
 

TYPE Original Research
PUBLISHED 02 February 2026
DOI 10.3389/fenrg.2025.1744980

OPEN ACCESS

EDITED BY

Yani Wang,
Shanghai University of Electric Power, China

REVIEWED BY

Dongxin He,
Shandong University, China
Xi Zhu,
Nanjing Tech University, China

*CORRESPONDENCE

Wang Qiaohua,
 qhwang@sjtu.edu.cn

RECEIVED 12 November 2025
REVISED 10 December 2025
ACCEPTED 16 December 2025
PUBLISHED 02 February 2026

CITATION

Guang S, Tao X, Mengqi L, Jie W, Zhenqin Z 
and Qiaohua W (2026) Research on analysis 
methods for overlapping interference of gas 
spectral lines in laser photoacoustic 
spectroscopy.
Front. Energy Res. 13:1744980.
doi: 10.3389/fenrg.2025.1744980

COPYRIGHT

© 2026 Guang, Tao, Mengqi, Jie, Zhenqin and 
Qiaohua. This is an open-access article 
distributed under the terms of the Creative 
Commons Attribution License (CC BY). The 
use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

Research on analysis methods 
for overlapping interference of 
gas spectral lines in laser 
photoacoustic spectroscopy

Shi Guang1, Xie Tao1, Li Mengqi1,2, Wang Jie3, Zhou Zhenqin1 
and Wang Qiaohua4*
1State Grid Electric Power Research Institute Wuhan Nari Co., Ltd, Wuhan, China, 2School of Electrical 
and Electronic Engineering, Huazhong University of Science and Technology, Wuhan, China, 3Electric 
Power Science Research Institute State Grid Sichuan Electric Power Company, Chengdu, China, 
4Department of Electrical Engineering, Shanghai Jiao Tong University, Shanghai, China

Laser photoacoustic spectroscopy is employed to measure dissolved gases 
in transformer oil, which include C2H2, C2H4, C2H6, CH4, CO2 and CO. The 
wavelength of 1532.83 nm was selected as the absorption line for C2H2. 
However, near this wavelength, the absorption line of CO2 also appears, causing 
a spectral overlap phenomenon with C2H2. An experimental photoacoustic 
spectroscopy measurement system was established using lasers operating at 
1532.83 nm and 1579.6 nm. Driven by a sinusoidal signal, the laser scanned 
the rising and falling sections of the C2H2 Voigt extended line profile at 
1532.83 nm. The area under the waveform of the generated photoacoustic 
signal was calculated via integration. It was found that the influence of CO2

on the measured C2H2 concentration exhibited a specific discrepancy, which 
was consistent with the ratio of the line profile areas corresponding to the 
rising and falling sections of the C2H2 Voigt profile near 1532.83 nm where 
CO2 absorbs. By using the 1579.6 nm laser to measure the CO2 concentration 
independently, the portion of the photoacoustic signal area at 1532.83 nm 
attributable to CO2—calculated based on the Voigt profile—could be subtracted. 
This method effectively compensates for the interference in determining 
the C2H2 concentration. Experimental results demonstrate that for various 
concentration ratios of CO2 and C2H2, the calculated concentrations of both 
gases after applying this area subtraction method are in good agreement with 
the expected results. This approach provides a viable solution for addressing 
interference issues in subsequent multi-gas measurement processes.
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 1 Introduction

Laser photoacoustic spectroscopy is a mature technology that has been widely 
applied in various fields, including the analysis of dissolved gases in transformer oil, 
environmental monitoring, and industrial process gas measurement (Ma et al., 2024; 
Kireev et al., 2018; Liu et al., 2018). Due to its high sensitivity, high resolution, 
tunability, and rapid response, this technology has seen rapid development and adoption 
for detecting dissolved gases in transformer oil (Ma et al., 2025; Huang, 2023).
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Tunable Diode Laser Photoacoustic Spectroscopy (TDL-PAS) 
utilizes the unique “fingerprint” absorption lines of gases at specific 
wavelengths to perform qualitative and quantitative analysis of 
their concentrations, with the wavelength scanning method being 
a commonly used technique. However, during measurement, if 
multiple strong absorption lines exist at the selected wavelength, 
the resulting photoacoustic signal can exhibit overlapping peaks, 
necessitating spectral line separation.

Currently, research on spectral line separation within 
photoacoustic spectroscopy remains relatively limited. The 
conventional solution involves seeking an alternative, independent 
absorption line that is free from interference from other gases, rather 
than using the line at the overlapping wavelength (Dong et al., 2024). 
While selecting an absorption line unaffected by interference from 
the target gas itself is relatively straightforward, finding one free from 
interference from other gases is considerably more challenging. 
Therefore, investigating analytical methods to address spectral 
overlap interference is highly necessary.

