junction. It is very important to pay attention to the material quality of the entire 
thermocouple, especially on material homogeneity. 

  

Fig.5.3 Thermoelectric temperature sensor principle. 

Thermoelectric sensors - thermocouples consist of two different metals (e.g., copper - 
constantan, platinum - iridium). The principle is that by connecting the two different metals, 
contact potential difference is formed on their interface, while the temperature T of the 
measuring junction is different from the temperature T0 of the reference junction (due to the 
different thermal conductivity of both metals). As a result of the formed electrical voltage 
between the contacts A and B, electrical current will flow through the circuit. 
The voltage difference on both contacts can be expressed by: 

                                     𝛥𝛥𝑈𝑈𝐴𝐴𝐴𝐴 = 𝛼𝛼. (𝑇𝑇 − 𝑇𝑇0) + 1
2

.𝛽𝛽. (𝑇𝑇 − 𝑇𝑇0)2                                             (5.4) 

where: 
α, β ... Seebeck coefficients for a given pair of metals. 



One of the metals is always a reference (mostly platinum) and the Seebeck coefficients are 
determined against this reference metal (e.g., lead at T 0 = 0 ° C). In the following table, Seebeck 
coefficients for some materials used for thermocouple construction are shown for illustration. 

Tab. 5.1 Seebeck coefficients for selected materials. 

Material a [μV / K] β [μV / K2] 

aluminum -0.47 0.003 

copper 2.76 0.012 

iron 16.7 -0.030 

nickel -19.1 -0.030 

platinum -1.79 -0.035 

silver 2.5 0.012 

constantan -38.11 -0.089 

Pt - Rh 6.69 0.011 

  
The dependence of the thermoelectric voltage on the temperature is nonlinear (in the range 0-
1000 °C). However, when measuring in a small temperature range (to measure body 
temperature in the range 35-42 °C), this dependence can be considered as almost linear. As the 
resulting thermoelectric voltage is only about 1mV, it is necessary to amplify this voltage for 
the needs of further processing of the signal by a high gain operational amplifier. This is needed 
for recording temperatures with 0,01 °C accuracy. For measuring temperatures up to 1700 °C, 
platinum thermocouples are used. For measurements in the range of -200 °C to 1000 °C, 
cheaper thermocouples, for example with copper-constantan materials, are sufficient. 
  
Materials used for thermocouples should generally have the following properties: 

• As large increase in thermoelectric voltage with temperature as possible 
• Sufficient stability of temperature information for long-term operation of the sensor 
• Resistance to chemical and mechanical influences 
• Biocompatibility - nontoxicity to the human body 

  
In biomedical practice thermocouples are used in miniature hair-thin sensors, that are a part of 
catheters for invasive measurement of internal temperature of human bodies. However, this is 
the only area of application of thermocouple sensors, since these sensors have many drawbacks, 
such as low sensitivity and stability, and a low level of output signal from the sensor. Much 
better properties are achieved by thermistor temperature sensors that are used in medicine in 



electronic medical thermometers for contact body temperature measurements. These sensors 
have higher sensitivity and faster response to temperature changes over thermocouples. 

 
Fig.5.4 Construction of a thermocouple 

Advantages: 

The thermocouple is capable of measuring in a wide temperature range of -200 °C to 2500 °C. 
The temperature range depends on the thermocouple metal used. 
Thermocouples are very small, yet robust devices. Thermocouples are resistant to vibrations. 
They are suitable for use in environments where mechanical shocks occur. 
Thermocouples have low thermal capacity, they can react quickly to temperature changes. The 
reaction time of the thermocouple is in the order of several hundred milliseconds. 

Disadvantages: 

Transmission error of heat transfer to temperature value (algorithm, non-linearity, sampling). 
Accuracy and measurement error - the measured temperature is in the order of 1 °C - 2 °C. 
Thermocouples are poorly resistant to corrosion, resulting in deterioration in measurement 
accuracy. In particular, it is necessary to protect the ends of the thermocouple by, for example, 
casing. 
Sensitivity and noise - The output voltage of the thermocouple is in the order of microvolts - 
there can be a disturbing magnetic field. This situation is solved using shielded cables. The 
measurement system should also have filtering and signal suppression capabilities. 

Types of thermocouples 

The most common thermocouples are J, K and T thermocouples. At room temperature the 
output voltage varies depending on the temperature change by 52 μV/°C. This is referred to as 
the Seebeck coefficient α. 



