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FEATURES OF GENERATING THE OUTPUT SIGNAL OF
THE INFRARED RADIATION SENSOR

The paper deals with infrared radiation detectors that can register the thermal radiation of a
living organism. The human body has a temperature in the range from 31°C to 42°C, depending on the
heat exchange between the skin and the environment, and infrared radiation in the wavelength range
from 4 to 50 microns. The analysis of the phenomenon of the pyroelectric effect and the features of the
use of pyroelectric sensitive elements, which are the basis of the operation of the sensors, has been
carried out. The principles of the formation of thermal radiation in the detection zone of the sensor are
given, and the formulas for determining the amount of radiation of the thermal flux are presented. The
process of forming the output signal during the action of thermal energy on the sensor was studied. It
has been established that for the rational use of methods and algorithms for improving the interference
immunity of an infrared sensor, it is necessary to know the main parameters of the signal, namely the
amplitude, shape, duration, dependence on the speed of human movement, and background temperature.
Experimental graphs of the shape and spectrum of the signal at the input of the pyroelectric sensor
under different input conditions are presented. The influence of temperature contrast on the formation
of the sensor output signal is analyzed.
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Introduction. Sensors based on a pyroelectric sensitive element are widely used for various needs.
These are security alarms, automatic lighting systems, etc. The basis of the operation of such sensors is
the registration of infrared radiation (IR) of a living body using a sensitive element. Infrared radiation is
a type of electromagnetic wave, the wave-length of which is longer than that of visible light (0.74 pum),
but shorter than that of radio waves (1...2 mm). Such radiation cannot be seen by the human eye, but it
has thermal energy that can be recorded [1].

The human body has a temperature in the range of 31°C to 42°C, which depends on the heat
exchange between the skin and the environment. It is a source of IR radiation in the wavelength range
from 4 to 50 um [2]. At the same time, the radiation density of the skin of the human body is: with a
wavelength of up to 5 um — up to 1%; with a wavelength from 5 to 9 um — 20%; with a wavelength from
9 to 16 um — 30%; with a wavelength over 16 um — over 41% (Fig. 1). The human body emits infrared
energy with a peak wavelength of 9 um to 10 um. In addition, the peak wavelength of infrared rays
emitted by a heated object becomes shorter as the temperature increases [3].
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Figure 1 — Distribution of human body radiation by wavelength [3]

To understand the possibilities of using pyroelectric sensors for specific cases, it is necessary to
analyze the pyroelectric effect, the principles of the formation of heat flows in the detection zone, and
how the output signal is formed when thermal energy acts on the sensor [4].

Literature revive. The principle of operation of the sensitive sensor element is that some
crystalline materials are characterized by the property of being polarized under the influence of IR
radiation. Along with the change in radiation intensity, polarization is carried out and, as a result, a dipole
moment is created in a crystal made of materials called pyroelectrics [2, 5]. By detecting the difference
in potentials formed as a result of polarization between different regions of the pyroelectric crystal, it is
possible to observe the amount of thermal IR radiation (Fig. 2). The principle of operation of IR sensors
consists of the registration of thermal signals emitted by objects in the area of the sensor. The useful
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signal at the output of a single-surface receiver, depending on the radiation, is determined by the formula

(1) [6]:

S(t) =S,AQ() 1)
where Sy is the voltage sensitivity of the radiation receiver; AQ(t) is a change in the amount of heat flow
that enters the input hole of the optical system and occurs in the event of movement of the object in the
area of the sensor.

The maximum value of AQ(t) occurs if the object completely falls into the detection zone of the
IR sensor. Let's take this value as AQ. Consider the option if the losses in the optical system are small
enough to be neglected. Let's determine AQ through the object's parameters and the environment's
background. Suppose that within the background (the absolute temperature of the surface of which is Ty
and the emissivity Ep), an object with the absolute temperature Ta, and the emissivity Een appears [7, 8].
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Figure 2 — The phenomenon of the pyroelectric effect [7, 8]
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We will denote the area of the projection of the object on the plane that is perpendicular to the
direction of radiation by Sem, and the area of the projection of the background in the field of view by S,
[9]. For such a case, the amount of heat flow that enters the optical system inlet before the observation
object appears is determined by the formula (2):

Qb _ Lb SbSin (22)

where |, is the distance from the entrance hole to the background surface; L, — is background
brightness; Sin — is the area of the entrance hole of the optical system.

