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A B S T R A C T

An innovative and miniature photoacoustic spectroscopy (PAS) gas sensor based on a multivariate-coupled 
amplification photoacoustic cell (MVCA-PAC) with a total length of 100 mm was developed to achieve ultra- 
sensitive trace CH4 detection. Acoustic pressure distribution simulations reveal that at the first-order reso
nance frequency, the MVCA-PAC achieves a maximum acoustic pressure approximately 3.9 times higher than 
that of a conventional photoacoustic cell. The absorption optical path of the MVCA-PAC reached 2068 mm 
through 22 reflections, resulting in a 2-fold increase in the amplitude of photoacoustic signals compared to the 
traditional photoacoustic cell with an equivalent absorption optical path. Furthermore, compared to a single-pass 
photoacoustic cell, the 2-f signal intensity of the MVCA-PAC increased by a factor of 4.5. Allan variance analysis 
indicated a detection limit of 0.572 ppm for CH4 detection with an averaging time of approximately 300 s. To 
further improve the measurement precision of the designed sensor, the Chebyshev rational fractional-order 
filtering (CRFOF) algorithm was introduced for PAS signal processing for the first time. Post-processing results 
demonstrated a 15.4-fold improvement in measurement precision, achieving a precision of 0.578 ppm. Finally, 
continuous monitoring of atmospheric CH4 over a 48-hour period validated the reliability and feasibility of the 
sensor.

1. Introduction

Methane (CH4) is a widely distributed energy gas in nature. It is both 
an essential element of natural gas and mine gas and a critical green
house gas that cannot be ignored[1–4]. Although methane is present in 
much lower concentrations in the atmosphere compared to carbon di
oxide, its greenhouse effect is about 22 times more intense[5]. Human 
activities, including industrial production, livestock farming, sewage 
treatment, and energy extraction, are the primary contributors to the 
increasing methane concentration in the atmosphere. Therefore, moni
toring trace methane concentration is critical for the precise control of 
methane emissions. Laser absorption spectroscopy, which operates 
based on Lambert-Beer’s law, offers the advantages of high sensitivity, 
quick responsiveness, and excellent selectivity[6–14], making it a 
widely adopted method for trace gas detection in various applications 

such as atmospheric pollutant monitoring, industrial gas emission con
trol, natural gas pipeline leak detection, agricultural ecology, and 
climate research[15–24]. Numerous methane gas sensors based on ab
sorption spectroscopy, such as direct absorption spectroscopy (DAS), 
tunable diode laser absorption spectroscopy (TDLAS), photoacoustic 
spectroscopy (PAS) and cavity enhanced absorption spectroscopy tech
nology (CEAS) have been developed[25,26]. Among these, PAS stands 
out due to its high sensitivity, large dynamic detection range and de
tector versatility. The minimum detection limit (MDL) and measurement 
precision are important parameters for evaluating the performance of 
PAS systems and researchers mainly focus on making efforts in terms of 
system structure optimization and signal-processing algorithm design
[27–32]. The optimization of the PAS system structure involves select
ing mid-infrared light sources, including quantum cascade lasers (QCL) 
and interband cascade lasers (ICL)[33–36], the utilization of novel 
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acoustic sensors and the innovative design of the photoacoustic cell 
structure. Benefit from the higher absorption coefficients of most gas 
molecules in the mid-infrared range，a multi-component PAS detection 
system based on an ICL light source emitted range from 3360 to 3372 nm 
was designed by Jonas Pangerl[37], detection limits of 6.8 ppbv, 2.3 
ppbv, and 3.6 ppbv were achieved for CH4, C2H6, and C2H2, 
respectively.

Up to now, excellent acoustic sensors such as MEMS microphone
[38], Polyvinylidene Fluoride Film[39], quartz tuning forks[40–48] and 
cantilevers[49,50] have been used as alternatives to traditional electric 
microphones. For instance, Thomas Strahl et al.[51] developed a MEMS 
microphone based PAS sensor with a detection limit of 329 ppb for CH4 
detection. Similarly, Liu et al.[39] demonstrated a PAS sensor for H2O 
vapor detection using a PVDF film as the transducer, achieving a mini
mum detection limit of 40 ppmv. Ma et al.[52] proposed a 
quartz-enhanced photoacoustic spectroscopy (QEPAS) sensor based on 
an H-shaped acoustic micro-resonator (AmR), which exhibited a 
17.2-fold enhancement in sensitivity compared to a conventional QEPAS 
sensor using a bare quartz tuning fork (QTF) for water vapor detection.