Tab. 5.1 Table of the Seebeck coefficients 

 

 
Fig.5.5 Seebeck coefficients dependency on temperature 

Metal resistive sensors 

They use the temperature dependency of electrical resistance of a metal. In the temperature 
range of 0 °C - 100 °C, the electrical resistance increases in line with the temperature linearly 
according to the mathematical formula:  

 𝑅𝑅𝑡𝑡 = 𝑅𝑅0[1 + 𝛼𝛼(𝑡𝑡 − 𝑡𝑡0)] (5.5) 
where: 
Rt - is the resistance of the sensor at temperature t, 
R0 - is the resistance of the sensor at temperature t0, 
α - is the thermal resistance coefficient. 
  



 
Fig.5.6 Temperature dependence of metal resistive sensors 

 
Fig.5.7 Design of metal resistive sensors 

a) Platinum wire measurement resistor 
b) Platinum or nickel thin film measurement resistor 
c) Standard platinum measurement resistor for metrological measurements 
 
Construction of metal temperature sensors 

Resistive sensors normally consist of inner wiring, stem, and head. Output leads are mostly 
made of copper, silver, or platinum alloys. Sensor leads can be made as: two-wire, three-wire, 
or four-wire. The internal temperature sensor is mounted in the stem head. This stem serves as 
a protective element against damage. 



 
Fig.5.8 Example of the resistive sensor 

 

Thermistor temperature sensors 
Thermistors are semiconductor resistors with a considerable resistance dependence on 
temperature. We distinguish the NTC thermistors, whose resistance decreases as temperature 
rises and PTC thermistors, whose resistance increases with rising temperature. For the 
measurement of temperature, only NTC thermistors are suitable, the PTC thermistors are used 
as two-state sensors, indicating that a certain temperature is exceeded.  
NTC thermistors are manufactured in various designs using different manufacturing 
technologies, differing in casing and outlets, mostly from powder mixtures of various kinds of 
metal oxides (iron, titanium, manganese, cobalt, etc.). NTC thermistor resistance can be 
influenced by manufacturing technology, ranging in the megaohm range for negative 
temperatures up to tens of ohms for higher positive temperatures.  
The dependence of resistance on temperature of the NTC thermistor is non-linear and can be 
approximated by using the exponential function: 
 

 𝑅𝑅(𝑇𝑇) = 𝐴𝐴. 𝑒𝑒
𝐵𝐵(𝑇𝑇)
𝑇𝑇  (5.6) 

where: 
R [Ω]. . . electric resistance, 
A [Ω]. . . constant based on geometric shape and material, 
B [K]. . . parameter dependent on the material of the NTC thermistor and the temperature, 
T [K]. . . thermodynamic temperature 
If we want to linearize the exponential dependence of resistance on the temperature, we can 
calculate the temperature coefficient of resistance α, which gives the relative magnitude of the 
resistance change at the change of temperature: 
  

 𝛼𝛼(𝑇𝑇) = 1
𝑅𝑅

. 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 (5.7) 

The linear dependence of the resistance on the temperature can be expressed by the temperature 
coefficient of resistance by: 
 

 𝛼𝛼(𝑇𝑇) = 𝑅𝑅0(1 + 𝛼𝛼0(𝑇𝑇 − 𝑇𝑇0)) = − 𝐵𝐵
𝑇𝑇2

 (5.8) 
 



Where: 
R0 [ Ω] resistance at the reference temperature T0  
α0 [ K -1] temperature coefficient of resistance at T0  
 The temperature coefficient of resistance of NTC thermistor is negative. As a result of the use 
of the linearized dependence is an additional error. This error is ± 0.01 °C at most when 
measuring in the ± 5 °C interval.  For ± 15 °C interval of measurement is this error ± 0.1 °C. 
It can be stated that this error is negligible when measuring body temperature, since we 
measure it at an interval of 10 °C and the maximum deviation given by the properties of the 
NTC thermistor itself is most often ± 0.1 °C. 

One of the possibilities of connecting the NTC thermistor as a temperature sensor is supplying 
power to it from a constant current source. The voltage of the NTC thermistor is generally non 
linearly dependent on the passing current: UT = f(IT). However, for very low currents, the volt-
ampere characteristic of the NTC thermistor is linear, since almost all the heat caused by the 
passing of the current is dispersed into the environment. At higher currents, the heating 
increases, causing a large drop in resistance and thereby decreasing the voltage loss on the NTC 
thermistor. By restricting the current to a small constant value (in or der of hundreds of μA) we 
eliminate self-heating. The voltage drop is then directly proportional to the resistance of the 
NTC thermistor according to Ohm's law. NTC thermistor designed to measure body 
temperature (which has a standard resistance of 1354 Ω at t = 37 °C) are powered by a current 
of a maximum of hundreds of μA.  

