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A B S T R A C T

Smart sensor systems have gained increasing importance in various fields, including healthcare, environmental
monitoring, industrial automation, and security. Photoacoustic gas sensors are an emerging type of optical
sensor used in various applications due to its enhanced performance characteristics. However, the accuracy
and reliability of gas concentration measurements from photoacoustic gas sensors may be impacted by several
known limitations, including drift of the gas cell resonant frequency over extended periods of time. Researchers
have proposed various solutions, including optimization methods and signal processing algorithms, to address
this and others issues. In this paper, we propose a novel solution using an extremum-seeking control algorithm
to manage the laser modulation frequency of photoacoustic gas sensors. By tracking the changing resonant
frequency of the gas cell, long-term stability can be achieved, making it suitable for environmental monitoring,
petroleum exploration, and industrial process control. Our approach has the potential to improve the accuracy
and reliability of long-term measurements obtained from photoacoustic gas sensors, providing a stable and
reliable method for gas concentration estimation.
1. Introduction

Smart sensors and sensor systems are emerging technologies that
have become increasingly important in everyday life over the last
decade with applications in a wide range of fields such as healthcare,
environmental monitoring, industrial automation, security, and more.
Sensors are devices that can detect characteristics of physical, chemical,
and biological processes and convert them into signals that can be
analyzed and interpreted. They provide real-time and continuous data
about the state of the environment or the system being monitored,
enabling timely and accurate decision making.

There are various types of sensors, including temperature, pressure,
humidity, and gas sensors. Optical gas sensors, in particular, have
gained increasing attention in recent years due to their advantages such
as high sensitivity, selectivity, and stability [1]. They can be further
classified into different types based on the physical phenomenon they
exploit, including absorption, fluorescence, and photoacoustic phenom-
ena. Photoacoustic gas sensor (PAGS) is a type of optical sensors that
measures gas concentration based on the absorption of light by gas
molecules, resulting in a local temperature increase and the emission of
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acoustic waves [2]. Nowadays PAGS have been widely used in environ-
mental monitoring, industrial process control, and medical diagnosis
due to their improved performance characteristics. In environmen-
tal monitoring, PAGS are used to measure greenhouse gases such as
methane and carbon dioxide [3]. In industrial process control, they are
used for gas detection and monitoring of combustion processes [4].
In medical diagnosis, PAGS can be used for breath analysis to detect
diseases such as lung cancer [5].

A crucial component of optical gas sensors is the radiation source
as it determines the spectral range of the device. There are different
types of radiation sources that can be used for PAGS, including non-
coherent sources like LEDs and mid-infrared lamps, as well as coherent
sources such as optical parametric oscillators (OPOs), quantum cascade
lasers (QCLs), discretely tunable solid-state and gas lasers [6]. The use
of OPOs and QCLs offers the advantage of continuous tuning of the
radiation wavelength. OPOs, in particular, provide the ability to change
the wavelength in a wide range of up to tens of micrometers within a
single device [7,8]. The OPO operation is based on frequency down-
conversion in a nonlinear crystal, as a result of which monochromatic
pump radiation is converted into tunable radiation of signal and idler
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waves. By employing widely tunable OPOs in PAGS, it becomes possible
to detect multiple gases simultaneously, thus enhancing the universality
of this approach [9]. To minimize the effect of cross-sensitivity in
multi-component gas analyzers, various mathematical analysis methods
can be applied, such as canonical correlation analysis [10], principal
component analysis [5], and others.

However, photoacoustic gas sensors have several known limitations,
such as gas cell resonant frequency drift, sensitivity to external dis-
turbances, and cross-sensitivity to other gases [2,11]. A particularly
significant drawback is the drift of the resonant frequency of the gas
cell. The operation of the sensor relies on the alignment between the
repetition rate of laser pulses propagating through the gas being studied
and the resonant frequency of the gas cell. When the resonant frequency
of the gas cell fluctuates due to temperature changes or other external
factors, a tool to control and adjust the laser modulation frequency is
necessary. All these limitations can affect the accuracy and reliability of
gas concentration measurements, particularly over extended periods of
time. Researchers, motivated by the need to improve long-term stability
of PAGS, have proposed various solutions, such as using reference cells,
temperature stabilization and signal processing algorithms [12].