The utilization of mid-infrared light sources and novel acoustic 
sensors has significantly enhanced the minimum detection limit of PAS 
systems, however, it still has imperfections. For instance, the high pro
duction costs of mid-infrared light sources, MEMS microphone, PVDF 
film and cantilever increase the overall cost of PAS sensors and impose 
stricter structural requirements. Additionally, the resonant frequencies 
of QTFs used in QEPAS systems generally exceeds 30 kHz, posing 
challenges for detecting molecules with low vibrational-translational (V- 
T) relaxation rates[53]. In contrast, enhancing the intensity of photo
acoustic (PA) signals through the modification of PA cells is a more 
cost-effective and practical approach for improving the detection limit， 
so the Herriott-type and White-type multi-pass PA cells have been pre
sented to address these challenges[54–56].

In terms of improving the measurement precision of PAS system, the 
design and application of appropriate filtering algorithms are often 
essential. Commonly used filtering algorithms include the multi-signal 
average filtering (MAF) algorithm, Savitzky-Golay (S-G) filtering algo
rithm, Kalman filtering algorithm, and wavelet denoising algorithm
[57]. The MAF algorithm is simple and easy to implement, but is un
suitable for handling non-stationary or impulsive noise. The S-G filtering 
algorithm is effective at preserving the original shape and features of the 
signal while smoothing the data, however, it suffers from relatively high 
computational complexity, which can pose challenges in scenarios with 
large-scale datasets or stringent real-time requirements. The Kalman 
filtering algorithm is highly effective at managing system noise, but for 
non-linear systems, it requires necessary linearization approximation, 
which can introduce obvious deviations. The Wavelet denoising algo
rithm, with its ability to perform multi-resolution analysis, effectively 
separates signals and noise based on their characteristics at different 
scales. Nevertheless, the selection of wavelet basis functions will influ
ence the denoising effect, and selecting appropriate wavelet basis 
functions is rather complicated.

To improve the detection performance of the miniaturized PAS 
sensor, we propose a multivariate coupling amplification approach for 
PAS signals by integrating multi-pass optical paths and T-shaped 
acoustic waveguide. Furthermore, the Chebyshev rational fractional- 
order filtering (CRFOF) algorithm was introduced into the signal pro
cessing workflow for the first time. This algorithm effectively addresses 
the limitations of conventional filtering algorithms while enhancing 
measurement precision. The performance of the MVCA-PAC and the 
effectiveness of the CRFOF filtering algorithm were evaluated through 
the detection of CH4 gas. Additionally, the system successfully achieved 
accurate online monitoring of atmospheric methane concentrations over 
a 48-hour period, demonstrating its reliability and practicality.

2. Model of Chebyshev rational fractional-order filtering 
algorithm

The Chebyshev filtering algorithm based on fractional-order rational 
functions provides continuous stepwise stopband attenuation rates and 
enhanced design flexibility. This approach enables effective preserva
tion of the spectral characteristics of PAS signals, making it well-suited 
for advanced signal processing applications. The transfer function is 
expressed as: 
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Whereα, a, b, and c are parameters that need to be optimized. Assuming 
the input PAS signal is SPA-in, the output signal is given by: 

SPA− out = H(jω)SPA− in (2) 

When the frequencyωapproaches zero, H(jω)approaches cb, the output 
signal is SPA− out = c

bSPA− in, indicating that low-frequency signals are 
preserved. When the ωapproaches infinity, H(jω)approaches 0, SPA− out =

0, meaning that high-frequency signals are filtered out.
The calculation formulas for the order (N) and ripple coefficient (ε) 
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Where δp, δs, ωp, and ωs denote the passband deviation, stopband de
viation, passband edge frequency, and stopband edge frequency, 
respectively. Their relationship is defined as follows: 
⃒
⃒H

(
jωp

)⃒
⃒ ≥ 1 − δp|H(jωs)| ≤ δs (5) 

The amplitude-frequency response of the normalized Chebyshev 
low-pass filter is defined as: 
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Tn+αrepresents the fractional-order Chebyshev polynomial, and its 
expression is given as follows: 