Monocrystalline resistive temperature sensors 

Division: 
- without p-n junction 
- with one p-n junction 
- with multiple p-n junctions 

Monocrystalline temperature sensors without p-n junction 

These sensors are made of silicon and germanium monocrystals and their alloys. Silicon sensors 
are capable of measuring in the temperature range of -50 °C to 300 °C. 

Advantages: 

Thermal stability and low cost. 

Disadvantages: 

Non-linearity of the Si sensor’s temperature characteristic. Smaller temperature range. 

Monocrystalline temperature sensors with p-n junction 

These sensors use the p-n junction voltage dependency on the applied temperature. These 
temperature sensors include diode and transistor temperature sensors. 

Optic fiber temperature sensors  
These special types of temperature sensors are mainly used in medicine for intravenous 
temperature measurement and for measuring tissue heating by magnetic resonance imaging. 
The use of optical fibers for the construction of the sensor brings several advantages, among 
the main ones: 
 



•          high sensitivity, 
•          resistance to interference and aggressive environments, 
•          biocompatibility - non-toxic to living organisms, 
•          small dimensions (sensor diameter around 0.25mm). 

Optical fibers enable the transmission of a light signal with very little attenuation over long 
distances, regardless of the environment in which the optical fiber is located, thus the sensitivity 
of the sensor and resistance to interference (e.g. electromagnetic radiation, loss of transmitted 
signal due to optical deformation of the fiber) are high. Basic materials for manufacturing 
optical fibers are plastics (for transmitting optical signal on larger distances, sensors that are 
part of flexible catheters), or glass fibers based on SiO2 (for conducting the optical signal over 
very short distances) and glass fibers with other compounds (so-called rare earths), which 
improve the transmission properties of the optical fiber itself and by extension its sensitivity. 
Such materials are also non-toxic, which allows the use of sensors in medicine for invasive 
temperature measurement. The advantage of the materials used is also the ability to design 
sensors of very small dimensions (the diameter of optical fibers here is about a tenth of a 
millimeter). 

 
Fig.5.9 Optic fiber temperature sensor structure 

 

The optic fiber temperature sensor utilizes the temperature dependence of light absorption in 
the GaAs optical prism. Infrared light of 860 nm wavelength generated by IR - LED is used as 
the source of light. The light signal is led through the input optical fiber to the optical prism 
where by differences in temperature, the attenuation of signal changes, This signal is then 
brought by output optical fiber to photodetector. Optical fibers and prism are protected from 
the surrounding environment by a flexible protective cover.    
The photodetector is a CCD sensor that converts the incident optical radiation into an electrical 
charge, that is, an electrical signal that is further processed and converted to digital form, for 
example, for a numerical display of temperature, or for a graphical representation of 
temperature-time dependency.  
This type of sensor is preferably used where conventional temperature sensors can not be used, 
for example sensors with metallic components (metal electrodes, lead wires, etc.) should not be 
used in strong magnetic fields occurring in the treatment of cancerous diseases by microwave 
heating or in examination with magnetic resonance when it is necessary to control the warming 
of the tissue.  



The following table illustrates the basic parameters of commercially available optic fiber 
temperature sensors. 
 

Tab. 5.2 Selected parameters of temperature sensor with optical fibers. 
measuring range 5 to 60 °C 

accuracy ± 0.5 °C (FS) 
attenuation < 5dB/km 

radiation wavelength  860nm 
optic fiber material SiO2 

material of the sensitive part of the sensor GaAs 
operating temperature 0 to 70 °C 

  

Division of optic fiber temperature sensors 

Optic fiber sensors can be divided in many ways. For example, by the effect of the sensed 
magnitude on: 
- external 
- internal 
Internal optic fiber sensors use optical fiber as a sensing element, the measured physical 
quantity directly affects the transmission properties of optical fibers. Most often the attenuation 
of light signal in optic fiber is affected. This attenuation is due to the change in the optical fiber 
attenuation coefficient. 
External optic fiber sensors use optical fiber only to transmit the light signal. The evaluation of 
the properties changes of optical fibers takes place in the modulator.  