With the increased use of sensors in recent times, sensor systems
generate a large amount of data that must be collected, analyzed and
interpreted. As a result, optimization and machine learning methods
have been applied to sensor systems to manage their performance,
control their operating conditions, and process gathered information.
These methods are useful in improving the accuracy, efficiency, and
robustness of the sensor systems. They can help to adapt to changing
environmental conditions, reduce noise and interference, and handle
large amounts of data. One of the such optimization methods is the
extremum-seeking control algorithm (ESCA). ESCA is a closed-loop
control strategy that can optimize the performance of a system by
seeking the extremum of a cost function [13,14]. By adjusting the
system’s input parameters, the algorithm can find the optimal op-
erating conditions that minimize the cost function. ESCA has been
used in various applications, including robotics, process control, and
environmental monitoring [15–17].

In this paper, we present a novel solution to address the drift in
the resonant frequency of a gas cell observed in PAGS. Specifically, we
propose the use of an extremum-seeking control algorithm to manage
the radiation source pulse repetition rate and make it follow the reso-
nant frequency of the gas cell, thereby achieving long-term stability of a
gas sensor. We demonstrate the effectiveness of the proposed algorithm
through experiments and estimate its performance. Our results show
that the ESCA can effectively maintain the stability of the PAGS over
extended periods, making it suitable for various applications, including
environmental monitoring, petroleum exploration, and industrial pro-
cess control. By providing a solution for real-time tracking the resonant
frequency of the gas cell, our proposed approach has the potential
to significantly improve the accuracy and reliability of long-term gas
concentration measurements obtained from PAGS.

2. Experimental setup

The key components of PAGS include a radiation source emitting
at a wavelength that matches the absorption line of the gas being
investigated, a gas cell that serves as a resonator, and a detector that
captures the acoustic signal produced when the radiation interacts with
the gas. To enable continuous wavelength tuning, we utilized an optical
parametric oscillator as the radiation source, as depicted in Fig. 1. The
developed OPO enables continuous tuning of the wavelength within
the range of 2.5–4.5 μm and can be used for multi-component gas
analysis, for example, for water vapor, acetone, hydrocarbons, and
CO2 isotopes detection. For this experimental study, the wavelength of
the OPO radiation was set to match the maximum absorption peak of
methane at approximately 3.32 μm. The OPO pump source was a diode-
pumped Q-switched Nd:YLF laser (TECH-1053 Advanced, Laser-export
2

Fig. 1. The experimental setup of the developed PAGS system: FI — Faraday isolator,
L1 and L2 — lenses, HWP — half-wave plate, Pol — polarizer, TR — total reflected
mirrors, DM — dichroic mirrors, PAD — photoacoustic detector, Ref — non-resonant
reference cell, PPLN — fan-out periodically poled lithium niobate crystal, PC —
personal computer.

Co. Ltd.) that produced pulses with a duration of 6 ns and energy up to
1 mJ at 1.053 μm. The radiation linewidth was 227 pm (approximately
2 cm−1), and the beam quality factor M2 was around 1.4. The pulse
repetition rate could be varied from 0.1 to 4 kHz. To prevent feedback
from optical elements, we employed a Faraday isolator (FI). For smooth
power control, a half-wave plate (HWP) with a Glan prism (Pol) was
applied. We used the lens L1 with a focal length of 300 mm to match
the modes of the pump laser and the OPO cavity.

A differential photoacoustic detector (PAD) based on a resonator
with a fundamental resonance frequency of approximately 1750 Hz
and a Q-factor of around 40 was employed as the gas detector. The
detector geometry is identical to that of the cell which was previously
described in detail in [18]. It is constructed from a solid aluminum
alloy and comprise two parallel acoustic channels with dimensions of
Ø9 × 90 mm separated by a thin 1 mm partition, as well as two buffer
cavities (Ø20 × 8 mm) that are closed by flanges with rubber seals. To
minimize optical losses, ZnSe Brewster windows were installed at both
flanges. The gas was pumped through hoses mounted on the walls of
the buffer cavities.