Tn+α(ω) =

{
cos((n + α) ∗ arccos(ω)), |ω| ≤ 1
cosh((n + α) ∗ arccosh(ω)), |ω| > 1 (7) 

Define the nonlinear least squares cost function as: 
1
2
∑K

i=1(|Hn+α(X,ωi) − Cn+α(ωi)|)
2, where X is a vector composed of four 

parameters: α, a, b, and c. The cost function is expanded using a Taylor 
series at X∗ = X + ΔX, and the point where its first derivative equals zero 
is calculated. This point is then substituted into the cost function to 
evaluate whether its second derivative is positive definite. When the 
second derivative is positive definite, the point is substituted into Eq. (1)
to calculate the output signal. If it is not positive definite, the passband 
deviation and stopband deviation are iteratively adjusted until the sec
ond derivative becomes positive definite. The comprehensive imple
mentation process is illustrated in Fig. 1.
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3. Experiment details

3.1. Multivariate coupled amplification PA cell (MVCA-PAC) 
configuration

The structure of the multivariate coupled amplification PA cell is 
shown in Fig. 2. It comprises of a cylindrical resonator, two buffer 
cavities and T-shaped acoustic waveguide. The resonator measures 
60 mm in length and 5 mm in diameter. To suppress ambient noise, a 
pair of buffer cavities, each 17 mm long and 20 mm in diameter, are 
placed at its ends. The total length of the T-shaped acoustic waveguide is 
10 mm. The front-stage and rear-stage waveguides are 8 mm and 2 mm 
in length, respectively, with diameters of 1 mm and 5 mm, respectively. 
Two spherical reflectors, each with a diameter of 25 mm, are placed 
parallel to each other and are separated by 176 mm at both ends of the 
buffer cavities. The incident light enters the resonant cavity through a 
fiber optic collimator at a specific angle. The optical path of the multiple 
reflections between the two spherical mirrors was simulated by Trace
Pro software. The ray tracing model is illustrated in Fig. 3, and the 
schematic and experimentally observed light spot distributions are 
shown in Fig. 4(a) and (b), respectively. It is obvious that the light spots 
on the reflective mirrors form a circular pattern with a diameter of 

approximately 4 mm, which is smaller than the diameter of the resonant 
cavity. This design effectively prevents the modulated light from being 
absorbed by the sidewall. Considering the spacing and spot distribution 
of the spherical mirrors, the total absorption path length was calculated 
to be approximately 2068 mm. Multiple reflections significantly in
crease the absorption of the modulated light by the molecules to be 
measured. Acoustic standing waves are generated in the resonant cavity 
through non-radiative relaxation. When the modulation frequency of the 
incident light matches the first-order resonance frequency of the MVCA- 
PAC, the occurrence of resonance leads to a substantial enhancement of 
the acoustic wave amplitude. Simulations in COMSOL Multiphysics 
were performed to evaluate the distribution of acoustic pressure and the 
frequency characteristics of the PA cell. Fig. 5(a) and (b) compare the 
acoustic pressure distributions of the MVCA-PAC and a traditional 
resonant PA cell with buffer and resonance cavities of the same size. In 
the traditional resonant PA cell, the maximum acoustic pressure is 
concentrated at the middle of the resonant cavity, whereas in the MVCA- 
PAC, the peak acoustic pressure occurs at the end of the rear-stage 
waveguide. The simulated acoustic pressure amplitude-frequency 
response curves of the MVCA-PAC and the traditional resonant PA cell 
are shown in Fig. 6(a) and (b), respectively. The first-order resonant 
frequency of the MVCA-PAC was approximately 3058 Hz, with its peak 
acoustic pressure being 3.9 times higher than that of the traditional PA 
cell, which had a first-order resonance frequency of 2827 Hz.

