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IDENTIFICATION OF GASES BY NOISE SPECTRUM PARAMETERS BASED ON
THE EINSTEIN-SMOLUCHOWSKI EQUATION

In this work, a mathematical model based on the Einstein—Smoluchowski stochastic equation
describing the output voltage of gas sensors is presented. The Ornstein—Uhlenbeck stochastic
process was used to analyze the noise spectrum of laser gas sensors, as a result of which it was
proved that the output signal has the form of a Lorentz spectrum. The model allows us to
determine the frequency spectrum of the output voltage, taking into account the diffusion and
relaxation processes of the gas. Experimental studies have shown changes in time series and
correlation parameters for various gases (air, methane, ethanol, ammonia). The proposed model
can serve as a basis for creating digital twins of sensors and developing self-calibration systems.
The analytical approach establishes a relationship between stochastic fluctuations caused by
molecular diffusion and the measurable spectral characteristics of the sensor output.
Characteristic parameters of the Lorentzian spectrum, including spectral density, relaxation time,
and correlation properties, were evaluated for different gaseous media. Comparative analysis
demonstrates that each gas exhibits distinct noise signatures determined by its physical and
diffusion properties, enabling reliable discrimination without introducing additional sensing
elements. The proposed methodology improves the understanding of fluctuation-induced
processes in laser gas sensors and provides a theoretical framework for noise-based gas
identification. The obtained results may contribute to the development of intelligent gas sensing
systems, real-time signal processing algorithms, and adaptive monitoring platforms for
environmental, industrial, and safety applications.

Keywords: gas sensor, Einstein-Smoluchovsky equation, Lorentz spectrum, stochastic model,
diffusion, relaxation.
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DUHILTENH-CMONYXOBCKUNA TEHAEYI HETi3iHAE LWYbIN CNEKTPIHIH NnapameTpaepi
60MbIHLWA ra3apblH TYPAEPiH aHbIKTay

Byn  JKyMbICTa a3 CEHCOP/AapblHbIH,  WbIFbIC  KEPHeYiH CcunaTTalTbiH  DAHWTEeNH-
CMONTYXOBCKMIAiH, CTOXaCTUKAMbIK TEHEYiHe Heri3genreH MaTeMaTuKanblK MOAE/b YCbIHbIIFaH.
J1azepniKk ra3 ceHcopAapbiHbIH, LWYblA CNEKTPiH Tanday ywiH OpHLLTeNH-YNeHbeK CTOXaCTMKabIK,
NPOoLECi KONAAHbINbIM, HITUMECIHAE WbIFbIC CUTHANbIHLIH, JIOpeHL, cnekTpi TypiHae 6onaTbiHbI
[onengeHai. 93ipaeHreH MoAenb ra3 opTacbiHAA KYPETIH ANDPY3UANBIK KaHe penakcaumabiK
NPOLECTEPAi ecKkepe OTbIPbIM, LWbIFbIC KEePHEYIHIH KMINIKTIK CNeKTPiH aHblKTayfa MYMKIHAIK
bepei. IKCNEePUMEHTTIK 3epTTeyaep apTypAai razgap (aya, MeTaH, STaHO/ KaHEe aMMMaK) YLiH
YaKbITTbIK KaTapaap MeH KOppenaumanbiK napameTpaepaiH e3repeTiHiH KepceTTi. ¥YCbiHblAFaH
MOZeNb a3 CeHCcopNapbiHbiH, UMOPAbIK eri3gepiH Kypyfa »aHe ofapdbl ©3iH-e3i Kannbpney
XymenepiH asipneyre Heris 6ona anadbl. YCbIHbIIFAH aHAMIMTUKANbIK TICi/T MOMEKYNaNbIK
andodysnanaH TybIHAANTBIH CTOXAaCTUKAbIK GAYKTYaUMANAP MEH CEHCOPAbIH, LUbIFbIC CUTHAbIHbIH,
e/leHeTIH CNeKTPAIK cunaTTamanapbl apacbiHAafbl ©3apa 6annaHbICTbl aHbIKTaMAbl. DPTYPAI ras
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opTanapbl yWiH JIopeHL, CNeKTpiHiH Heri3ri napameTpaepi, OHblIH, iWiHAe CNeKTP/IK TblfbI34bIK,
peslakCcaLmMA yaKplTbl XaHe KOPPeNAUMAbIK cunatTramanap aHblikTanabl. CanbiCTbipMasibl Taaaay
3epTTenreH apbip rasaplH, 63iHiH GU3MKanbIK KaHe Anddy3nANbIK KacMeTTepiMeH aHbIKTanaTbiH
Hiperei wWyblA cMnaTTaManapbiHa Me eKeHiH KepceTTi, Byn KocbiMlWa ce3iMTan aeMeHTTepAI
KonaaHbai-aK onapabl CeHiMAi CalKecTeHAipyre MYMKIHAIK 6epeai. ¥cCbiHbIAFaH aficHama
Na3epnik ra3 ceHcopnapblHAarbl GAYKTyaUMANbIK MPoLecTep Typabl TYCIHIKTI KEHeNTin, razgapab
Wybla cunaTTamanapbl OOMbIHWA CIMKECTEHAIPYAIH, TEOPMANBIK HEri3iH  KanbinTacTblpabl.
ANbIHFaH HITUXKeNep WHTeNNeKTyan4bl ras Tanday »KyWenepiH, HaKTbl YaKplT pexumiHae
CUrHangapabl eHAeYy anrOpUTMAEPIH, COHAAN-aK SKONOTMANBIK, OHAIPICTIK *KaHe TeEXHONOTMAbIK
MOHUTOPUHTKe apHanfaH berimaeneTiH nnatdopmanapabl a3ipneyae KoAAaHbINYbl MYMKIH.