In the middle of each acoustic resonator of the differential PAD, two
microphones are installed and connected to a differential amplifier. To
measure the current lowest resonant frequency, a piezoelectric sound
emitter is positioned in the center of one of the acoustic resonators.
This emitter acts as a speaker, generating acoustic vibrations within
the PAD. The resonant frequency is then measured when the PAD
is filled with air or nitrogen, which is approximately 1750 Hz and
1780 Hz, respectively. Modulating the laser at this frequency results
in a maximum PAD signal. The technique for measuring the resonant
frequency of the PAD is described in detail in [18]. The PAD comprises
two cells: a resonant cell and a non-resonant reference (REF) cell. The
REF cell is filled with a gas mixture of known concentration, in this
case, methane in nitrogen (1% CH4 + N2), and serves to compensate for
the impact of wavelength and power drift of the OPO on the PAD signal.
The signals from the cells are transformed into the frequency domain
using Fast Fourier Transform from digitized signals captured by cell
microphones. The Fourier bin corresponding to the resonant frequency
of the resonant cell is identified, and the amplitude of the signal in that
bin is determined. The PAD signal is calculated by taking the ratio of
the amplitude of the resonant cell Fourier bin to the amplitude of the
REF cell calculated in the same Fourier bin. To evaluate the algorithm’s
performance, the PAD was filled with a test gas mixture containing
9.7 ppm of methane in nitrogen, which is approximately five times
higher than the background concentration of methane in air.
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Fig. 2. Schematic depiction of the feedback loop for the photoacoustic gas sensor.

2.1. PPLN OPO

The nonlinear medium of the OPO used to generate radiation in
the spectral region of 2.5–4.5 μm was a fan-out MgO:PPLN structure
(50 × 20 × 3 mm, Labfer Ltd.). The domain structure’s period varied
smoothly along the 𝑦-axis in the range of 𝛬=27.5–32.5 μm. To min-
imize optical losses within the OPO cavity, the crystal faces were
antireflection-coated at around 1.5 μm. A thermostat housed on a mo-
torized translation stage was used to maintain the crystal temperature
at 40 ◦C.

Two metallic totally reflected mirrors TR1 and TR2 were used to
introduce the laser beam into the OPO cavity. To achieve the desired
beam size in the crystal, a lens L2 with a focal length of 𝑓=200 mm
was used, resulting in a size of 𝑑𝑥,𝑦 ≈ 290 μm (at a level of 𝑒−2). In
contrast to [19], a single-pass optical parametric oscillator was used in
this study. The cavity was formed by two flat dichroic mirrors, DM3
and DM4, which are transparent to pump and idler waves, but totally
reflected the signal wave. These mirrors were installed in the monolith
cube close to the edge of MgO: PPLN (with a gap of ∼0.5 mm on each
side).

Tuning of the OPO was achieved by shifting the structure along the
axis of the optical cavity using a motorized translation stage with a
25 mm travel range and 1.25 μm resolutions in full step. Tuning data
was recorded in a calibration file for further measurements, with an
accuracy of setting the specified wavelength at ±0.1 nm. The linewidth
of the PPLN OPO emission was measured to be ∼ 5.6 ± 0.2 cm−1 at
3312 nm and ∼ 5.5 ± 0.5 cm−1 over the entire tuning range. The
OPO radiation wavelength and linewidth were measured using a High
Finesse spectrometer (LSA IR-I) with a resolution of 12 GHz (∼50 pm).
The average OPO output power for methane detection was ∼35 mW.

2.2. Realization of feedback loop

The resonant frequency of the photoacoustic cell may change over
time, for example, as a result of changes in the ambient temperature
or the temperature of the gas mixture inside the cell. This effect is
negative, since in order to accurately determine the gas concentration,
the repetition rate of laser pulses must correspond to the resonant
frequency of the cell at each moment of time. To adjust the repetition
rate of the laser pulses, a feedback loop was implemented in the system
(Fig. 2). The input signal for the sensor is the time-controlled frequency
of the laser pulses 𝑢(𝑡), the output signal is the value of the objective
function 𝑦(𝑢(𝑡)), which definition is given in the next section. We use
extremum-seeking control algorithm to control the 𝑢(𝑡) variation in
time.

3. Extremum-seeking controller

The extremum-seeking control algorithm is a model-free adaptive
control algorithm that finds and tracks the local maxima of the objec-
tive function by changing the input parameters [14–17]. It is useful
for optimizing parameters to unknown dynamics of complex nonlinear
3

Fig. 3. Scheme of the extremum-seeking controller.

Fig. 4. Temporal evolution of the laser modulation frequency (a) and objective function
(b) measured at different values of ESCA parameters. Black and red triangles show PAD
resonant frequency measured by the speaker under similar conditions for 20 and 30 min
correspondingly.

systems in real time. At the first stage of ESCA low-amplitude sinusoidal
modulation is added to the input signal. System reacts to the parameter
perturbations, which causes a corresponding change in the objective
function value. Then the measured variation in the objective function
is compared with the varying input signal to dynamically improve an
estimate of the optimal input parameter.