3.2. Experimental setup

The schematic diagram of the MVCA-PAC based PAS sensor setup is 
shown in Fig. 7. A near-infrared DFB semiconductor laser with an 
emission wavelength of 1653 nm was employed as the excitation light 
source. The modulation of the DFB laser was realized by combining a 
triangular wave with a frequency of 1 Hz and an amplitude of 650 mV 
from the RIGOL DG4062 function generator with a sine wave generated 
by the Stanford Research Systems SR830 lock-in amplifier. The modu
lated laser light was coupled into the MVCA-PAC through a collimator. 
Within the resonant cavity, the light underwent multiple reflections, 
effectively increasing the optical absorption path for CH4 gas. The PAS 
signal generated within the resonator was detected using a high- 
sensitivity microphone installed at the end of the rear-stage acoustic 
waveguide. The PAS signal captured by the microphone was first pro
cessed through a pre-amplifier (Stanford Research Systems, SR650) for 
amplification, followed by demodulation at the modulation frequency 
with a lock-in amplifier to obtain the second harmonic ( 2-f) signal. The 
amplification factor of the pre-amplifier is set to 10 dB and the lock-in 
amplifier has a time constant of 10 ms. The processed signal was ac
quired using a National Instruments USB-6356 data acquisition card and 
visualized on a PC through an interface developed in LabVIEW.

4. Results and discussion

4.1. Resonance frequency analysis

The determination of the resonance frequency of the PA cell is crit
ical for generating the strongest PAS signal. To ensure that the 

Fig. 1. Flow chart of Chebyshev rational fractional-order filtering algorithm.

Fig. 2. Structure of the multivariate coupled amplification PA cell with a cy
lindrical resonant cavity and a T-shaped acoustic waveguide.

Fig. 3. Schematic diagram of the optical path of MVCA-PAC.
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modulation frequency of the light source matches the resonance fre
quency of the PA cell, the frequency response characteristics of the 
designed PAS sensor were experimentally investigated under atmo
spheric conditions and room temperature. A 1000 ppmv CH4/N2 gas 
mixture was injected into the MVCA-PAC. By varying the modulation 

frequency of the light source from 1000 Hz to 2000 Hz, the corre
sponding PAS signal amplitudes are recorded and presented in Fig. 8. A 
Lorentzian line shape was used to analyze the data, revealing an optimal 
modulation frequency of 1460 Hz. Therefore, the resonance frequency 
of the designed PA cell was calculated to be 2920 Hz.

Fig. 4. Schematic diagram of the simulated spot distribution on the surface of the spherical mirror (a). Actual observed light spot distribution map (b).

Fig. 5. The acoustic pressure distribution of MVCA-PAC (a) and traditional resonant PA cell (b).

Fig. 6. The simulated acoustic pressure amplitude-frequency response curve of the MVCA-PAC(a) and traditional resonant PA cell (b).

S. Zha et al.                                                                                                                                                                                                                                      Photoacoustics 42 (2025) 100692 

4 



In addition to the modulation frequency, the PAS signal intensity 
depends on the modulation depth as well. The optimal modulation depth 
for CH4 detection was identified by analyzing the relationship between 
PAS signal amplitude and modulation depth at the specified modulation 
frequency. Fig. 9 illustrates the dependence of PAS signal amplitude on 
modulation depth for 1000 ppm CH4 gas, the results indicate that the 
optimal modulation depth for CH4 detection is 0.18 V.

4.2. Comparison with traditional resonant PA cell and single-pass cell

To evaluate the performance of the PAS sensor based on the MVCA- 
PAC, a traditional resonant PA cell of the same size was used as a 
replacement for the MVCA-PAC. Both the traditional resonant PA cell 

and the MVCA-PAC operated under identical multi-reflection optical 
path conditions. A 1000 ppmv CH4 gas was transferred into the tradi
tional resonant PA cell and the MVCA-PAC, respectively, with both PAS 
sensors operate under normal pressure and ambient temperature con
ditions. The measured 2-f signals for the traditional resonant PA cell and 
the MVCA-PAC are shown in Fig. 10. The peak amplitudes of the PAS 
signals were 4.66 mv for the traditional resonant PA cell and 9.75 mv for 
the MVCA-PAC, representing a significant enhancement. This 
improvement is attributed to the fact that the T-shaped acoustic wave
guide effectively collects the acoustic field energy and reduces the 
acoustic field disturbance and resistance during sound wave propaga
tion, thereby minimizing energy dissipation and facilitating more effi
cient acoustic wave transmission.

Fig. 7. Schematic diagram of the designed PAS sensor setup based on MVCA-PAC.

Fig. 8. Frequency response of the PAS sensor based on MVCA-PAC. Fig. 9. PAS signal amplitudes as a function of modulation depth.