In recent years, researchers worldwide have extensively studied 
the spectral line characteristics of laser absorption spectroscopy. 
Meng et al. (2015) proposed a software lock-in demodulation 
technique (SLIDT) to address the spectral overlap of CO and CO2
near 1581.95 nm. Dong et al. (2024) applied the 2f-SLSM method in 
TDLAS to separate overlapping spectral lines, effectively improving 
measurement accuracy when using an interband cascade laser (ICL) 
to measure CO2. Yang et al. (2017) investigated a method based 
on the Partial Least Squares (PLS) algorithm using differential and 
direct measurement spectra (DS-DMS) to achieve spectral overlap 
separation, applying it to H2S gas concentration measurement with 
a maximum relative error of 2%. Yu et al. (2016) introduced a direct 
absorption spectral line separation method (DA-SLSM) based on 
Continuous Wavelet Transform (CWT), linear regression analysis, 
and Chaotic Particle Swarm Optimization (CPSO), applying it to 
fiber laser absorption spectroscopy for mixed gases. They achieved 
high linear correlation coefficients of 0.9996 and 0.9997, with 
concentration measurement errors for high concentrations of CO 
and CO2 not exceeding 0.93% and 1.13%, respectively. Ji et al. (2021), 
using the H2O molecule from the HITRAN database as an example, 
theoretically calculated and simulated absorption spectra under 
Lorentz, Gauss, and Voigt line profiles using MATHLAB software, 
analyzing the effects of pressure on H2O spectral linewidth and peak 
intensity, as well as the effect of temperature on H2O absorption. 
Ma et al. (2004) theoretically analyzed the gas absorption coefficient 
and provided a general method for its calculation. Ban et al. (2024) 
investigated measurements of CO2 in different high-concentration 
mixtures. On one hand, the absorption linewidth is affected by 
pressure; reducing pressure can effectively eliminate absorption 
interference from adjacent lines, presenting a feasible solution 
for resolving overlapping spectral peaks. On the other hand, the 
minimum tuning step of a TDLAS system is constrained by its 
wavelength tuning mechanism, and excessively low pressure can 
lead to sparse data points in the measured spectrum, thereby 
affecting the system’s detection limit.

This study employs laser photoacoustic spectroscopy, taking the 
absorption line of C2H2 gas at 1532.83 nm as an example, to explore 
methods for separating the overlapping signals caused by the nearby 
CO2 absorption line. First, the parameters of the C2H2 and CO2
absorption lines near 1532.83 nm from the HITRAN 2012 database 

are discussed. Secondly, a Voigt line profile mathematical model, 
specifically for the CO2 Voigt profile, is constructed using LabVIEW 
programming to calculate the integrated line area contributions 
of CO2 within the rising segment and the falling segment of the 
C2H2 line profile at 1532.83 nm. Finally, experiments measuring the 
concentrations of C2H2, CO2, and their mixture are conducted to 
validate the feasibility of the aforementioned theoretical analysis, 
aiming to achieve accurate measurement of C2H2 in mixed gas 
environments. 

2 Principle and methods

The photoacoustic effect, the fundamental principle behind 
Photoacoustic Spectroscopy (PAS), refers to the generation of sound 
waves resulting from the absorption of modulated or pulsed light 
by a medium. The underlying physical process can be described 
as follows. When a gas sample is irradiated by a tunable laser 
beam whose wavelength coincides with a specific absorption 
line of the target molecule, the molecules undergo electronic, 
vibrational, or rotational transitions, absorbing the optical energy 
and becoming excited (Sigrist, 2003).

Subsequently, these excited molecules return to their ground 
state primarily through non-radiative relaxation processes, such as 
collisional de-excitation with other molecules (e.g., N2, O2) in the 
sample. This energy transfer converts the absorbed optical energy 
into localized translational kinetic energy, effectively generating 
a transient and periodic temperature increase within the gas. 
According to the ideal gas law, this temperature rise induces a 
corresponding periodic pressure change, essentially a localized 
thermal expansion. Since the incident laser is modulated (e.g., 
amplitude-modulated), this process repeats periodically, creating a 
propagating pressure wave—an acoustic wave—at the modulation 
frequency.

In a typical gas photoacoustic spectrometer, this acoustic 
wave is detected by a highly sensitive microphone. The electrical 
signal generated by the microphone is directly proportional to the 
amplitude of the sound pressure, which in turn is proportional 
to the number of excited molecules and the incident laser power. 
Therefore, by measuring the amplitude of this photoacoustic signal 
while scanning the laser wavelength, one obtains an absorption 
spectrum. This technique, known as Photoacoustic Spectroscopy, 
provides a highly sensitive means of performing quantitative and 
qualitative analysis of trace gases, as the signal strength is directly 
related to the concentration of the absorbing species (Mandelis and 
Hess, 2017). 

2.1 The calculation method for gas 
concentration

The Beer-Lambert Law describes the relationship between the 
concentration of an absorbing species and the attenuation of 
light through a transparent medium. Its mathematical expression 
is shown in Equation 1:

I/I0 = exp(−α(λ)LC) (1)
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Where: I is the intensity of the light passing through the sample cell, 
I0 is the initial intensity of the light, α the absorptivity or formerly 
called the extinction coefficient, L is the length of light path, C is the 
gas concentration in the sample cell.