Optic fiber sensors based on fluorescence extinction time 
measurement 

These sensors are expanded in many biomedical industries (e.g., to measure body temperature 
of human body), when sensing chemical quantities (e.g., pH). The basic element of each 
fluorescence sensor is a probe made of fluorescent material. The light is led by optical fiber up 
to the probe, which is located at the end of the fiber. This probe is in direct contact with the 
object we want to measure. The transmitted light is absorbed by the molecules of the crystal, 
that therefore excite. After this excitation, the molecule is in an unstable state, thus it releases 
energy by irradiation. This will excite the light photon. The phenomenon described is called 
fluorescence. The excited light is then led through a glass filter. This filter is characteristic by 
the fact that it delivers light only of a certain range of wavelengths. The filter only passes longer 
wavelengths than the wavelength of the light emitted by the diode. The output of the filter is 
led to a photodetector where the time of fluorescence intensity decrease is measured as a 
temperature function. The fluorescence sensor measurement error is around 0.12%. 
  



 
Fig.5.10 Block diagram of the fluorescence temperature sensor 

  

 
Fig.5.11 Dependence of the fluorescence lifetime on temperature 

  

Sensors that use the radiation of a black body 

These are the simplest types of sensors. They use the physical laws of radiating of a black body. 
An object whose temperature we want to measure warms a sensor cavity. The internal walls of 
this cavity are black - they have the characteristics of a black body. This cavity emits thermal 
radiation in the form of electromagnetic waves of all wavelengths. This radiation is transmitted 
by optical fiber to a prism. On this prism the light flow is divided into two beams. The first 
beam is led to a filter that is not completely monochromatic. The output of the filter is led to a 
photodetector that evaluates the spectral intensity of this radiation. 
The second beam also passes through the filter, the output of this filter is led to photodetector 
2. This photodetector also evaluates the intensity of this radiation. The principle of evaluating 
the temperature of the measured body is to compare the ratio of the obtained spectral intensities 
with the use of the Planck effect. 
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Mλ1 and Mλ2 are the spectral densities of the radiation intensity, 



λ1 and λ2 are the wavelengths of the radiation incident on the detectors. 

By logarithm, we get a relationship for the resulting temperature: 
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Figure 5.12 Diagram of detector using radiation of a blackbody 
 

Sensors using optical fiber deformation 

These sensors use the fact that the measured variable causes the fiber to deform. This 
deformation results in microbends along the optical fiber. Optical fibers are initially straight 
(not strained). Surrounding the fiber there are jaws. Above one jaw is a bimetal strip that is 
straight at the beginning. If the temperature rises above a certain threshold, the strip will bend. 
After a certain degree of deflection, pressure is applied to the upper jaw and thus the 
deformation of the optical fiber occurs. The light intensity decreases at the end of the fiber. 

  

 

Fig.5.13 Example of temperature sensor using optical fiber deformation 

  

Benefits of optic fiber sensors 

- Resistance to electromagnetic waves 
- Simple structure 



- Shock resistance 
- Possibility of use in chemically aggressive environments 
- Low signal attenuation 
- Fast response to change of measured value 
- High reliability 

Disadvantages of optic fiber sensors 

- High purchase price 

5.3 Non-contact body temperature measurement 
The non-contact temperature measurement on the surface of tissues (most commonly the skin) 
is studied by medical thermography. Thermographic cameras with infrared thermal or quantum 
radiation sensors are currently used in this field. The thermal radiation sensor also includes an 
infrared ear thermometer that measures body temperature based on the thermal radiation of the 
ear drum. 
 

 
Fig.5.14 Non-contact thermometer arrangement 

 

5.3.1 Sensors for non-contact temperature measurement 
Non-contact temperature sensors can be divided into two groups according to their interaction 
with incident infrared radiation, thermal and quantum. Temperature sensors are manufactured 
in two versions. The first is a simple sensor designed for non-contact temperature measurement 
at a specific point (or on a very small area). For thermography, matrix sensors, consisting of 
hundreds of thousands of microsensors, are used. They are similar to CCD and CMOS image 
sensors, which are known, for example, from digital cameras and camcorders. 
For heat sensors heating of a sensitive layer by the incident infrared radiation is used. Changing 
the temperature of the layer is reflected by a change of its electrical properties, most often using 
a change in resistance or capacity. These sensors are called resistive or capacitive bolometers. 
For the use of non-contact temperature measurement in medicine, mainly miniature resistance 
bolometers, also called microbolometers, are used in the form of both point and matrix sensors. 