S. Zha et al.                                                                                                                                                                                                                                      Photoacoustics 42 (2025) 100692 

5 



To further conform the enhancement effect of the MVCA-PAC on PAS 
signals, 2-f signal measurements were conducted under both multi-pass 
and single-pass conditions, as shown in Fig. 11. The results clearly 
indicate that the signal amplitude of the multi-pass PA cell is substan
tially higher than that of the single-pass cell. The amplification factor for 
the multi-pass PA cell was calculated to be approximately 4.5, high
lighting the substantial improvement in signal intensity achieved with 
the multi-pass design.

4.3. Linear response characteristic

The concentration response of the designed PAS sensor was evalu
ated using CH4/N2 gas mixtures with concentrations ranging from 
2 ppm to 100 ppm. The gas mixtures were precisely prepared using the 
Environics Series 4000 gas distribution system and were subsequently 
introduced into the MVCA-PAC for detailed analysis. The variation of 
averaged 2-f signal amplitudes with CH4 concentration is illustrated in 
Fig. 12. The results confirmed an outstanding linear relationship 

between the PAS sensor response and CH4 concentration, with an 
R²value of 0.999 indicating a highly accurate linear fit.

4.4. MDL of the sensor

The long-term stability and MDL of the PAS sensor based on the 
MVCA-PAC were evaluated using Allan Variance analysis. The MVCA- 
PAC was filled with CH4 gas at a concentration of 60 ppm, and the 
measurements were conducted over a duration of 2 hours. For the 
convenience of Allan variance analysis, here the sampling interval of the 
CH4 gas PAS signal is 1 s, and no averaging is performed. Fig. 13 shows 
the Allan Variance as a function of averaging time. The results indicates 
that the Allan Variance decreases as the averaging time increases. When 
the averaging time is 300 s, the MDL was calculated to be 0.572 ppm.

4.5. Performance of the algorithm

To evaluate the effect of the CRFOF algorithm in enhancing the 
measurement precision of the PAS sensor, we performed continuous 
one-hour measurements of CH4 at a concentration of 100 ppm. Fig. 14
compares the CH4 concentration data before and after applying the 

Fig. 10. The measured 2-f signals for the traditional resonant PA cell and the 
MVCA-PAC under the same absorption optical path conditions.

Fig. 11. The measured 2-f signals of the MVCA-PAC under multi-pass and 
single-pass conditions.

Fig. 12. The measured 2-f signal amplitudes as a function of CH4 
concentration.

Fig. 13. Allan variance as a function of the averaging time for the PAS sensor 
based on the MVCA-PAC.
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CRFOF algorithm, revealing a significant reduction in measurement 
fluctuations from 23.9 ppm to 5.07 ppm. This result highlights the al
gorithm’s effectiveness in stabilizing concentration readings and 
improving the system’s overall precision. Fig. 15 presents histograms of 
the continuous CH4 concentration measurements before and after pro
cessing with the CRFOF algorithm. A Gaussian fit was applied to each 
dataset, with the full width at half maximum (FWHM) of the Gaussian 
distribution used as a metric to evaluate measurement precision. This 
approach effectively accounts for the influence of signal fluctuations and 
noise on the system’s performance. The FWHM values of the Gaussian 
fitting curves for the methane concentration measurements were 
8.884 ppm and 0.578 ppm before and after applying the CRFOF algo
rithm, respectively. These results demonstrate that the CRFOF algorithm 
enhances the measurement precision of the PAS sensor by a factor of 
15.4.

4.6. Online monitoring of CH4 in the atmospheric

The designed PAS sensor based on MVCA-PAC was deployed in the 
Laser Intelligent Perception Laboratory at Anqing Normal University, 
China. Continuous online monitoring of atmospheric CH4 was con
ducted over 48 hours from April 12–14, 2024. Outdoor atmospheric 
samples were continuously pumped into the MVCA-PAC using a 

sampling pump, and CH4 concentration measurements was performed in 
real-time. A filter was installed at the air inlet to prevent interference 
from impurities and particles. The CH4 concentration measurements 
over a continuous 48-hour period, recorded with an averaging time of 
300 s, are shown in Fig. 16. The fluctuations in atmospheric methane 
concentrations may be primarily due to changes in temperature and 
humidity during the day-night transition, which can potentially affect 
the absorption efficiency of modulated light by methane molecules. The 
monitoring data revealed that the average atmosphere methane con
centration over the 48-hour period was approximately 1.73 ppm.