Tunable Diode Laser Photoacoustic Spectroscopy (TDL-PAS) 
employs the “Wavelength Scanning Method” for implementation. 
Leveraging the narrow linewidth (typically less than 10 MHz) 
and high stability of a Distributed Feedback (DFB) laser, the 
output wavelength of the tunable semiconductor laser is altered by 
modifying its operating current and temperature.

Since temperature tuning is relatively slow, TDL-PAS primarily 
utilizes current modulation to achieve rapid changes in the output 
wavelength. As the output laser wavelength scans across a gas 
absorption line, a photoacoustic signal is generated, the profile of 
which mirrors the shape of the gas absorption line. By periodically 
modulating the operating current, a periodic photoacoustic signal 
is produced.

Based on different spectral line broadening mechanisms, the 
line profile can be categorized into three types. Under high-
pressure conditions, where collisional broadening is dominant, the 
Lorentzian profile is used. In low-pressure environments, where 
Doppler broadening (and natural broadening) becomes significant, 
the line shape is primarily described by the Gaussian profile. 
Typically, since both broadening mechanisms coexist, neither the 
Gaussian nor the Lorentzian profile alone can adequately describe 
the absorption line. Therefore, a third line profile, known as the 
Voigt profile, is employed. The Voigt profile provides a more accurate 
description, as it is formulated as the convolution of the Lorentzian 
and Gaussian profiles (Yin et al., 2013).

In this study, by periodically scanning the absorption 
minimum and maximum, a periodic photoacoustic signal 
S is generated. The microphone detects the changes in the 
photoacoustic signal (Zhang et al., 2018). This process can be 
expressed mathematically as follows:

S = (SmCcellPλα) ·C (2)

Where: Sm is the sensitivity of the microphone, Ccell is the 
photoacoustic cell constant, which is determined by the cell’s 
geometry and material properties, Pλ denotes the incident optical 
power, α is the absorption coefficient of the gas molecules at the 
incident light wavelength, C the concentration of the target gas.

In the implementation of photoacoustic spectroscopy based on 
the wavelength scanning method of a tunable laser, when Sm and 
Ccell are held constant, the amplitude of the photoacoustic signal 
is determined by Pλ, α and C. Here Pλ is related to the laser drive 
current and exhibits a linear relationship with it. The absorption 
coefficient αλ is governed by the gas molecular absorption line shape, 
which is typically represented by the Voigt profile. By modulating 
the optical power Pλ (e.g., via the laser current) and scanning 
the wavelength across the gas absorption line shape αλ, a distinct 
photoacoustic signal waveform is generated (Wang et al., 2025).

Based on the Voigt profile of C2H2 at 1532.83 nm retrieved from 
the HITRAN database, as shown in Figure 1, the photoacoustic 
signal generated by the wavelength scanning method is linearly 
proportional to the product of the laser output power and 
the absorption line intensity at the corresponding wavelength, 
according to Equation 2.

The integrated area under the scanned waveform, which 
constitutes the area of the output signal, is given by:

φΔ = ∫
λse

λss
Sdλ = SmCcell ·C∫

λse

λss
Pλ(i)V(λ,λ0)dλ (3)

where: λss and λse represent the starting and ending wavelengths 
generated by the laser scanning current, respectively.

As indicated in Equation 3, the Voigt line profile remains 
essentially constant under standard temperature and pressure but 
lacks a simple analytical form (Zhang et al., 2018). Since the 
photoacoustic signal at each point is linearly proportional to the 
product of the laser output power and the absorption line intensity at 
that specific wavelength, the integrated area under the photoacoustic 
signal waveform is consequently proportional to the integral of the 
product of the laser power curve and the gas absorption line profile 
over the scanned wavelength interval.

From Equation 3, it can be concluded that for a fixed wavelength 
scanning interval, the Voigt line profile of the gas is constant, and the 
laser output power curve is maintained, K(λ) = ∫λseλss

Pλ(i)V(λ,λ0)dλ, 
Sm and Ccell are constant. Therefore, the integrated signal area for 
a specific gas under these stable conditions is linear to the gas 
concentration. Due to variations in laser output power, the waveform 
of the gas photoacoustic signal does not perfectly match the Voigt 
line profile. 

2.2 LabVIEW simulation of a voigt profile 
mathematical model

The line shape function V(λ) of an absorption spectral 
line represents the variation of the absorption rate of the 
spectral line with optical frequency. This paper discusses the 
absorption spectral lines of C2H2 and CO2 under constant 
temperature and pressure, both of which conform to the Voigt line 
shape model (Tian et al., 2023).