 
  

Figure 5.15 Microbolometer - matrix sensor architecture. 

 

In the basic variant, the resistive bolometer consists of a thin layer of suitable material. The 
necessary property of such a material is high temperature coefficient of resistance. For example, 
vanadium oxide VO2 is used. The layer is applied to the conductive pad and covered by another 
conductive electrode through which the incident heat radiation must penetrate, and which is 
therefore blackened. As an electrode material, platinum or titanium with a platinum layer is 
used. 
In the case of a microbolometer plate, individual microbolometers are mounted on protrusions 
etched into the carrier plate, from which they are thermally insulated. The whole assembly is 
placed on a massive metal plate so that it is possible to keep the temperature of all sensor 
elements at the same constant temperature. The carrier plate is usually made of silicon and is 
formed by electronic circuits with bipolar or unipolar transistors connected to the individual 
elements and serving as resistance-to-voltage transducer and multiplexers. 

 
Fig.5.16 Microbolometer matrix sensor, photo by ULIS France. 



 
Figure 5.17         Electrical diagram of the bolometer connection 

  
The resistance of the bolometer RB depends on the temperature, that depends on the amount of 
absorbed IR radiation (the bolometer resistance is greatest in the dark, and it decreases along 
with increased absorption of IR radiation). The output voltage on the bolometer is given by: 
  

𝑈𝑈(𝑡𝑡) = 𝑅𝑅𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑅𝑅𝐵𝐵

 (5.11) 

  
where: 

R is the internal resistance, 
RB is the resistance of the bolometer, 
Uconst. is the voltage of the source. 

The resistance of the bolometer changes with a temperature approximately linearly according 
to this formula (this is the same as for resistance sensors) 
  

𝑅𝑅𝐵𝐵 = 𝑅𝑅𝐵𝐵0[1 + 𝛼𝛼(𝑡𝑡 − 𝑡𝑡0)] (5.12) 

  

Where: 

RB0 is the resistance of the bolometer at temperature t0, 
RB is the resistance of the bolometer at temperature t. 
 

The resulting temperature is then given by this equation: 

𝑡𝑡 = 𝑅𝑅𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑅𝑅𝐵𝐵0𝑈𝑈(𝑡𝑡)
𝑅𝑅𝐵𝐵0𝛼𝛼𝛼𝛼(𝑡𝑡) + 𝑡𝑡0 (5.13) 

where R, RB0, α, Uconst, t0 is known and U(t) is measured. In order for the temperature change 
detected by the bolometer to be determined only by the absorbed IR radiation, the bolometer 
must be thermally insulated from its surroundings. 
The sensitivity of the heat sensor is affected primarily by its own noise. The magnitude of this 
noise determines so called NEP (Noise Equivalent Power). This indicates the radiant flux 



incident to the sensor, in which the output voltage is equal to the mean value of the noise 
voltage. The power equivalent is given in watts. Since the mean noise value is dependent on its 
spectral density, the NEP is generally normalized by the size of the bandwidth used and then 
given in units of W·Hz-1/2. 
The ability of the sensor to distinguish temperature differences is described using the NETD 
(Noise Equivalent Temperature Difference) parameter. It is the magnitude of the temperature 
change that causes a change in the incident radiant flux corresponding to the NEP. NETD unit 
is therefore Kelvin. Changes in temperature less than NETD are not distinguishable by the 
sensor. Obviously, the smaller the NETD will be, the higher the temperature resolution. 
The sensor's temperature resolution can be increased (in addition to selecting the sensor type 
and its design) by increasing the sensor surface. However, this will reduce its spatial resolution. 
Unlike thermal sensors, quantum sensors are mainly used in the form of surface matrix sensors. 
For non-contact temperature measurement at one point, resistance bolometers are used. 
 

Thermoelectric IR sensors 

These sensors form a so-called thermocouple battery, which is given by serially connected 
thermocouples. Typically, these are units to dozens of thermocouples. Thermoelectric sensors 
work on the same principle as conventional thermocouples - they use the so-called Seebeck 
effect. Radiation emitted by an object, whose temperature is measured, falls through a filter to 
an absorbent surface of the thermoelectric sensor, which is painted black by a varnish. Here 
radiation is absorbed and transformed into heat. The thermocouples that are in contact with the 
black absorbent layer will heat up the measuring junctions. Constant temperature is maintained 
on the thermocouple reference junctions. Due to the difference in temperature of the two 
junctions, thermoelectric voltage is generated. 

