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To reduce the interference of other gases and improve the detection accuracy in
CH4 concentration detection, a CH4 concentration detection system is proposed,
and a ratio differential algorithm is designed. The difference value of the absorbed
light intensity between chamber 1 and chamber 2 used to suppress the calculation
of CH4 concentration by other component gases. The high concentration of CH4

gas in chamber 3 used to obtain the accurate position of the characteristic
absorption peak, and it is applied as a boundary condition for data extraction
in chamber 1. Two sets of gases chamber differential calculations were used, one
set was used to calculate the differential value of laser energy at the characteristic
position of CH4 absorption, and the other set was used to calculate the differential
value of laser energy for the other gases. Then, calculate the proportion
coefficients of the two sets of difference values to obtain the CH4

concentration inversion function using this structure. The interfering gases
include C2H6, SO2 and CO2. A total of 1,000 sets for sample data were
collected for the mixed gas, with 400 sets as the sample data and the rest as
the test samples. The results show that the accuracy of CH4 concentration
inversion by this algorithm is about 3 times that of traditional algorithm. The
algorithmmodeling time is approximately 1/4 of that of traditional methods. It has
certain advantages in detecting CH4 concentration in environments with
interfering gases.
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1 Introduction

Methane (CH4) [1–3] gas is a common combustible gas in underground coal mining.
Real time monitoring of gas concentration is crucial. The research can quickly identify
methane gas in a mixture of gases, which is of great significance to ensure the life safety of
underground personnel and the development of coal industry. Methane is often mixed with
other gases, which can affect the detection accuracy of methane gas concentration. Therefore,
the design and improvement of methane gas concentration detection systems are of great
significance.

In 1985, K. Chan [4] used InGaAs material LEDs as light sources to align the absorption
peak of methane gas at 1665.4 nm. It was also combined with narrowband interference
filters, which doubled the sensitivity of the system. In 1992, H. Tai [5] reported on the use of
two DFB lasers with central wavelengths of 1.66 and 1.53 μm to form a composite light
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source, and used harmonic detection technology to achieve
simultaneous detection of methane and acetylene concentrations.
V. Weldon [6] reported in 1993 an experimental study on the
simultaneous measurement of methane and carbon dioxide with a
tunable DFB laser with a wavelength of 1.64 μm. In 1998, B. Culshaw
[7] from Strathclyde University in the UK reported on a multipoint
fiber optic gas sensing network operating by space division
multiplexing. In 2000, Miha Zavrsnik [8] reported on a series
fiber gas sensing network based on coherent multiplexing. In
2003, G. Stewart [9] reported on a gas concentration detection
system for landfills, and used the fiber optic sensing network with
45 sensors and a coverage area of 5 square kilometers. In 2004, the
Institute of Physics of the Russian Academy of Sciences reported an
experiment with a single frequency laser to measure the absorption
of methane gas at 1,654 nm. In 2006, Crawford Massie [10] reported
on a portable gas optical sensor with an absorption wavelength of
1660 nm. In 2018, Zang Yipeng, et al. [11] designed CH4 detection
system by the 1,850 nm laser, and its accuracy is 1.14 ppm. In 2021,
Chen Wenwen, et al. [12] had an accuracy of 1.0 ppm for detecting
CH4 concentration, and its accuracy is 0.13 ppm. In 2022, Dong
Mao [13] achieved modulation of the laser using birefringence
managed normal dissection fiber laser, resulting in a significant
increase in phase matching during the birefringence process and a
modulation energy enhancement of about 10 times. It can achieve a
stronger signal-to-noise ratio when selecting methane characteristic
wavelengths. In 2023, Yanjun Chen [14] used a high-power diode
laser to detect trace methane gas concentration. The center
wavelength of the light source was 1650.96 nm, with an optical
power of up to 38 mW. The sensor was implemented by 3D printing,
with a minimum detection limit of 14.93 ppm. In 2023, Kazuki
Hashimoto [15] used a combination of broadband mid infrared
spectroscopy and ultrafast Fourier transform to obtain high-
resolution broadband TSIR. Its maximum wavenumber
resolution is 0.017 cm−1. In 2023, Yufei Ma [16] completed
ammonia concentration detection by thermoelastic spectroscopy
technology, and its minimum detection accuracy is 80 ppm. In 2023,
Chu Zhang [17] used photoacoustic technology to detect the
concentration of acetylene gas, and improved the signal-to-noise
ratio through time accumulation detection. It increased the
detection accuracy by 1.65 times compared to traditional methods.