The Voigt line shape function is expressed in an integral form 
and lacks an easily computable analytical expression. Its integral 
form is related to the half-widths of the Lorentzian and Doppler 
line shapes.

gz(λ,λ0) = V(λ,λ0) = ∫
+∞

−∞
gL(λ1,λ0).gD(λ,λ1)dλ1

= √ ln2
π

1
αD
(
μ
π
∫
+∞

−∞

1
(ξ + t)2 + μ2

e−t
2
dt) (4)

Where: αD is the half-width of Doppler profile, αL the half-
width of the Lorentzian profiles, ξ = √ln2 λ‐λ0

αD
, μ = √ln2 αL

αD
, t =

√ln2
αD
(λ1 − λ), λ1 is the central wavelength,λ0 is the central wavelength 

of the profile.
Equation 4, when corrected to the second-order 

approximation, becomes:

gz(λ,λ0) = 0.0016(1−
αL

αV
)

αL

αV
· [[

[

e−0.4(
λ‐λ0
2αV
)

2.25

− 10

10+ ( λ‐λ0
2αV
)

2.25
]]

]

+(1−
αL

αV
)e−2.772( λ‐λ0

2αV
)

2

+
αL

αV

1

1+ 4( λ‐λ0
2αV
)

2 (5)
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FIGURE 1
Voigt profile of C2H2 and CO2.

Where: αV is the half-width of the Voigt profiles, and can be 
expressed as:

αV = 0.5(1.0692αL +√0.86639αL
2 + 4αD

2) (6)

The normalized Voigt line shape has an area of 1, and the product 
of the absorption peak height and the normalized Voigt line shape 
area corresponds to the integrated area under the Voigt line shape 
for each gas at a specific wavelength. Under isolated absorption lines, 
the peak height is proportional to the gas concentration; however, in 
the presence of overlapping gas spectral lines, the peak height alone 
cannot be directly correlated with gas concentration.

The Voigt line profile is simulated using Equation 5 and Equation 6, 
and the area under the Voigt profile is obtained by computing over 
different wavelength ranges. The area under the Voigt profile can be 
calculated using numerical integration methods. By discretizing the 
Voigt function into grid points, the area is evaluated via numerical 
integration techniques, such as Simpson’s rule or the trapezoidal rule 
as shown in Equation 7. 

Area =
n

∑
i=0

gz(λi−1,λ0) + gz(λi,λ0)
2

· Δλ (7)
 

2.3 Analysis method for overlapping 
spectral lines

According to Equation 3, the laser is driven by Pλ(i) in a 
sinusoidal manner. When the sinusoidal wave modulates the laser 
wavelength over the range of 1532.68 nm–1532.83 nm, it captures 
the rising edge of the C2H2 Voigt line shape. This modulation 
method is illustrated in Figure 1. This specific wavelength range 
also encompasses a portion of the broadened Voigt line profile of 
CO2 (Wang et al., 2025). Conversely, when the modulation range 
is 1532.83 nm–1532.98 nm, the falling edge of the C2H2 Voigt line 
shape is captured, as shown in Figure 2, and this range similarly 
covers another part of the extended CO2 Voigt line profile.

FIGURE 2
Schematic diagram of laser photoacoustic spectroscopy.

This approach enables the complete calculation of the integrated 
area under the C2H2 Voigt profile, as well as the partial areas under 
the CO2 Voigt profile. The analysis of these overlapping peaks can 
be essentially treated as the superposition of the Voigt profile areas 
from both C2H2 and CO2 gases.

Quantitative analysis via LabVIEW indicates that the CO2 Voigt 
profile area within the 1532.68 nm–1532.83 nm range constitutes 
39% of the total area of the extended CO2 absorption line profile 
centered at 1532.85 nm. The area in the 1532.83 nm–1532.98 nm 
range constitutes the remaining 61%.

Employing peak height as a substitute for integrated area in 
the analysis of overlapping spectral lines can lead to significant 
computational errors (Meng et al., 2015; Rieker et al., 2009). 
As shown in Figure 3, the absorption line shapes of C2H2 and CO2
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FIGURE 3
The experimental setup.

do not completely overlap in the 1532.68 nm–1532.98 nm region, 
resulting in partially overlapping photoacoustic signals. When the 
C2H2 signal is dominant, its peak height is located at 1532.83 nm. 
When the CO2 signal is dominant, its peak appears at 1532.85 nm. 
Furthermore, the broadened line shape of CO2 influences the peak 
height at 1532.83 nm. Consequently, relying solely on peak height to 
resolve these overlapping peaks yields unsatisfactory results.

3 Experimental results and discussion

3.1 Instrument

The schematic diagram of the experimental principle and the 
setup for laser photoacoustic spectroscopy is shown in Figure 2. 
The measurement employs the photoacoustic signal method, which 
requires the laser output frequency to be scanned over a specific 
range. The experimental procedure is as follows: first, a sinusoidal 
sweep signal generated by a signal generator is used to drive the 
DFB laser via a laser driver module. The laser output is then directly 
coupled into the photoacoustic cell using an optical fiber coupler.

To accommodate the limited gas sample volume typically 
available in field installations of transformer DGA (Dissolved Gas 
Analysis) monitoring, a non-resonant photoacoustic cell design is 
adopted. Within the cylindrical cavity of the cell, the laser beam 
undergoes multiple reflections between two mirrors, allowing the 
gas sufficient interaction with the emitted light.