The value of the heat flow, which is created by the object of observation, is determined by formula
©F

S5,
Qab = Lab albz - (3)

where | is the distance from the sensor to the observation object; Lay is the brightness of the

observation object.
In the presence of an object of observation, the total heat flow entering the inlet created by the

object and a separate part of the background surface not shielded by the object is determined by the
formula (4):

S Sin Sa Sin Sin Sa Sa Sin
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Figure 3 — Scheme of the detection zone of the infrared pyroelectric sensor [8]

The change in heat flux radiation AQ is determined by formula (5):
AQ=wdu (L, 1) Q)

Let's accept the statement that Lambert's law is fulfilled for the object of observation and the

background, so we determine the luminances La» and Ly, through the emissivity and absolute temperatures:
4 4
L - 5,E,T, L, = SoBen Tt )
T VA

where 60=5.67-10 W/(m?-K*) is the Stefan-Boltzmann constant.
Substitute formula (6) into formula (5) and get the expression for AQ taking into account the
absolute temperature and emissivity of the observation object and the background:

AQ = 58'"Sem [E,.74—ET:]=AES, (8)

Given the given parameters of the optical system and the radiation receiver, the signal value is
completely determined by the change in the irradiance of the sensitive element. It is known that the
emissivity of human skin is very high and is on average 0.99 relative to a completely black body at
wavelengths longer than 4 pm [10]. In the IR region of the spectrum, the optical properties of skin
radiation are quite close to the characteristics of black body radiation [11].

The temperature of the skin depends on the heat exchange between the skin and the environment.
Thus, at an air temperature of +25°C, the temperature on the surface of a person's palm varies within the
range of +32...+34°C, and at an air temperature of +19°C, it varies within the range of +28...+30°C. The
presence of clothing reduces the thermal radiation of the object because the temperature of the clothing
is lower than the temperature of bare skin. If the temperature around the object is +25°C, then the average
temperature of the body surface of a clothed person is approximately +26°C. Other parameters included
in the formula (7) can take on different values that depend on the specific situation and/or input data [12].

Research methodology. To establish relationships between the structural elements of the
infrared sensor and the influence of external environmental factors on the output signal from the sensor,
theoretical research methods were used, in particular, the phenomenon of the pyroelectric effect and the
dependence of the sensitivity of the receiver on thermal radiation were analyzed [13].

Observation, measurement, and experiment methods were used to confirm the de-scribed
phenomena. In particular, infrared transmitters with two-element pyroreceiv-ers were used. The
movement of an object emitting infrared (thermal) radiation was simulated in the detection zone of the
sensor. A spectroanalyzer was used to remove the output signal from the sensor. The resulting
spectrogram was analyzed by shape and spectrum. To obtain data based on which the output signal was
analyzed, an experimental study of the movement of a thermal object was carried out at different speeds
at different distances from the pyroelectric receiver [14].

Results. We will analyze the process of generating signals for the sensor, the main types of
interference, and extraneous influences that cause false operation of the IR sensor.

Signal generation. To understand the methods and algorithms for improving the in-terference
immunity of the IR transmitter, it is necessary to know the main parameters of the signal — amplitude,
shape, duration AE, dependence on the speed of human movement, and background temperature:

2 Sem [E. T4 —E,T] 9)

em ' ab

AE =
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Consider, for example, one detection zone, the length of which is 10 m, and the beam'’s diameter
at the base of the cone is 0.3 m. Let us assume that a person crosses the zone normally with different
speeds (Vmax, Vmin) at a distance from the receiver of 10.5 and 1 m. The signal's shape in the case of
crossing the beam at a distance of 10 m has a triangular shape with a maximum when the detection zone
is completely covered (Figure 4a). Figure 4b shows the spectrum of this signal. If the beam crossing
occurred at a shorter distance, the signal acquires a trapezoidal shape with steep fronts (Figure 5a) and
the spectrum of this signal takes on the form shown in Figure 5b.
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Figure 4 — The shape and spectrum of the signal at the input
of the pyroelectric sensor under the conditions of Dmax, Vmin.
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Figure 5 — The form and spectrum of the signal at the input
of the pyroelectric sensor under the condition of Dmin, Vinax.