TyiiH cesaep: ras ceHcopbl, INHWTENH-CMONYXOBCKUI TeHaeyi, /IopeHL, CNeKTpi, CTOXacTbl
Moaenb, anddysma, penaxkcaums.

B.A. XaHues, C.H. AxTaHoB, A.}K. AkHuazosa*, A.O. Tiney, A.K. UmaHbaeBa,
Ka3axcKkuit HaumoHa bHbIN YHUBEPCUTET MMEHM anb-Papabu, Anmatsl, KasaxctaH
*e-mail: aigerimakniyazova@gmail.com

NaeHTudUKaLmMA ra308 Ha OCHOBE NapaMeTPOB LYMOBOrO CNEKTPa C UCMO/Ib30BaHWEM
ypaBHeHMA JiHWTeiHa-CMOoYX0BCKOro

B HacToAwen paboTe npencTaBneHa MaTemMaTMdeckas MoZefb, OCHOBaHHaA Ha
CTOXaCTMYECKOM  ypaBHeHUW  SNHWTeMHa-CMONYXOBCKOrO,  OMUCHIBAlOWEM  BbIXOAHOE
HanpAXeHWe ra3oBblx CEHCOPOB. [1NA aHaM3a LWYMOBOro CNeKTpa Sa3epHbIX ra30BblX CEHCOPOB
MCNONb30BaH CTOXaCTUYEeCKNiA NpoLecc OpHLWTenHa-YneHbeKa, B pesynbraTe Yero NokasaHo, 4To
BbIXOAHOW CWUrHanA MMeeT BWJ JIOPEHLLEBCKOro cnekTpa. PaspabotaHHas monenb nossonaer
onpefennTb YacTOTHbIA CMNEKTP BbIXOAHOTO HaMnpaXeHWa C  ydyeTom AndOY3MOHHBIX U
penakcalMOHHbIX MPOLECCOB, NPOTEKAlWMX B ra3oBoM cpefe. IKcnepuMeHTasbHble
nccnenoBaHMA NOKa3ann M3MeHeHUA BPEMEHHbIX PAAOB U KOPPEALUMOHHBIX NapaMeTpoB Ana
Pas/MYHbIX ra3oB (BO34yXa, MeTaHa, 3TaHONa M aMMmuaka). MpeanoXeHHaa MofeNb MOXKET
CNY*KUTb OCHOBOW ANA CO34aHMA LMPPOBbLIX ABOMHWUKOB ra30BbIX CEHCOPOB W Pa3paboTKM cucTem
MX CcaMoKanmbposkKM. [Mpepnaraemblii aHAIMTUYECKMA MOAXOL YCTaHaB/NMBAaeT B3aMMOCBA3b
MEXKIY CTOXaCTUHECKMMWM GAYKTYaUMAMKM, OBYCNOBNEHHbIMM MONeRyAapHON anddysunel, U
M3MEPAEMbIMW  CNEKTPA/IbHbIMW  XapPaKTEPUCTUKAMM  BbIXOAHOrO CUrHana ceHcopa. [na
Pa3IMYHbIX ra30Bbix cpes Oblan onpeaeneHbl XapakTepHble NapamMeTpbl IOPEHLLEBCKOrO CNEKTPa,
BK/IOYAA CMNEKTPA/IbHYIO MAOTHOCTb, BPEMA pPenakcalumnm 1 KOppenaumMoHHbIe XapaKTepPUCTUKM.
CpaBHWTENbHbIN aHaNM3 MOKasaa, UYTO KaxAapl uccneayemblit ras obnafaeT YHWKaNbHbIMK
WYMOBBIMM NPU3HAKaMK, onpeaensiembiMm ero pusmdyecknmm n andody3sMoHHbIMM CBOMCTBAMM,
4yTo obecneymMBaeT BO3MOXHOCTb WX HaAEXHOW uaeHTUOUKaumm 6e3  npumeHeHus
[OMONHUTENBHBIX YYBCTBUTE/bHbBIX 371eMEHTOB. [1peafioKeHHada MeTOA0A0MMA  paclumpaeT
npeacTasneHmsa o GAyKTyaLMOHHbIX NpOLEeccax B NasepHbIX ra3oBbiX CeHcopax u dopmupyet
TEOPEeTUYECKYH OCHOBY A/18 UAEHTUOUKALLMM ra308B MO LIYMOBbIM XapaKTePUCTUKAM. MonyveHHble
pe3ynbTaTbl MOTyT ObiTb MCMOAL30BaHbI NPU Pa3pPaboTKe WMHTENNEKTyalbHbIX CUCTEM rasoBoro
aHaAM3a, anropuTMoB 0OPAbOTKM CWUrHANOB B peasbHOM BpPEMEHM, a TaKXKe aAanTWMBHBbIX
NAaTGOPM MOHUTOPUHTIA 1A SKONOTUUYECKMX, NMPOMbILLIAEHHBIX U TEXHONOTMYECKUX NPUMEHEHWIA.