When the laser wavelength matches the specific absorption 
wavelength of acetylene (C2H2), the gas molecules absorb photons 
and undergo transitions to higher energy levels. As the laser 
scans away from this wavelength, the excited molecules return to 
their ground state or lower energy levels, releasing the previously 
absorbed energy, typically in the form of heat. This energy release 
causes a localized temperature increase in the gas, leading to thermal 
expansion. Consequently, the pressure within the photoacoustic cell 
fluctuates, and these changes are detected as photoacoustic signals 
by a microphone.

The experimental system employs two tunable DFB lasers, 
OC45310SMF for C2H2 and OC45850SMF for CO2 (Qianlian 
Technology, China). By tuning the temperature and current 
parameters, the lasers output central wavelength of 1532.83 and 
1579.6 nm respectively. The 1579.6 nm wavelength was selected 
for CO2 measurement as it corresponds to a strong, isolated 
absorption line that is free from spectral interference by C2H2

and other dissolved gases of interest (C2H4, C2H6, CH4, CO), 
ensuring an independent and accurate reference measurement. To 
accommodate the small gas sample volumes typical in transformer 
DGA applications, the photoacoustic cell is designed as a non-
resonant cavity made of brass. The internal shape of the cavity 
is cylindrical, with a volume of 5 mL, and the inner walls are 
polished and gold-plated to minimize adsorption and maximize 
reflection (Sur et al., 2016). A microphone is equipped within the 
photoacoustic cavity, model GRAS 40AD-FV1/2’ (GRAS Sound 
and Vibration A/S, Denmark), with a response frequency range 
of 3.15 Hz–10 kHz. The data acquisition device is an NI9181 
(National Instruments, United States). The laser driver, signal 
generator, lock-in amplifier, and control software are all custom-
developed programs. 

3.2 Experiment on C2H2 PA signal

To generate the different concentrations of C2H2, CO2 and the 
mixture of these two gases, a dilution system is setup, as Figure 3 
demonstrated, to dilute cylinder gas of C2H2 and CO2 with pure N2
to the desired concentrations.

Varying concentrations of acetylene (C2H2) — specifically 
1, 5, 10, 20, 50, 100, 200, and 500 ppm—were prepared. 
Different photoacoustic signal amplitudes were obtained through 
experimental measurements using the apparatus.

The current driving the C2H2 laser was adjusted to generate 
infrared output spanning from 1532.68 nm to 1532.83 nm, a 
wavelength range that covers the rising edge of the C2H2 Voigt 
line shape. Similarly, the drive current was modified to produce 
output from 1532.83 nm to 1532.98 nm, corresponding to the 
falling edge of the C2H2 Voigt line shape. The photoacoustic signal 
was quantified using both the peak height and the integrated 
profile area methods. The corresponding numerical values are 
summarized in Table 1, and the resulting calibration curves are 
presented in Figure 4.

The coefficient of determination (R2) was calculated for each 
method. The R2 value for the peak height method was found to 
be lower than that for the profile area method, indicating that the 
profile area exhibits superior linearity compared to the peak height. 
In the current setup utilizing a non-resonant photoacoustic cell, the 
detection limit for C2H2 at the ppm level is primarily constrained 
by the intrinsic acoustic and vibration noise floor of the cell. While 
resonant cell or quartz tuning fork (QTF) based designs offer paths 
to significantly lower detection limits, the present non-resonant 
design prioritizes robustness, compactness, and compatibility with 
the small gas sample volumes typical in field-deployed transformer 
DGA monitors.

As shown in Table 1, the photoacoustic signal values 
corresponding to the falling edge section are larger. This 
is primarily attributed to the higher drive current required 
for the 1532.83 nm–1532.98 nm range compared to the 
1532.68 nm–1532.83 nm range, which is consistent with the 
photoacoustic signal calculation principle described by Equation 3.

PA signal1 represents the PA signal obtained by scanning the 
laser wavelength over the rising edge of the C2H2 Voigt line shape 
and calculating the integrated profile area.
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TABLE 1  PA signals at different C2H2 concentrations.

Gas concentration/ppm PA signal1/μV PA signal2/μV PA signal3/μV PA signal4/μV

1 5.37 7.06 3.46 4.56

5 22.89 29.37 14.32 18.11

10 48.58 62.83 36.95 48.54

20 85.32 115.57 57.01 74.99

50 233.00 317.00 148.17 189.88

100 460.68 595.65 361.60 462.18

200 833.16 1202.19 660.25 848.60

500 2377.84 3443.11 1456.91 1879.13

FIGURE 4
Relationship between the gas concentration and PA signal.

PA signal2 represents the PA signal obtained by scanning the 
laser wavelength over the falling edge of the C2H2 Voigt line shape 
and calculating the integrated profile area.

PA signal3 represents the PA signal obtained by scanning the 
laser wavelength over the rising edge of the C2H2 Voigt line shape 
and calculating the peak height.