5. Conclusion

In this study, we proposed and developed a highly sensitive and 
compact PAS sensor based on a MVCA-PAC for trace CH4 gas detection. 
The sensor system was constructed using a high-power DFB laser, pre
cisely tuned to the CH4 absorption line near 1653 nm, and its feasibility 
was successfully demonstrated through experimental validation. By 
extending the absorption optical path through multiple reflections and 
employing a T-shaped acoustic waveguide for secondary amplification 
of the PAS signal, the system achieved significant enhancement in 
detection performance. The MDL of the sensor was determined to be 
0.572 ppm with an averaging time of 300 s, as calculated from Allan 
variance analysis. The response curves of the designed PAS sensor to 
different concentrations of CH4 show an excellent linear correlation 
between the concentration and the PAS signal, with an R2 value of 

Fig. 14. Methane concentration fluctuations over time before and after pro
cessing with the CRFOF algorithm.

Fig. 15. Statistical histograms of the CH4 concentration measurements before and after processing with the CRFOF algorithm.

Fig. 16. The measurement CH4 concentrations in the atmosphere over 48 
consecutive hours.
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0.999. Additionally, the Chebyshev rational fractional-order filtering 
algorithm was initially utilized in processing PAS signals. The experi
mental results demonstrated that the algorithm improved the mea
surement precision of CH4 from 8.884 ppm to 0.578 ppm, representing a 
15.4-fold enhancement. The sensor was further employed for the 
continuous, real-time online monitoring of atmospheric CH4 concen
tration over a 48-hour period. The results indicated that the system is 
capable of meetting the requirements for long-term monitoring of at
mospheric methane concentrations. The proposed PAS sensor combines 
high sensitivity, compact design, and robust performance, providing a 
promising technical solution for the detection of trace CH4 gas in various 
applications.
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methane detection inside a MEMS microphone, Photoacoustics 29 (2023) 100428.

[52] Y. Ma, Y. Hong, S. Qiao, Z. Lang, X. Liu, H-shaped acoustic micro-resonator-based 
quartz-enhanced photoacoustic spectroscopy, Opt. Lett. 47 (2022) 601–604.

[53] K. Chen, B. Zhang, S. Liu, F. Jin, M. Guo, Y. Chen, Q. Yu, Highly sensitive 
photoacoustic gas sensor based on multiple reflections on the cell wall, Sens. 
Actuators A: Phys. 290 (2019) 119–124.

[54] K. Krzempek, A. Hudzikowski, A. Głuszek, G. Dudzik, K. Abramski, G. Wysocki, 
M. Nikodem, Multi-pass cell-assisted photoacoustic/photothermal spectroscopy of 
gases using quantum cascade laser excitation and heterodyne interferometric 
signal detection, Appl. Phys. B 124 (2018) 1–6.

[55] Y. Ma, S. Qiao, Y. He, Y. Li, Z. Zhang, X. Yu, F.K. Tittel, Highly sensitive acetylene 
detection based on multi-pass retro-reflection-cavity-enhanced photoacoustic 
spectroscopy and a fiber amplified diode laser, Opt. Express 27 (2019) 
14163–14172.

[56] M. Zhang, B. Zhang, K. Chen, M. Guo, S. Liu, Y. Chen, Z. Gong, Q. Yu, Z. Chen, 
M. Liao, Miniaturized multi-pass cell based photoacoustic gas sensor for parts-per- 
billion level acetylene detection, Sens. Actuators A: Phys. 308 (2020) 112013.

[57] X. Du, Q. Zhang, Y. Wei, T. Zhang, Y. Zhang, Y. Li, Research on denoising of second 
harmonic signal in photoacoustic spectroscopy based on SSA-VMD-WTD method, 
Infrared Phys. Technol. 138 (2024) 105204.

Shenlong Zha received his PhD degree in optics from the Uni
versity of Science and Technology of China in 2017. Currently, 
he is an associate Professor at Anqing Normal University, 
China. His research interests include optical sensors, trace gas 
detection, photoacoustic spectroscopy and its applications.