Kniouesble cnoBa: ceHcop rasa, dopmyna IMHLWITERHa-CMONYXOBCKOTO, CrekTp JlopeHua,
CTOXaCTUYECKUA Moaenb, Anddysua, penarcaums.

Introduction
Gas sensors are an integral component of The need to detect and quantify a wide range of gases

modern environmental monitoring systems, industrial — from toxic (NOx, CO, H2S) and greenhouse gases
safety, medical diagnostics, and smart technologies. (CO., CHa4) to metabolic disease markers in exhaled
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air — drives the constant improvement of sensor
technologies [1]. In the context of the fourth industrial
revolution and the development of the Internet of
Things (IoT), sensors are subject to stringent
requirements: they must provide high sensitivity and
selectivity, operate for many years without calibration
and with minimal power consumption, and be
integrated into wireless networks [2].

Recent years have seen intensive development of
both sensor materials and designs, as well as
mathematical methods for signal processing. Review
papers devoted to modern gas sensors emphasize the
need for an interdisciplinary approach integrating
physics, materials science, electronics, and
mathematical modeling [3]. Increasing attention is
being paid not only to the steady-state response of the
sensor, but also to its dynamic characteristics, as well
as signal fluctuations, which have traditionally been
viewed as interference [4].

Noise is a key factor limiting the sensitivity of
gas sensors. However, in recent years, the so-called
Fluctuation-Enhanced Sensing (FES) approach has
been actively developing. In this approach, noise
fluctuations in the signal are considered not as
unwanted interference, but as an additional source of
information about the type and concentration of gas
[5]. As noted by Scandurra et al. [6], FES is a very
powerful technique for detecting odors and gases and
can play a fundamental role in environmental
monitoring and the detection of hazardous gases.
Research shows that the analysis of low-frequency
noise caused by the adsorption and desorption of gas
molecules on the surface of the sensing element can
significantly improve the selectivity of sensors, in
particular, the discrimination between structurally
related compounds [7]. For example, the analysis of
noise spectra allows one to distinguish between gases
that produce a similar static response, which is critical
for the creation of electronic noses and multisensor
systems [8].