PA signal4 represents the PA signal obtained by scanning the 
laser wavelength over the falling edge of the C2H2 Voigt line shape 
and calculating the peak height. 

3.3 Experiment on CO2 PA signal

Varying concentrations of CO2—respectively 100, 200, 500, 
1000, 5000, 10,000, and 50,000 ppm—were prepared. PA signals 
were measured by driving two lasers respectively.

The current of the C2H2 laser was adjusted to generate infrared 
output in the range of 1532.68 nm–1532.83 nm, which scans the 
rising edge of the C2H2 Voigt line shape. Similarly, the current 

was modified to produce output from 1532.83 nm to 1532.98 nm, 
scanning the falling edge of the C2H2 Voigt line shape. The integrated 
profile area method was employed to calculate the respective PA 
signal values, and the results are summarized in Table 2. The 
corresponding calibration curves are shown in Figure 5. The peak 
height method was employed to calculate the respective PA signal 
values, and the results are summarized in Table 3. The corresponding 
calibration curves are shown in Figure 6.

In the data presented in Table 2, the photoacoustic signal 
from the CO2 absorption peak at 1532.85 nm was weak at 
lower concentrations and thus not distinct. However, when the 
concentration exceeded 5,000 ppm, the photoacoustic signal 
exhibited a regular periodic pattern. A comparison of the 
signals obtained under the 1532.83 nm–1532.98 nm drive and 
the 1532.68 nm–1532.83 nm drive revealed that the CO2 signal 
in the 1532.83 nm–1532.98 nm range was significantly stronger. 
Experimental results indicated that the photoacoustic signal 
in this range accounted for approximately 64% of the total 
relevant signal. This observed dominance is consistent with 
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TABLE 2  PA signals at different CO2 concentrations calculated the integrated profile area.

Gas concentration/ppm PA signal5/μV PA signal6/μV PA signal7/μV PA signal8/μV

100 8.5 0.12 8.37 0.12

200 11.9 0.02 11.96 −0.02

500 34.3 0.16 30.17 0.06

1000 86.21 0.28 87.1 0.03

5000 552.34 0.69 598.7 2.15

10,000 1011.92 2.5 1080.68 6.69

50,000 4896.93 14.27 5001.07 41.75

TABLE 3  PA signals at different CO2 concentrations calculated the peak height.

Gas concentration/ppm PA signal9/μV PA signal10/μV PA signal11/μV PA signal12/μV

100 6.82 0.11 6.1 0.03

200 10.81 0.25 7.74 −0.22

500 36.44 −0.17 34.49 0.26

1000 75.29 0.01 72.52 0.44

5000 427.31 0.82 419.19 3.25

10,000 910.87 2.07 879.96 6.95

50,000 3831.54 11.96 3837.53 34.37

FIGURE 5
Relationship between the gas concentration and PA signal.

the higher laser output power in the 1532.83 nm–1532.98 nm 
range and aligns substantially with the area calculation results 
obtained from LabVIEW simulations.

PA signal5 represents the PA signal obtained by scanning the 
CO2 laser wavelength over the rising edge of the C2H2 Voigt line 
shape and calculating the integrated profile area.
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FIGURE 6
Relationship between the gas concentration and PA signal.

PA signal6 represents the PA signal obtained by scanning the 
C2H2 laser wavelength over the rising edge of the C2H2 Voigt line 
shape and calculating the integrated profile area.

PA signal7 represents the PA signal obtained by scanning the 
CO2 laser wavelength over the falling edge of the C2H2 Voigt line 
shape and calculating the integrated profile area.

PA signal8 represents the PA signal obtained by scanning the 
C2H2 laser wavelength over the falling edge of the C2H2 Voigt line 
shape and calculating the integrated profile area.

PA signal9 represents the PA signal obtained by scanning the 
CO2 laser wavelength over the rising edge of the C2H2 Voigt line 
shape and calculating the peak height.

PA signal10 represents the PA signal obtained by scanning the 
C2H2 laser wavelength over the rising edge of the C2H2 Voigt line 
shape and calculating the peak height.

PA signal11 represents the PA signal obtained by scanning the 
CO2 laser wavelength over the falling edge of the C2H2 Voigt line 
shape and calculating the peak height.

PA signal12 represents the PA signal obtained by scanning the 
C2H2 laser wavelength over the falling edge of the C2H2 Voigt line 
shape and calculating the peak height.

The signal ratio of CO2 between the C2H2 and CO2 lasers was 
calculated by selecting the last three representative sets of data, 
thereby obtaining the compensation coefficient of CO2 for C2H2. 
When the PA signal was calculated using the integrated profile area, 
the compensation coefficient was 0.0031 for the wavelength scan 
over the rising edge of the C2H2 Voigt line shape, and 0.009 for the 
scan over the falling edge. When the PA signal was calculated using 
the peak height, the compensation coefficient was 0.0033 for the 
wavelength scan over the rising edge of the C2H2 Voigt line shape, 
and 0.0092 for the scan over the falling edge. It can be concluded 
that with either calculating method, the signal ratio of CO2 between 
the C2H2 and CO2 is very close, determined by the scan region of
laser. 