In summary, most researchers use more advanced hardware
devices or optimized data processing algorithms to improve the
detection accuracy of methane gas concentration [18]. The article
mainly focuses on proposing a novel detection method that
improves detection accuracy and stability. It proposes a method
of first differentiating laser energy, and calculates the ratio to
calculate the proportional coefficient. Based on the analysis of
characteristic absorption spectra of CH4, a ratio differential
algorithm by adaptive SVM (Support Vector Machine [19]) is
designed. It provides a new approach for methane gas
concentration detection, and this method can coexist with
traditional optimization methods.

2 System design

In Figure 1 chamber 1 and chamber 2 are filled with tested gas,
and it can be discharged through the “Output” channel; Chamber

3 is filled methane with a concentration of 80%. In order to obtain
more accurate information on the special absorption band, methane
with a concentration of 80% used in addition to methane. Gas
entering two chambers requires a filter. In the filter, it is filled with
molecular sieves. It can adsorb water vapor, dust, coal dust, etc.,
thereby reducing the impact of other pollutants in the test gas on the
calculation of CH4 concentration. Chamber 3 is filled with high
concentration of CH4, and it used to over-absorb the characteristic
absorption of CH4.

The signal modulation module is controlled to output modulation
waves by CPU. The modulated signal controls the driver to emit laser
signals from the infrared laser. According to the basic principle of
characteristic spectral absorption, the absorption energy of CH4

molecule is just equal to the photon of the difference between the
energies of two energy levels. The other gases in the well absorb photons
of different frequencies due to different atomic structures and chemical
bond, so different characteristic absorption peaks inhibit the impact of
other gases concentration. Themain characteristic wavelength of CH4 is
1650.8 nm, Analyzing the spectral distribution can determine the
concentration of CH4 gas.

3 Design of adaptive SVM algorithm

3.1 SVM algorithm

There are many methods for processing spectral data, such as least
squares, artificial neural networks, etc. The core idea of the SVM
algorithm is to map data into a high-dimensional space, making it
easier for data to be separated in that space. In the spectral calculation
process, due to the large amount of spectral data and high
dimensionality, this algorithm is more suitable. Meanwhile, the SVM
algorithm has strong generalization ability, making it more applicable
when the type and concentration of mixed gases are unknown. After
comprehensive comparison, it is believed that the SVM algorithm is the
most suitable method in this system.

SVM is often applied to solve classification and regression
problems, and it is suitable for the separation of multi-
component gas. It has high applicability and robustness, and is
suitable for multi-component separation situations. Assuming the
training data (xi, yi), i = 1, 2, 3, . . ., n (n represents the number of
samples), xi and yi belong to R, xi is the sample input, yi is the
expected output, and its fitting function is

f x( ) � ω · x + b (1)
Among them, ω is the space hyperplane, and b offset.
According to the minimum structural risk criterion [20], it can

be optimized as

V � min
1
2
ω‖ ‖2 + C∑l

i�1
ξ i + ξ*i( ) (2)

And its parameters comply with:

s.t. � yi − ωxi − b≤ ε + ξ i,−yi + ωxi + b≤ ε + ξ*i( )
ξ i + ξ*i ≥ 0 i � 1, 2, ..., l( ){ (3)

Among them, C represents the penalty factor, which is used to
adjust the degree of punishment for sample error exceeding the
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limit; ξ represents the relaxation factor; Å represents an insensitive
parameter used to reflect the system’s tolerance for errors.

max −1
2
∑l
i,j�1

αi − α*i( ) αj − α*j( ) xi · xj( ) −∑l
i�1
αi ε + yi( )⎡⎢⎢⎣ ⎤⎥⎥⎦

s.t.
∑ αi − α*i( ) � 0

0≤ αi, α*i ≤C i � 1, 2, ..., l( )
⎧⎪⎨⎪⎩

(4)

According to the test condition, the output can be calculated as
follows:

f x( ) � ∑l
i�1

αi − α*i( ) xi · x( )

+ 1
Ns

∑
S

ts − ε − ∑l
m ∈ S

αm − α*m( ) xm · xS( )⎡⎣ ⎤⎦ (5)

3.2 Adaptive SVM

The formula for finding the optimal solution through
information exchange between sample individuals is

Xk+1
ij � Xk

ij + Vk+1
ij

Vk+1
ij � c1r1 Pk

ij −Xk
ij( ) + c2r2 Pk

gj −Xk
ij( ) + σVk

ij

⎧⎨⎩ (6)

Among them, i∈N (N represents the total number of particles), j
represents the dimension, and σ represents the inertia weight; D
represents the dimension; k. k + 1 represents the current and next
iteration algebra, respectively; Vij represents particle velocity; Xij

represents the particle position; Pij and Pgj represent the extreme
values of individuals and groups, respectively, while c1 and c2
represent the acceleration factor.