 
Figure 5.18 Diagram of a thermocouple battery 



  
Thermoelectric sensors are manufactured: 
- Wire technology - thin metal strips 
- Thin film technology 
Thermocouple sensors belong among non-selective radiation detectors. The range of 
wavelengths for which the sensor can be used depends on the permeability of the filter material. 
Filter materials are most often: quartz, polyethylene or Teflon. 
  

 
Fig.5.19 Thermoelectric sensor 

 

Contactless in-ear thermometer 
An infrared ear thermometer uses thermal radiation of the ear drum. Eardrum has common 
blood supply with hypothalamus, which controls body temperature. That is why eardrum 
temperature should better reflect core body temperature than surface of the body. This type of 
thermometer uses a resistive bolometer located in a special probe inserted into the ear (it is 
firmly connected to the body of the thermometer). Voltage loss on bolometer is converted to 
digital form, which is then evaluated by inner calibration graph. The measured temperature is 
displayed on an LCD display. 

Thermography 
Infrared radiation 

Infrared radiation is electromagnetic radiation with a wavelength of 750nm - 1mm with a 
frequency of 300GHz - 400THz. This radiation is a combination of transverse and longitudinal 
waves of electromagnetic field. Heat energy is transmitted from its source through 
electromagnetic radiation. This energy can be described by the formula: 
E = h.f 
where: 
h - is the Planck constant (h = 4.14.10 -15 eV.s), 
f - is the frequency that belongs to that wave. 



Thermography is a field of study that deals with the distribution of the temperature field on the 
surface of the sensed body. The primary goal of thermography is to analyze the temperature 
distribution that is emitted by the studied object and to evaluate the thermogram. Thermogram 
carries information, that relates to generation of thermal relief and also describes conversion of 
thermal energy to infrared radiation Then, thermogram is converted to visible light spectrum, 
for infrared radiation is invisible to a naked eye. Infrared radiation can be divided into several 
sub-regions according to their wavelengths: 
  

Tab.5.3 Division of IR radiation 

  

 

Generation of infrared radiation 

The basic sources of IR radiation are the atoms and molecules of substances in which this 
radiation is generated by rotational movements of electrically charged particles. In order to emit 
energy by an atom - the atom must be excited. For excitation to happen, it is necessary to supply 
the atom with enough energy. Depending on the form of energy from which radiation energy is 
converted, it is possible to divide optical sources into thermal, luminescent and electromagnetic 
sources. 
Thermal sources - Generated radiant energy is charged at the expense of the thermal energy 
of the radiation source. The spectrum of thermal radiation of solid and liquid substances is 
continuous, while the gas and vapor spectrum is discrete. The radiation source is theoretically 
any object whose temperature is greater than absolute zero – 0 K. These sources are 
characterized by the fact that they generally emit radiation of all wavelengths of the 
electromagnetic spectrum, but with a very different energy. 
Luminescent sources - these are sources where the IR radiation is excited by the absorption of 
another radiation or the voltage drop in the discharge path. Radiation energy in this case is 
covered by other forms of energy than heat energy. 
Electromagnetic sources - To obtain IR radiation can be used optical radiation sources, but 
also radio generators (oscillator). 

The sources of IR radiation can also be divided according to the 
spectral emissivity 

Blackbodies - this is an ideal object that absorbs all radiation at all wavelengths. The black 
body is both an ideal absorber, and an ideal emitter. The black body radiates maximum radiation 
energy at all wavelengths. 
Gray bodies - They are characterized by their emissivity not changing with ambient 
temperature changes. They do not emit or absorb total radiation because their emissivity 
coefficient is not equal to 1. 



Selective emitters - They are characterized by a variable emissivity. Their emissivity varies 
with wavelength and ambient conditions. These objects include most of the heat radiators. 
 