3.4 Experiment on mixture PA signal

Gas mixtures with the following compositions were prepared: 
1 ppm C2H2 and 100 ppm CO2, 1 ppm C2H2 and 200 ppm CO2, 
1 ppm C2H2 and 1,000 ppm CO2,1 ppm C2H2 and 5000 ppm 
CO2, 1 ppm C2H2 and 10,000 ppm CO2, and 1 ppm C2H2 and 
50,000 ppm CO2. Following the method described in Section 3.2, 
the photoacoustic signals under the drive of the two lasers were 
measured. The photoacoustic C2H2 signal values are shown in 
Figure 7. The corresponding numerical data calculated using 
both the integrated signal area and the peak height methods are 
summarized in Table 4.

PA signal13 represents the PA signal obtained by scanning the 
C2H2 laser wavelength over the rising edge of the C2H2 Voigt line 
shape and calculating the integrated profile area, shown as Figure 7a.

PA signal14 represents the PA signal obtained by scanning the 
C2H2 laser wavelength over the falling edge of the C2H2 Voigt line 
shape and calculating the integrated profile area, shown as Figure 7b.

PA signal15 represents the PA signal obtained by scanning the 
C2H2 laser wavelength over the rising edge of the C2H2 Voigt line 
shape and calculating the peak height, shown as Figure 7c.

PA signal16 represents the PA signal obtained by scanning the 
C2H2 laser wavelength over the falling edge of the C2H2 Voigt line 
shape and calculating the peak height, shown as Figure 7d.

As shown in Figure 1, the central frequencies of the C2H2
and CO2 spectral lines slightly differ. According to the HITRAN 
2012 database, the central frequency of the C2H2 line is located at 
1532.83 nm, while that of the CO2 line is at 1532.85 nm.

In the wavelength sweep range of 1532.68 nm–1532.83 nm, both 
C2H2 and CO2 exhibit similar rising-edge line shapes. When driven 
by a sinusoidal waveform, the superimposed photoacoustic signals 
share the same phase direction, resulting in nearly identical peak 
positions.

In the sweep range of 1532.83 nm–1532.98 nm, when the 
CO2 concentration in the mixed gas is below 10,000 ppm, the 
photoacoustic signal is dominated by C2H2, with a superimposed 
contribution from the broadened CO2 profile. Nevertheless, the 
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FIGURE 7
C2H2 PA signals of different gas mixtures which C2H2 1 ppm and CO2 100/200/1000/5000/10,000/50,000 ppm respectively. (a) Integrated profile area 
calculated from the rising edge of the C2H2 Voigt line shape; (b) integrated profile area calculated from the falling edge of the C2H2 Voigt line shape; (c)
peak height calculated from the rising edge of the C2H2 Voigt line shape; (d) peak height calculated from the falling edge of the C2H2 Voigt line shape.

TABLE 4  PA signals of C2H2 at different mixture concentrations with CO2 correction off/on.

C2H2/CO2 mixture concentration/ppm PA 
signal13/μV

PA 
signal14/μV

PA 
signal15/μV

PA 
signal16/μV

CO2 correction OFF ON OFF ON OFF ON OFF ON

1/100 4.7 4.67 6.59 6.51 2.72 2.70 3.71 3.65

1/200 4.64 4.60 6.73 6.62 2.97 2.93 3.49 3.42

1/1000 4.78 4.67 6.65 6.38 2.55 2.43 3.87 3.55

1/5000 4.9 4.63 7.68 6.90 2.73 2.48 4.15 3.48

1/10,000 6.31 4.60 12.16 6.77 4.54 3.13 7.96 4.10

1/50,000 8.12 4.98 16.7 6.97 6.23 3.22 11.66 3.56

peak positions remain largely consistent. However, when the CO2
concentration exceeds 10,000 ppm, the signal becomes dominated 
by CO2, with an additional contribution from the broadened 
C2H2 profile. In this case, the peak position differs from the 
previous scenario, which can be clearly seen in Figure 7d. This 
variation introduces inaccuracies when using peak height for gas 
concentration quantification. Directly applying the peak height 
subtraction method described in Section 3.2 yields results that 
deviate from those obtained in Section 3.1.

In contrast, when the integrated profile area is used for 
concentration calculation, the peak position becomes irrelevant. 

Based on the principle of waveform superposition, the actual 
C2H2 photoacoustic signal profile area can be directly determined 
by calculating the contribution of CO2 in Section 3.2 at each 
concentration. The values obtained using this method are in strong 
agreement with the C2H2 measurement results from Section 3.1.

Gas mixtures with the following compositions were prepared: 
10 ppm C2H2 and 100 ppm CO2, 10 ppm C2H2 and 200 ppm CO2, 
10 ppm C2H2 and 1000 ppm CO2, 10 ppm C2H2 and 5000 ppm 
CO2, 10 ppm C2H2 and 10,000 ppm CO2, and 10 ppm C2H2 and 
50,000 ppm CO2. The experiments were repeated according to 
the aforementioned procedure, yielding the results summarized 
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TABLE 5  PA signals of C2H2 at different mixture concentrations with CO2 correction off/on.