In parallel with experimental advances, a
theoretical framework for describing sensor systems
is being developed. Cheremisina et al. [9] describe the
formation of an "image" of a substance based on
measurements by multisensor systems using
stochastic transformations and the calculation of
correlation and fractal dimensions of reconstruction
attractors. This approach emphasizes the importance
of mathematical modeling for recognizing complex
images of multicomponent gaseous media, which is
particularly relevant for the creation of "electronic
nose" devices [10].

Optical methods of gas analysis based on laser
spectroscopy occupy a special place due to their high
sensitivity and selectivity. In a review by Zhu et al.
[11], advances in photothermal spectroscopy (PTS)

are discussed, which is characterized by high
sensitivity, a large dynamic range, and a virtually
complete absence of background signal. PTS is based
on recording changes in the refractive index or
temperature of a gas caused by the absorption of laser
radiation [12]. Of particular interest are methods of
quartz-enhanced photoacoustic spectroscopy
(QEPAS), which use a high-Q quartz tuning fork as a
sensitive element, ensuring the recording of acoustic
waves generated during the relaxation of excited gas
molecules [13].

The physical basis of most laser gas sensors is
the effect of radiation absorption by gas molecules.
When a laser beam passes through a gas medium, its
intensity is attenuated in accordance with the Beer-
Lambert law, with the degree of attenuation
depending on the concentration of absorbing
molecules and the optical path length [14]. The gas
absorption spectrum is a set of lines whose shape
(Lorentzian, Gaussian, or Voigt) is determined by
broadening mechanisms, including Doppler and
impact broadening [15]. By recording the change in
the intensity of transmitted or scattered radiation
using a photodetector, it is possible to obtain an
electrical signal proportional to the gas concentration.
However, this signal is always accompanied by noise
of various natures: shot noise of the detector, excess
1/f noise of the laser and electronic components, as
well as specific noise associated with fluctuations in
the density and composition of the gas in the
measuring cell [16]. It is these noise components,
superimposed on the useful signal, that limit the
detection threshold and can be used in the FES
approach [5].

In this paper, we consider a mathematical model
of the output voltage of a gas sensor based on the
stochastic Einstein-Smoluchowski equation. This
equation describes the relationship between diffusion
and relaxation processes and, in the context of
sensorics, allows us to understand how the statistics
of random forces affecting the signal change [17].
The analytical solution of this equation is a process
characterized by an exponentially decaying
autocorrelation function and a Lorentzian power
spectrum [18]. This description adequately reflects
the physics of fluctuations that occur when laser
radiation passes through a gas medium, where
random changes in concentration, pressure, and
temperature lead to absorption fluctuations and,
consequently, to noise at the output of the
photodetector [19].

The aim of this work is to experimentally verify
a method for identifying various gases (air, methane,
ethanol, ammonia) based on noise spectrum
parameters (correlation time 7 and relaxation
coefficient y) using the Einstein-Smoluchowski
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equation. The proposed approach can serve as the
basis for creating digital twins of sensors that enable
self-diagnostics, compensate for zero drift, and

Mathematical model of a noise signal

The output voltage of the laser gas sensor U(¢) is
considered as the realization of a stochastic process,
which is affected by a random force &(7) [21]. The
dynamics of stress is described by the Einstein-
Smoluchowski equation [22]:

dU(t)
dt

(§@®) =0, (€(O)§(t)) =2D5(t —t").

+yU(t) = (), 1)

where y is the relaxation coefficient or the inverse
correlation time z.=1/y, depending on the gas
parameters and the sensor structure, &(¢) is the white
noise, and D is the noise intensity. The Einstein-
Smoluchowski equation gives the relationship
between diffusion and relaxation. This helps the
electronics learn and compensate for zero-point drift
by understanding how the statistics of random forces
in the sensor change. The dynamics of the output
voltage U(?) of the laser sensor can be viewed as a
stochastic process. This model adequately describes
signal fluctuations arising as a result of adsorption-
desorption processes on the surface of the sensitive
element and random changes in gas density in the
measuring system.

The stationary solution of equation (1) is an
Ornstein-Uhlenbeck process characterized by an
exponential autocorrelation function [21]

K@) =U®)U(t+ 1))

extend calibration intervals, which meets modern
Industry 4.0 requirements[20].