Fig. 3 shows an algorithm diagram for a sensor system with one
input and one output. The input variable 𝑢 is the repetition rate of the
laser pulses, the output variable is the value of the objective function
𝑦(𝑢). The objective function is defined as the value of the PAD signal,
equal to the resonant cell signal normalized by REF signal. The proce-
dure used to calculate the PAD signal is described in the Experimental
Setup section. As previously mentioned, the use of a reference cell
enables compensation for any drift in the power and wavelength of the
OPO radiation. The algorithm starts working with adding a sinusoidal
modulation 𝐴𝑠𝑖𝑛(𝜔𝑡) to the best guess of the input 𝑢̂ that maximizes
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Fig. 5. Experimental recordings of normalized responses of PAD without and with ESCA when it is filled with N2 and N2 + 9.7 ppm CH4 test gas mixture.
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Fig. 6. 40-minute test of the algorithm performance during PAD cooling from ∼37 ◦C
to room temperature: (a) evolution of the objective function without (gray line) and
with (green line) ESCA; (b) variation of the laser modulation frequency over time. Red
and blue triangles show the measured PAD resonant frequency; (c) corresponding shift
of the resonance peak during the experiment.

the objective function. This perturbation passes through the system,
resulting in a perturbation of the objective function 𝑦(𝑢). The objective
function is then multiplied by a high-pass filter to remove bias from the
signal. Next, we obtain a demodulated signal by multiplying the filtered
objective function signal by a sinusoid 𝑠𝑖𝑛(𝜔𝑡) with the same frequency
as the modulation signal. Finally, we update the value of the estimate
̂ by integrating the demodulated signal, which brings 𝑢̂ closer to the
local maximum. Our implementation of the algorithm was inspired by
demo code intended as a companion to the book [20].

4. Results and discussion

In order to ensure stable algorithm operation, it is necessary to
select appropriate values for certain parameters. In this study, we
4

focused on optimizing the amplitude of the sinusoidal modulation 𝐴,
the modulation frequency 𝜔, and the integrator gain 𝐾. Fig. 4 illustrates
how the choice of these parameters impacts algorithm convergence. We
heated the PAD to a temperature of ∼37 ◦C and allowed it to cool for
0 min to ∼25 ◦C with the controller engaged. It should be noted that
he temperature sensor was placed on the PAD housing. The black and
ed triangles shown in Fig. 4a represent the PAD resonant frequency
rift measured by the speaker during the cell cooling process. The
olored lines in Fig. 4 depict the changes in laser modulation frequency
nd corresponding behavior of the objective function during algorithm
xecution.

It is worth noting that perturbation frequency is limited by the
requency of the measuring equipment 𝜔𝑝. In the following discussion,

we will refer to 𝜔 as the dimensionless quantity representing the ratio
of the perturbation frequency to the maximum achievable frequency. A
larger value of 𝜔 leads to faster convergence, as demonstrated by the
comparison of the light blue and dark blue lines in Fig. 4, as well as
better sensitivity to environmental changes. Increasing the modulation
amplitude 𝐴 leads to faster algorithm convergence, as shown in Fig. 4a,
but also results in more oscillations of the objective function around
the optimum, as demonstrated in Fig. 4b. Similarly, increasing the
integrator gain 𝐾 also results in faster convergence, but when K exceeds
15, the laser modulation frequency begins to oscillate significantly
and deviate from the optimal trajectory. We assume that the origin
of the low-frequency modulation of the objective function, clearly
visible on the dark green line in Fig. 4b, is related to the laser power
and wavelength drift which was not fully compensated by REF signal
normalization or to the spatial drift of the OPO beam in PAD. Therefore,
based on the aforementioned considerations, we select the parameter
values 𝐴=2, 𝜔=1, and 𝐾=15 as optimal and utilize them throughout
the paper.

To study the impact of ESCA on sensitivity and detection limits, the
PAD was alternately filled with dry nitrogen and a mixture of reference
gases, consisting of nitrogen mixed with methane (N2 + 9.7 ppm
CH4). All methane detection measurements were performed at room
temperature and atmospheric pressure, using a wavelength of 3.313 μm
and a pulse repetition rate of 1798 Hz. Fig. 5 shows the experimental
records of the normalized PAD response, both with and without ESCA.
The response was calibrated using the known concentration of methane
in the gas mixture under investigation (9.7 ppm). The limit of CH4
detection (𝜇+3𝜎) [21] without and with ESCA was ∼1.8 ppm and
∼1.6 ppm, respectively. It is important to note that our study did not
aim to achieve the lowest possible sensitivity, so all measurements were
carried out at less than the maximum OPO energy. ESCA did not affect
the limit of detection, however, it significantly improved the long-term