By setting constraints on the spectral characteristics of measured
gas, the corresponding particles are mutated, thereby guiding the
population to achieve the optimal convergence effect; The second is
to improve SVM by setting a dynamic change insensitive region ε

(yi) in support vector regression calculation, which is to replace ε (yi)

in the original algorithm. On the basis of this improvement idea, Eq.
4 is replaced and simplified to obtain

f x( ) � ∑l
i�1

αi − α*i( ) xi · x( )

+ 1
Ns

∑
S

ts − ε yi( ) − ∑l
m ∈ S

αm − α*m( ) xm · xS( )⎡⎣ ⎤⎦ (7)

The introduction of ε (yi) can suppress the effect of over-learning
model.The specific process for completing the optimization is shown
in Figure 2.

3.3 CH4 concentration

When the incident light intensity I0 (λ) and transmitted light
intensity It (λ), as well as the absorption coefficient and effective
length L of the gas chamber, are known or can be calculated [21], the
concentration of the measured gas cCH4 can be expressed as

cCH4 � ln It ]( ) − I0 ]( )( )
α ]( )L

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣ (8)

In the formula, v represents the wavenumber, and it is the
reciprocal of the wavelength. α (v) represents the absorption
coefficient of light intensity. The light intensity between chamber
1 and 2 is I12. The light intensity between chamber 2 and 3 is I23. The
light intensity between chamber 1 and 3 is I13.

With T13, Eq. 8 is substituted into:

cCH4 � ln I12 λ( )
α ]( )L

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣ T13 ≥T0 (9)

When T13 > T0, it indicates that the absorption intensity of
methane gas at this wavelength is positively correlated with
methane concentration, and it is considered as a characteristic
absorption wavelength with high contribution rate. When T13 <
T0, it indicates that the absorption capacity of methane gas at this
wavelength is relatively weak. There is the characteristic
absorption, and it is susceptible to interference from other

FIGURE 1
Improved laser modulated methane concentration detection system.
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gases. Therefore, this wavelength is not selected during the
testing and calculation processing, and zero value will be set
for its concentration. The difference in light intensity within this
range is calculated, and it can significantly suppress the
interference of stray signals on the system.

3 Algorithm design

The improved Adaptive SVM algorithm completes classification
calculations after setting mutation particles and dynamic
insensitivity regions. Take one-third of the total spectral test data
as training samples, and the rest as test samples; Initialize C and ξ to
construct an SVM model; Set the particle swarm dimension to 2,
select 20 particles for each dimension, set the iteration number to
200 generations, optimize Vij and Xij according to the set range, and
calculate the mean square error of the fitness function; Set the
direction of convergence for mutation particle constraints and
improve learning efficiency by setting ε (yi); Compare the fitness
of each particle, and calculate the local and global optimal values of
each particle; Adjust Vij Xij based on the first two steps; If the ending
conditions are not met, re learn until the requirements are met.

To improve the sensitivity of system and achieve narrowband
filtering effect, a high concentration CH4 gas filtering window
was designed. T0 is determined by the calibration method. Firstly,
match the standard concentration of methane gas, and find the
position of the methane characteristic absorption peaks. Then,
iteratively select different bands for methane concentration
inversion, and sort the positions of the bands that affect
methane concentration inversion; Take the position of the
band with a contribution rate exceeding 80% and set the
corresponding T value of this band position to T0.

The process shows in Figure 2.

4 Experiments

The source is 1,650 nm infrared laser, and its half width is
10 nm. The length of chamber is 40.0 cm. The test gas is
simultaneously input into chamber 1 and chamber 2. A gas
analyzer was used, and the detection accuracy of methane
concentration is ±1 ppm. During the testing process, two
methods are used: individual gas testing and mixed gas
testing. For mixed gases, the basis for selecting mixed gases
is from the perspective of practical applications. In coal mining
environments, methane gas is often mixed with C2H6, SO2, and
CO2, so the above three gases are used as interference gases. The
specific mixing ratio is completed in the form of multiple
proportion combination experiments, with a focus on
discussing situations similar to coal mine gas mixtures.

FIGURE 2
The chart of algorithm flow.