C2H2/CO2 mixture concentration/ppm PA 
signal17/μV

PA 
signal18/μV

PA 
signal19/μV

PA 
signal20/μV

CO2 correction OFF ON OFF ON OFF ON OFF ON

10/100 46.87 46.84 68.11 68.03 30.8 30.78 37.81 37.75

10/200 46.74 46.70 68.18 68.07 31.38 31.36 37.54 37.47

10/1000 47.43 47.16 70.47 69.69 31.87 31.62 39.3 38.58

10/5000 48.62 46.91 74.17 68.78 32.23 31.42 43.52 41.18

10/10,000 49.91 46.77 76.74 67.01 32.85 30.96 46.23 40.67

10/50,000 62.34 47.16 111.81 66.80 40.74 28.10 76.43 38.35

FIGURE 8
C2H2 PA signals of different gas mixtures which C2H2 10 ppm and CO2 100/200/1000/5000/10,000/50,000 ppm respectively. (a) Integrated profile 
area calculated from the rising edge of the C2H2 Voigt line shape; (b) integrated profile area calculated from the falling edge of the C2H2 Voigt line 
shape; (c) peak height calculated from the rising edge of the C2H2 Voigt line shape; (d) peak height calculated from the falling edge of the C2H2 Voigt 
line shape.

in Table 5. The corresponding signal curves are shown in
Figure 8.

PA signal17 represents the PA signal obtained by scanning the 
C2H2 laser wavelength over the rising edge of the C2H2 Voigt 
line shape and calculating the integrated profile area shown as
Figure 8a.

PA signal18 represents the PA signal obtained by scanning the 
C2H2 laser wavelength over the falling edge of the C2H2 Voigt 
line shape and calculating the integrated profile area shown as
Figure 8b.

PA signal19 represents the PA signal obtained by scanning the 
C2H2 laser wavelength over the rising edge of the C2H2 Voigt line 
shape and calculating the peak height shown as Figure 8c.

PA signal20 represents the PA signal obtained by scanning the 
C2H2 laser wavelength over the falling edge of the C2H2 Voigt line 
shape and calculating the peak height shown as Figure 8d.

It can be concluded that when the signal of C2H2 exceeds 10ppm, 
it becomes the dominant part of the total signal and the maximum 
value consistently occurs at the central absorption wavelength of 
C2H2.
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The presented area-subtraction method provides a distinct 
approach compared to other techniques for handling spectral 
interference. Methods based on computational algorithms, such as 
Partial Least Squares (PLS), can effectively deconvolve overlapping 
spectra but require extensive calibration datasets spanning the 
entire concentration space of all interfering components. Harmonic 
detection techniques like the second harmonic spectral line 
separation method (2f-SLSM) are powerful but can be complex 
to implement and optimize. In contrast, the physical-model-
driven method proposed here, based on the direct calculation and 
subtraction of the interfering Voigt profile area, is conceptually 
straightforward and requires only a one-time calibration to 
determine the fixed area ratio coefficients for a known, specific 
interference pair. This makes it particularly suitable for embedding 
into dedicated hardware for real-time, continuous monitoring 
applications where the interfering species are well-defined, as is often 
the case in transformer gas analysis. 

4 Conclusion

This study investigates the overlapping absorption peaks 
of C2H2 and CO2 near 1532.83 nm. The Voigt profile area 
was simulated using LabVIEW, and the magnitude of CO2
interference on the C2H2 signal was quantified by analysing 
the distinct wavelength intervals of 1532.68 nm–1532.83 nm and 
1532.83 nm–1532.98 nm. An experimental system was constructed 
to validate the findings, employing wavelength scans across these 
intervals. Results demonstrated a discernible difference in the 
interference effect of CO2 on the detected C2H2 concentration 
between the two scanning ranges.

Furthermore, the photoacoustic signals from gas mixtures were 
evaluated using both peak height and integrated profile area methods. 
In peak height analysis, the differing central frequencies of the 
overlapping peaks led to shifts in the observed peak positions, making 
it difficult to reliably resolve the spectral interference. In contrast, the 
integrated profile area method produced results consistent with the 
LabVIEW simulations, demonstrating its effectiveness in mitigating 
measurement errors caused by overlapping gas peaks in photoacoustic 
spectroscopy. The algorithmic simplicity of calculating and subtracting 
a fixed fraction of an independently measured interference signal 
makes this method highly suitable for implementation in embedded 
systems, enabling automated, real-time correction in field-deployed 
DGA monitors. Furthermore, the general framework—using an 
independent laser line for the interfering species and subtracting 
its calculated contribution based on a pre-characterized spectral 
profile—constitutes a viable and practical strategy for addressing 
similar specific spectral overlaps in multi-gas measurement scenarios. 
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