Hang Chen is currently pursuing a master’s degree of infor
mation and communication engineering from Anqing Normal 
University, China. Her research interests include optical sen
sors and quartz enhanced photoacoustic spectroscopy.

Chen Liu is currently pursuing a master’s degree of information 
and communication engineering from Anqing Normal Univer
sity, China. His research interests include optical sensors and 
photoacoustic spectroscopy.

Yuxiang Guo is an associate professor at Anqing Normal Uni
versity, China. He received his PhD degree in control theory 
and engineering from the Beijing University of Aeronautics and 
Astronautics, in 2017. His research interests include optical 
signal processing, advanced control theory and application.

Hongliang Ma is an associate professor at Anqing Normal 
University, China. He received his PhD degree in optics from 
the University of the Chinese Academy of Sciences, in 2016. His 
research interests include atmospheric molecular infrared ab
sorption spectroscopy, mid-infrared difference frequency gen
eration sources, and trace gas concentration detection.

Qilei Zhang is a lecturer in School of Electronic Engineering 
and Intelligent Manufacturing at Anqing Normal University, 
China. He received his PhD degree in optics from the University 
of the Chinese Academy of Sciences, in 2018. His research in
terests include spectral analysis, reaction mechanism of VOCs.

S. Zha et al.                                                                                                                                                                                                                                      Photoacoustics 42 (2025) 100692 

9 

http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref40
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref40
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref40
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref41
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref41
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref42
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref42
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref42
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref43
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref43
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref43
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref43
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref44
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref44
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref44
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref45
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref45
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref45
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref45
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref46
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref46
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref46
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref47
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref47
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref47
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref48
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref48
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref48
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref48
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref49
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref49
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref49
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref50
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref50
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref51
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref51
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref52
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref52
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref53
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref53
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref53
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref54
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref54
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref54
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref54
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref55
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref55
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref55
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref55
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref56
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref56
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref56
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref57
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref57
http://refhub.elsevier.com/S2213-5979(25)00011-4/sbref57


Lingli Li is a lecturer in School of Electronic Engineering and 
Intelligent Manufacturing at Anqing Normal University, China. 
She got her Ph.D. degree in optics from University of Chinese 
Academy of Sciences in 2014. Her research interests include 
super-resolution optical imaging, micro/nano optics, and 
micro-nano manufacturing technology.

Shengbao Zhan is a professor in School of Electronic Engi
neering and Intelligent Manufacturing at Anqing Normal Uni
versity, China. He received his Ph. D degree in optical 
communication from Air Force Engineering University in 2008. 
His research interests include fiber laser, optical communica
tions, and spectral beam combining of fiber lasers

Gang Cheng is an associate professor at Anhui University of 
Technology. He received his Ph.D. degree from the University 
of Science and Technology of China in 2019. His research in
terests are absorption spectroscopy and photoacoustic 
spectroscopy.

Yanan Cao is an associate professor at Anhui University of 
Technology. He received his Ph.D. degree in optics from the 
University of Science and Technology of China in 2018. His 
current research interests include optical design and simulation 
and laser spectroscopy.

Pan Pan is a professor in School of Electronic Engineering and 
Intelligent Manufacturing at Anqing Normal University, China. 
She got her Ph. D. degree in physical electronics from Institute 
of Semiconductors, Chinese Academy of Sciences in 2015. Her 
research interests include photonic integrated devices and their 
applications in communication and gas detection.

S. Zha et al.                                                                                                                                                                                                                                      Photoacoustics 42 (2025) 100692 

10 


	Multivariate-coupled-enhanced photoacoustic spectroscopy with Chebyshev rational fractional-order filtering algorithm for t ...
	1 Introduction
	2 Model of Chebyshev rational fractional-order filtering algorithm
	3 Experiment details
	3.1 Multivariate coupled amplification PA cell (MVCA-PAC) configuration
	3.2 Experimental setup

	4 Results and discussion
	4.1 Resonance frequency analysis
	4.2 Comparison with traditional resonant PA cell and single-pass cell
	4.3 Linear response characteristic
	4.4 MDL of the sensor
	4.5 Performance of the algorithm
	4.6 Online monitoring of CH4 in the atmospheric

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Data availability
	References