K(z) = D/y exp(=vIz]). 2)

The memory of this system, i.e. the signal at time =
T is related to the signal in the future, is larger the
weaker the relaxation coefficient. After the Fourier
transform, the exponential decay over time leads to
the Lorentz spectrum [23]:

S(w) = 2D/(? + w?). 3)

In sensorics, this expression means that the voltage
fluctuations at the output of a laser detector have a
maximum intensity at low frequencies and decrease
according to the law (1/w)? at high frequencies.

Gas sensors rely on narrow spectral absorption
lines, a linear relationship between concentration,
absorption coefficient, and measured signal. The full
width at half maximum is equal to 2y. It is directly
related to gas pressure and collision frequency
(Lorentz broadening). Without the Lorentz spectrum,
accurate gas leak detectors, medical diagnostic lasers,
and precision instruments for monitoring gas leak
systems in manufacturing would not exist.
Mathematical models based on the Einstein-
Smoluchowski equation allow the creation of digital
twins of sensors. This helps the electronics to self-
learn and compensate for zero-point drift by
understanding how the statistics of random forces in
the sensor change.

Experimental setup and data processing methods

A laboratory setup for analyzing a laser gas
sensor (Figure 1) was used for experimental studies.
The setup includes a laser source (wavelength 4 =532
nm, power 60 mA), a 20 ml gas cuvette, a
photodetector, and a data acquisition system based on
the NI ELVIS II+. Laser radiation passes through the
gas medium, where it is absorbed according to the
Beer-Lambert-Bouguer law [24]. Changes in the
intensity of the transmitted radiation are recorded
using a photodetector, the output signal of which is
recorded by a high-temporal-resolution data
acquisition system. The photodiode bias voltage was
U = -2.3V, which corresponds to the stability region
of the PIN characteristic.
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The following gases were used for the study:
atmospheric air, methane (CHa), ethanol (C.HsOH),
and ammonia (NHs). These gases were chosen due to
their widespread use in environmental monitoring
and industrial safety. Methane is the main component
of natural gas and a significant greenhouse gas,
ethanol is used as a biofuel and solvent, and ammonia
is used in agriculture and refrigeration, and is also a
marker for a number of pathological conditions when
analyzed in exhaled breath [5].

A laser beam is directed through a gas cell
containing the gas being studied. As it passes through
the gas, the radiation intensity is attenuated due to
molecular absorption [24]. A photodetector converts
the optical signal into an electrical voltage, which is
continuously recorded over a specified time interval.

The output voltage time series U(f) were
recorded at a sampling rate sufficient for analyzing
noise spectra in the frequency range of up to several
kilohertz. For each gas type, time sequences were
recorded with a duration sufficient to ensure the
stationarity of the measured process and sufficient
frequency resolution for subsequent spectral analysis
[25]. The output voltage U(f) time series were
recorded at a sampling rate sufficient for analyzing
noise spectra in the frequency range of up to several
kilohertz. For each gas type, time series of 120
seconds were recorded, ensuring the stationarity of
the measured process and sufficient frequency
resolution for subsequent spectral analysis.

For each registered time series U(f) the
autocorrelation function estimate was calculated:

Results and discussion

Figure 2 shows the output voltage time series
U(f), recorded as the laser beam passed through
various gaseous media: air, methane, ethanol, and
ammonia. The recording duration was 120 seconds. A
clear difference in the amplitude and nature of the
fluctuations is observed for the different gases: for air
(minimum absorption), the voltage is maximum,
while for the other gases, the average value is lower
due to the absorption of laser radiation by the gas
molecules.

To quantitatively describe the fluctuations,
statistical characteristics of the time series were
calculated and presented in Table 1.

The standard deviation characterizes the
amplitude of noise fluctuations, which depends on the
gas type. The highest standard deviation is observed
for methane, which may be due to more intense
adsorption-desorption processes on the surface of the
sensing element. The correlation time 7., determined
from the autocorrelation function, is also a gas-
specific parameter.

N-tT
1 — —
— D U= DUese =), @

t=1

K() =

N

where N is the number of samples, U is the average
signal value. The resulting autocorrelation function
was approximated by an exponential function (2)
using the least squares method, which allowed us to
determine the relaxation coefficient y and the
correlation time 7. = 1/y.