The thermographic camera can use a spot, linear or matrix thermal radiation sensor. With the 
use of point and linear sensors, it is necessary to mechanically decompose scanned image by a 
set of rotating optical elements (mirrors, etc.). The older thermographic cameras, that used this 
decomposition had very complicated structure, and therefore they were very expensive. Their 
optical system always consisted of dozens of elements. Nowadays, for medical thermography, 
matrix sensors - quantum with thermoelectric cooling or non-cooled bolometric, are used. 
Thermal camera is equipped with lens with fixed focal length, most often 50 mm. These lenses 
have very little optical elements, thus large lens speed (more light intensity is delivered). 
Selecting the size of the scanned area is done by moving the camera to a suitable distance from 
the subject, so it is placed on a tripod. Focus is automatic. 
Temperature resolution of modern thermographic cameras is in order of 0,1-0,01 °C, 
measurement range is usually part of 20-50 °C interval. The displaying frequency is ranging up 
to 30 Hz for the fastest cameras, but some allow only one image to be captured in seconds. The 
frequency is limited by the time constant of the sensor and depends on the speed of the image 
processing. 16-bit and 24-bit A/D converters are used. The spatial resolution of the cameras is 
up to tenth of a millimeter at the smallest possible distance from the subject. Since quantum 
detectors are more dependent on the spectrum of incident radiation, their measurement range is 
lower than that of thermal sensors. 
 

Construction of a thermographic camera 

The overall construction of the camera can be divided into several subsystems: 
Optical system - detects infrared radiation from a measured object and feeds it to an infrared 
sensor. This system consists of a set of lenses, shutter, focus. 
IR irradiation sensor - structurally it is a matrix sensor, that converts received IR radiation 
onto electric signal, which is then digitalized and processed into thermogram. 
A/D conversion and image processing - here is electric signal from IR sensor digitalized. 
Result digital image is then processed and shown on thermographic camera‘s display. 
  

 
Fig.5.20 Block diagram of infrared thermographic camera 

  
 



Thermal camera display process 

Radiant flux, that is detected by a thermographic camera, is consisting not only of the scanned 
object flux, but also of outer radiation sources. Significant complications lie in the fact that the 
sensed radiation flux is influenced by temperature and transparency of the atmosphere, cooling 
of objects, air flow as well as radiation direction. It is necessary to divide the parameters that 
affect the scanned scene to external and internal. 
  

 
Figure 5.21 General display process scheme 

  

The subject's topology 

Non-living objects - For topology, it is necessary to determine the direction of the radiation 
and also to determine whether or not the sensed body is a Lambertian radiator. In a situation 
where the object’s surface is uneven, it is necessary to sum all the reflected radiation 
components to eliminate errors in temperature calculation. 
Human - From the viewpoint of topology, the skin appears to be the ideal Lambertian radiator. 
The radiance of human skin is determined by Angstrom's equation: 

𝐼𝐼𝛼𝛼 = 𝐼𝐼𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼
1+(𝑚𝑚2−1) 𝑠𝑠𝑠𝑠𝑠𝑠2 𝛼𝛼

 (5.14) 

m - constant obtained by measurement, 
In - radiance in the normal direction towards the surface 
 

Termogram 

For visual evaluation of the thermogram temperature levels are represented either by shades of 
gray or by RGB color model. In RGB, the image is divided into three basic colors: red, green 
and blue. Combinations of these colors forms the final color spectrum of a thermographic scale. 
n medical applications, levels are set with accuracy of hundredth of a degree. Scale used for a 
particular application is represented by thermographic scale, located by the thermogram‘s side 
with numerical expression of temperature range used. Each measured temperature or 
temperature range is expressed in a specific color.  
  



 
Fig.5.22         Thermogram with temperature scale 

  
The range of temperature scale colors is from white (warmest areas 50 °C) to dark blue (coldest 
areas -47,8 °C). In clinical practice, the surroundings are chosen to be in contrast with scanned 
object to achieve better edge resolution of this object.  

 
Fig.5.23 Example of a thermogram with surface temperature distribution of the 

human body 
  
 

Control questions: 
1. Explain the essence of Seebeck effect. 
2. Which of the pairs of materials is mostly used to produce thermoelectric temperature sensors? 
3. What wavelength of IR radiation is used optic fiber temperature sensors? 
4. Describe the principle of the optic fiber temperature sensor. 
5. What type of photodetector is used for optic fiber temperature and pressure sensors? 
6. Try to describe the advantages and disadvantages of the in-ear non-contact thermometer. 
7. What are the disadvantages of a conventional mercury thermometer and how are these 

disadvantages addressed? 
8. Is the thermal coefficient of the NTC thermistor positive or negative? Is it temperature 

dependent? 
9. Briefly describe the thermographic camera principle. 
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