It was found that the duration of the output signal is inversely proportional to the speed of the
object and the distance to the sensor. The real output signal differs from the ideal due to various distortions
introduced by the amplification path and the influence of chaotic noises created by various temperature
fluctuations in the background. Recordings of real signals obtained using a passive IR detector are shown
in Figure 6. The figure also shows its spectral characteristics, which were obtained using a
spectroanalyser.
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Figure 6 — Graphs of the change in the signal at the output of the pyroelectric sensor (a) and
spectrograms of the signals (b).

The analysis of the graphs established the spectral range that is necessary for the transmission of
signals generated when crossing the detection zone in the entire range of object speeds from 0.1 to 15 Hz.
At the edges of the range, there is a possibility of weakening the signal, since the pyroreceiver has a
frequency response with a drop in the region of 5...10 Hz. For its compensation, it iS necessary to
introduce an amplifier into the signal processing path, which provides a rise in the frequency response in
the region of 5...20 Hz.

Usually, the amplitude of the output signal is determined by the temperature contrast between the
human body and the background on which the detection beam is directed. Since the background
temperature changes with the room temperature, the output signal also changes, which is proportional to
their difference. At the point where the temperature of the person and the background coincide, the value
of the output signal is zero. In the region of higher temperatures, the signal changes sign. The background
temperature in the room reflects the temperature of the air outside the room with some delay, which is
due to the thermal inertia of the wall materials and the way the building is insulated.

Temperature contrast depends on the temperature of the outer surface of a person, which is affected
by clothing. Moreover, it is necessary to take into account that if a person enters a room where an IR
motion detector is installed, for example, from a cold street, then at the first moment the thermal contrast
is quite significant. Gradually, as the temperature of the clothes adapts to the temperature of the room,
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the signal decreases significantly. However, even after a long stay indoors, the amount of the input signal
depends on the type of clothing. Figure 7 shows experimental dependences of the temperature contrast
of a person on the temperature around the object. The dashed line shows the extrapolation of experimental
data for temperatures above +40°C.
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Figure 7 — Dependence of the temperature contrast of a person on the temperature of the environment.

Area 1 is a range of contrasts depending on the shape of the clothes, the type of background, the
size of the person, and the speed of his movement. The transition of the value of the temperature contrast
through zero occurred only if in the temperature range of 30...39.5°C the measurements were carried out
after the adaptation of the object in the heated room for 15 minutes. In the case of the invasion of an
object that was previously in a room with a temperature below 30°C or outdoors with a temperature of
44°C, into the sensor's sensitivity zone, the signal levels in the temperature range of 30...39.5°C lie in
regions 2 and do not reach zero.

The temperature distribution on the human surface is not uniform. It is closest to 36°C on exposed
parts of the body - the face and hands, and the temperature of the surface of clothes is closer to the
background of the room. Therefore, the signal at the input of the pyro receiver depends on which part of
the body overlaps the radiant zone of sensitivity.

Let's analyze the influence of interference that causes false operation of passive IR sensors. These
are the effects of the external environment or internal noises of the receiving device of the transmitter,
which are not related to the movement of the object in the sensitivity zone.

There is the following classification of obstacles:

- thermal, which is caused by heating the background of the room under the influence of solar
radiation, convection air flows from the operation of radiators, air conditioners, drafts, etc.;

- electrical, caused by guidance from sources of electrical and radio radiation on individual
elements of the electronic part of the IR sensor;

- own, which are caused by the noise of the pyroreceiver and the input signal amplification path;

- extraneous, which is associated with the movement of small animals or insects on the surface of
the input optical window in the sensitivity zone of the IR sensor.

Conclusions. As a result of the analysis of the process of formation of the output signal, it was
established that the amplitude of the signal is determined by the temperature contrast of the surface of the
detection object and the surrounding background, which can range from a fraction of a degree to tens of
degrees. The shape of the signal has a triangular or trapezoidal appearance, the duration of the signal is
set by the intersection of the detection zone and, when moving normally to the beam, can be 0.05...10 s.
During movement at an angle to the normal, the duration of the output signal increases.