FIGURE 3
Mean square error with the number of iteration epoch.
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4.1 Errors comparison

The underground gas contains a large amount of coal dust, dust,
and water vapor. So the measured gases are introduced into a filter
for dust and moisture removal treatment, and they introduce into
the gas chamber for detection. The testing mainly focuses on CH4

(0%–10%), C2H6 (0%–1%), SO2 (0%–1%), and CO2 (0%–1%). A
total of 800 sets of sample data were collected for the mixed gas, with
400 sets as the sample data and the rest as the test samples. Perform
baseline correction, noise reduction, and normalization on the
samples to complete the preprocessing of spectral data. It shows
in Figure 3.

In Figure 3, the blue curve represents the relationship between
the average relative error and the iteration number when traditional
algorithms calculate methane concentration. The red curve
represents the relationship between the average relative error and
the iteration number when calculating methane concentration using
this algorithm. In the first 20 iterations, the error of this algorithm
decreased from 3.2 × 10−7 to 2.4 × 10−7, while the traditional
algorithm remained almost unchanged during this stage. When
the number of iterations exceeds 50, the error of this algorithm
almost reaches a stationary state, with a value of 4.6 × 10−8. However,
traditional algorithms achieve a stationary state through
100 iterations, with a value of 2.1 × 10−7. Thus, this algorithm
has advantages in Rate of convergence and error.

In order to provide the model with fast and efficient prediction
capabilities, independent modeling was conducted for different gas
components. For the main detection gas CH4, the particle swarm
dimension was set to 2, with 20 particles per dimension. The
optimization iteration was 200 generations, with an inertia weight of
0.9 and a termination value of 0.4, completing the generation by
generation calculation. The particle swarm optimization error curve
is obtained after optimization according to the above model. As shown
in Figure 3, the improved particle swarm optimization algorithm only
needs 43 steps to reach the global optimal solution, which has high
convergence. The optimization time of the 200 generation is about

4,012 s, c = 58.46, σ = 4.67. By incorporating the optimization results
into SVM, the predicted mean square error of the test sample is 4.8 ×
10−8. At the same time, the same set of spectral data was separated and
the concentrations of each component were inverted using a back
propagation network (due to space limitations, only three typical values
within the testing range were selected).

4.2 Detection results analysis

In experiments, the response voltage is tested with CH4

concentration, and the test curve is shown in Figure 4A. The
algorithm is used for proportional calculation, and the function
curve between proportional value and CH4 concentration is shown
in Figure 4B.

In Figure 4A, when the response voltage increases, the
concentration of CH4 increases, too. There is a linear relationship
between them. Its slope value is −0.0215, with good linearity. The
sensor response and concentration change trend are consistent with
the analysis results, and the curve is linear. Throughout the entire
testing process, the maximum response voltage was 3775.217 mV
and the minimum was 3551.060 mV. The fitted linearity is 0.9994,
with relative errors less than 5.0%. It can be seen that the system
linearity meets the design requirements.

In Figure 4B, it can be seen that the CH4 concentration is linear
with respect to the ratio of first harmonic to second harmonic, and
the slope of the fitted polynomial is 8.752, with a linearity of 0.997.
The linearity is relatively in the 0%–10.0% range, and it meets
requirements. The maximum response voltage in the first harmonic
is 4938.25 mV, and the minimum value is 4442.89 mV; The
maximum response voltage in the second harmonic is
2694.24 mV, and the minimum value is 226.58 mV. It can be
seen that there is a significant difference in the voltage ratio
between the first and second harmonics, resulting in a significant
improvement in their signal-to-noise ratio. Their relative errors are
all less than 1.0%, and the testing stability has been improved.

FIGURE 4
CH4 concentration calculation based on harmonic ratio. (A) Response voltage by two harmonics and (B) CH4 concentration by harmonic ratio.
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When there is no methane gas, the second harmonic is not zero,
which is caused by factors such as circuit and optical path noise, as well
as nonlinearity of wavelengthmodulation.When calculating the ratio of
second harmonic to first harmonic, the second harmonic amplitude
value at each non-zero concentration should be subtracted from the
second harmonic amplitude value in the absence of methane, and then
divided by the first harmonic amplitude at that concentration to obtain
a result that is closer to the actual concentration value. From the table, it
can be seen that when the concentration of methane gas is 1%, the
measurement error is the largest.

5 Conclusion

A spectral data processing algorithm for quantitative analysis of
multi-component games has proposed. Prediction accuracy
Improved and the convergence period decreased with mutation
particle constraint method. Compared with traditional SVM
algorithm, the absorption ratio differential algorithm has faster
optimization time, higher model prediction accuracy, and
significantly improved modeling efficiency. The model verified to
meet practical testing requirements and has certain practical
application value in improving the accuracy of methane
concentration detection.
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