stability of the measurements, as demonstrated below.
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Fig. 7. 80-minute test of the algorithm performance under PAD temperature changes: (a) evolution of objective function without (gray line) and with (green line) ESCA; (b)
ariation of the PAD resonant frequency over time (black triangles) and adjustment of the laser pulse repetition rate.
Fig. 6 illustrates the results of the algorithm’s execution when the
as cell was initially heated to ∼37 ◦C and then allowed to cool

down for 40 min to room temperature (∼25 ◦C). The ESCA controller
stabilized the objective function at the highest constant level, as shown
by the green line in Fig. 6a. Please note that the spikes observed
in the objective function (as indicated by the pink rectangles) were
caused by a random external disturbance, which occurred due to a
post falling onto the optical table. Even this external disturbance did
not cause a malfunction in the algorithm. In contrast, without the
controller, the value of the objective function decreased by 40% from
the maximum value (gray line in Fig. 6a). The corresponding change in
laser modulation frequency is shown in Fig. 6b. As it was not possible
to measure the resonant frequency of the cell directly using a speaker
during the algorithm execution, we measured the frequency before and
after the sensor’s operation. The initial frequency is marked with a red
triangle, and the final frequency is marked with a blue triangle. The
shift of the resonance peak in the Fourier space is shown in Fig. 6c.

We also investigated how a sinusoidal temperature variation com-
bining cooling and heating of the cell affects the performance of the
algorithm. The results of the experiment, which lasted for 80 min
(corresponding to one period of the sinusoid), are shown in Fig. 7.
When the controller is enabled, the objective function value remains
close to the constant, while without the controller, it deviates from the
maximum (compare the green and gray lines in Fig. 7a). The repetition
rate of the laser pulses tracks changes in temperature. Black triangles
demonstrates the variation of the gas cell resonant frequency with time,
which was directly measured by the speaker under similar conditions
of sinusoidal temperature variation (Fig. 7b).

The test measurements conducted above demonstrate that using
ESCA for PAGS improves the long-term stability of gas concentration
measurements. However, one drawback and constraint of the proposed
method is the requirement for manual adjustment of the algorithm
coefficients, namely 𝐴, 𝜔, and 𝐾. To overcome this limitation we
plan to improve the algorithm to automatically search for suitable
coefficients. Additionally, this approach can be extended to monitor
concentrations of other gases that absorb in the mid-IR range. For
this purpose, radiation sources with wavelengths corresponding to the
absorption line of the target gas should be utilized, and the REF cell
of the gas mixture should contain a fixed concentration of the inves-
tigated substance to offset wavelength and radiation power level drift.
Furthermore, the method can be adapted for use in multi-component
5

gas sensors. In this case, the REF cell should contain mixtures of
target gases with fixed concentrations, and the absorption lines of
the selected gases must be spectrally separated. As for the necessary
hardware equipment, a minor disadvantage of the proposed method is
the accuracy of setting the laser pulse repetition frequency, which is
limited by the microcontroller capabilities. The current experimental
setup allows setting the frequency with an accuracy of approximately
0.1 Hz for frequencies around 1700 Hz, which may affect the algorithm
performance. To assess the effect of this issue, additional experiments
with variable frequency are required.

5. Conclusions

Today, a wide range of problems require accurate measurement
of low gas concentrations over extended periods, ranging from ten
minutes to several hours. Examples include terrain mapping to search
for oil and gas deposits, as well as long-term monitoring of exhaled air
to detect diseases. In addition, the monitoring of gas concentrations is
crucial to ensure safety in industries, particularly in boiler rooms and
gas-fired power stations. To address this challenge, we have proposed
a new solution based on the extremum-seeking control algorithm,
which ensures the long-term stability of photoacoustic gas sensors.
Our solution is based on the principle of automatically searching for
the optimal laser modulation frequency to compensate for changes in
the resonant frequency of the gas cell, which enables us to measure
gas concentrations more accurately. We experimentally demonstrated
the effectiveness of our algorithmic approach in measuring methane
concentration and maintaining sensor stability. Furthermore, we tested
the performance of our method on mitigating the impact of significant
changes in the resonant frequency caused by sharp changes in external
temperature. The proposed approach can be applied for the long-term
monitoring of concentrations of various biomarkers, industrial gases,
and major greenhouse gases such as carbon dioxide isotopes, ammonia,
nitrogen monoxide, and acetone, etc. Additionally, it can be adapted
to other photoacoustic gas sensor configurations that use different
radiation sources.
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