The maximum spectral density of the output signal is in the range of 0.15...5 Hz; when a person
moves along the beam, the signal is minimal and is determined only by the temperature difference of
individual areas of the person's surface and is less than 1°C. During the movement of the object between
the beams, the signal is practically absent; at a temperature in the room, which is close to the temperature
of the surface of the human body, the signal is minimal, i.e. the temperature difference is less than 1°C.
Signal amplitudes in different beams of the detection zone can differ significantly from each other, as
they are determined by the temperature contrast of the human body and the area of the background to
which this beam is directed, the difference can reach less than 10°C.

The spectral range of interference covers the range of the signal and lies in the region from one to
tens of hertz. The most dangerous type of interference is background sunlight, the effect of which
increases the background temperature by 3...5°C. The influence of sunlight for close areas of the
background is strongly correlated with each other and can be weakened when using a two-beam scheme
for the construction of detection means. Convective disturbances from thermal household devices take
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the form of fluctuating random temperature fluctuations that reach 2...3°C in the frequency range from 1
to 20 Hz with a weak correlation between beams.

Electrical disturbances take the form of short pulses or step functions with a steep front, the applied
voltage can be hundreds of times higher than the input signal. The intrinsic noise of the pyroreceiver,
corresponding to the signal when the temperature changes by 0.05...0.15°C, lies in the frequency range
that overlaps the range of the input signal and increases proportionally to the temperature by about half
for every 10°C.
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OCOBJIMBOCTI @OPMYBAHHS BUXIJHOI'O CUT'HAJTY
JATYUK IHOPAYEPBOHOI'O BUITPOMIHIOBAHHSI

Y cmammi pozensoaromvcs Oemexmopu  iHDPAUEPEOHO20 BUNPOMIHIOBAHHS, 5K MONCYMb
peecmpysamu. menioge SUNPOMIHIOBAHHS JIcu8020 opzanizmy. Tino M0OuUHU Mae memnepamypy 6
dianazoHi 6i0 31°C 00 42°C 3anedicHo 8i0 menio0OMIHY Mid WKIPOK Ma HABKOTUWHIM cepedosuuyjem
ma iHgpauepeone sUNPOMIHIOBAHHS 8 OIANA30HI 008ICUH X8Ulb 8I0 4 00 50 mixkpon. Ilposedeno ananiz
A6UWA NIPOELEKMPUYHO20 eghekny ma ocoonugocmi tioeo euxopucmaumus. Hasedeno npunyunu
Gpopmysanns meniooco GUNPOMIHIOBAHHS. 8 30HI GUAGTEHHSA OAMYUKA MA HABEOeHO (opmyau Os
BUBHAYEHHST BEIUYUHU BUNPOMINIOBAHHS MeNn108020 nomoxy. Hocniodceno npoyec @opmysanis
BUXIOH020 CueHany nio uac Oii menjosoi enepeii Ha damuuk. Bemarnosneno, wo 015 payionanbHo2o
BUKOPUCMAHHA MemoOdi8 1 aneopummie niosUweHHs 3a8a00CMIUKoCcmi IHppauep8onoco O0amuuxa
HeoOXIOHO 3HaAMU OCHOBHI NAPAMEMPU CUSHATY, a came aMniimyody, hopmy, mpusaricms, 3a1eHCHICMb
8I0 weUOKOCMI PyXy M100UHU i poHosa memnepamypa. Haseoeno excnepumenmanvhi epapixu popmu
Ma CneKmpy CUSHATY HA 6X001 NIPOeNeKMPUUHO2O OAMUUKA 3a PI3HUX YMO08 6x00Y. [Ipoananizosano
BNIUG MEMNEPAMYPHO20 KOHMPACTY HA (POPMYBAHHS GUXIOHO20 CUSHATY OAMYUKA.

Knwwuogi cnosa: yymausuili enemenm, niponpuimay, 19-eunpominioeanns, cueHanizayis, 30Ha
4YMAUBOCINI.
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