The power spectral density S(w) was estimated
using the periodogram method with segment
averaging (Welch's method). The resulting spectrum
were approximated by a Lorentzian function (3),
which allowed for independent estimation of the vy
parameter and comparison with the value obtained
from autocorrelation analysis. A logarithmic scale
was used to plot the spectra to clearly display the
frequency dependence of 1/w? in the high-frequency
region. For each gas type, the mean value U and
standard deviation ¢ were calculated. These
characteristics allow us to quantitatively describe the
amplitude of noise fluctuations and their dependence
on the type of gas. Gas identification was based on
noise spectrum parameters (y, 7.) and statistical
characteristics (U, ). Each gas is characterized by a
unique set of these parameters, allowing them to be
used as identification features. This approach is
consistent with the Fluctuation-Enhanced Sensing
(FES) methodology, which considers the noise signal
as an additional source of information about the gas
type and concentration.

Table 1. Parameters of gases

Gastype  Mean Standart Te,MS
value U deviation, &

Air 0.4611 0.0325 8.44

Methane  0.7609 0.0482 16.39

Ethanol 0.7510 0.0373 13.62

Ammonia 0.7612 0.0404 15.54

Figure 3 shows the autocorrelation functions
K(t) calculated for the voltage time series. The
autocorrelation functions exhibit exponential decay
for all the gases studied. Air exhibits the fastest decay
of correlations, corresponding to the short process
memory time (z = 8.44 ms). For gases with higher
molecular weights and more complex structures
(methane, ammonia), the correlations decay more
slowly, resulting in longer correlation times (t > 15
ms). The obtained experimental curves are
approximated by the function (2), which confirms the
adequacy of the proposed mathematical model.
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Figure 4 shows the power spectra S(f), obtained
by Fourier transforming the autocorrelation
functions. The spectra have a Lorentzian shape,

which is consistent with theoretical predictions.

All spectra are characterized by a maximum
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intensity at zero frequency and a 1/w? decay in the
high-frequency region. Spectral intensity depends on
the gas type: methane exhibits the highest spectral
power density, consistent with a large standard
deviation.
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Figure 2 — Time series (a) — air, (b) — methane, (c) — ethanol, (d) — ammonia
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Figure 3 — Autocorrelation functions K(z) calculated for time series of voltage of different gases.
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Figure 4 — Power spectra S(f) of various gases

The obtained results confirm the effectiveness of
the proposed gas identification method based on the
Einstein-Smoluchowski equation. The correlation
time 1 and standard deviation values are gas-specific
and can serve as identification indicators. Methane
has the longest correlation time (16.39 ms) and
standard deviation (0.0482 V) among the gases
studied, which is explained by its more complex
molecular structure and the specific adsorption
interactions with the sensor material.

The exponential nature of the autocorrelation
functions and the Lorentzian shape of the power

Conclusion

In this paper, a method for identifying gases (air,
methane, ethanol, ammonia) is proposed and
experimentally verified based on the analysis of the
parameters of the noise spectrum of the output
voltage of a laser gas sensor within the framework of
the Finstein-Smoluchowski stochastic model.

It has been experimentally confirmed that the
output voltage time series of a laser gas sensor for
various gases are described by the Ornstein-
Uhlenbeck process. The autocorrelation functions are
exponential, and the power spectra are Lorentzian,
which fully corresponds to the theoretical predictions
of the Einstein-Smoluchowski equation.

Statistical parameters of time series and noise
spectra were determined for four gases. The

spectra confirm that the process of changing the
output voltage of a laser gas sensor is described by the
Einstein-Smoluchowski equation. This is consistent
with studies showing that noise fluctuations in gas
sensors have a Lorentzian spectrum.

The observed decrease in the intensity of spectral
lines with increasing gas concentration indicates a
saturation effect in the gas sensor response. This
phenomenon is described within the framework of
fluctuation-dissipation theory, where the critical
concentration is determined by the equality of the
quantum and thermal factors.

correlation time T was found to be gas-specific: 8.44
ms for air, 13.62 ms for ethanol, 15.54 ms for
ammonia, and 16.39 ms for methane. The largest
standard deviation (0.0482 V) was observed for
methane, indicating more intense adsorption-
desorption processes.

The proposed method for gas identification
based on the analysis of low-frequency noise
fluctuations (200-400 Hz) is simple and cost-
effective, as it does not require expensive spectral
equipment. It can be implemented in compact and
inexpensive sensor systems for industrial monitoring
and environmental control.

The developed approach provides the basis for
creating digital twins of sensors that enable self-
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