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In the context of global clean energy demand and climate change, the dynamic
monitoring of methane is crucial for carbon cycle research and greenhouse
gas assessment. In order to solve the problem of cavity mode noise limiting
measurement performance in the off-axis integrated cavity output spectroscopy
(OA-ICQOS) system, an optimization method based on white noise injection
was proposed. A broadband white noise perturbation is introduced into the
distributed feedback (DFB) laser, and the Savitzky-Golay (S-G) filtering algorithm
is used to further reduce the noise. It effectively suppresses the coherence of
cavity mode noise, reduces the noise floor, and improves the signal-to-noise
ratio and measurement sensitivity of the system. Experiments show that when
white noise with a modulation depth of 30% is injected, the signal-to-noise ratio
of the system is increased by about 3.16 times, and the methane measurement
limit is optimized from 5.32 ppm to 2.22 ppm of the original system, which is
about 2.4 times. The Allan deviation showed a significant increase in minimum
detectable limit. Further verification by methane dynamic test shows that the
system response time is about 1 min, showing reliable measurement stability.
This study provides an innovative technical solution for high-precision methane
measurement, which is of great significance for promoting in-situ greenhouse
gas monitoring and climate model optimization.

KEYWORDS

methane measurement, OA-ICOS, white noise perturbation, Savitzky-Golay filtering,
enhancing measurement limit, cavity mode noise

1 Introduction

Methane (CH,) is the main component of natural gas [1, 2], and in the context of
the surge in global demand for clean energy, methane has attracted attention because
of its dual energy and environmental characteristics: as an efficient and clean fuel, it
can alleviate energy shortages, but its greenhouse effect potential (GWP) reaches 28
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times that of carbon dioxide [3], which has a multiplier impact
on climate change. When methane is more than 4.9% in industry,
it will explode in an open flame, which will cause casualties
and huge economic losses, and real-time monitoring is crucial to
ensure safe production, reduce resource waste, and fulfill carbon
reduction responsibilities. The primary anthropogenic sources of
methane emissions are energy activities and industrial production.
Specifically, coal mining releases methane trapped in coal seams,
while industrial processes such as fertilizer production, anaerobic
decomposition of organic waste in landfills, and wastewater
treatment in sewage plants also generate and emit methane. Laser
spectroscopy has been used as a commonly used method for
the measurement of methane gas [4-8]. The commonly used
methods include photoacoustic spectroscopy [9-11] and absorption
spectroscopy. Due to its outstanding advantages of high accuracy,
high sensitivity, and high specificity, absorption spectroscopy plays
a key role as a measurement method that does not require direct
contact, such as atmospheric environment monitoring [12-14], food
quality testing [15], and multiphase flow measurement [16, 17].

Off-axis integrating cavity spectroscopy (OA-ICOS) has great
potential for high-precision in-situ measurements due to its high
sensitivity and fast response time [18-22]. However, the main
problem with OA-ICOS is cavity mode noise, which limits its
measurement limit. There are several common methods to deal with
cavity mode noise: Wang et al. [23] proposed that the injection of
RF white noise can effectively suppress cavity mode noise. With
the increase of white noise power, the amplitude of cavity mode
noise decreases significantly. When the RF noise power reaches
—-10 dBm, the cavity mode noise almost completely disappears.
Significantly improve the measurement sensitivity and signal-to-
noise ratio of the system. Zheng et al. [24] proposed a novel dual-
input, dual-output (DIDO) coupling scheme to suppress mode
noise, by dividing the laser beam into two parts and coupling them
into a cavity at the same time, the DIDO scheme can smooth the
cavity mode structure and reduce the cavity mold linewidth, thereby
suppressing the mode noise. Compared to the traditional single-
input, single-output scheme, the DIDO scheme improves the signal-
to-noise ratio by about 2.5 times and the measurement sensitivity by
about 2.2 times. Wang et al. [25] proposed to use the exponential
moving average (EMA) algorithm to filter the gas concentration
data in real time, which effectively reduces the system noise. By
adjusting the parameters of the EMA, such as the sample length N,
a balance can be struck between filtering efficiency and response
time, further optimizing the measurement accuracy. However, it
is found that although the cavity mold noise after the injection
of white noise is effectively suppressed, the presence of noise can
still be clearly seen. The Savitzky-Golay (S-G) filtering algorithm
is a very suitable and convenient way to deal with cavity mode
noise, and has been widely used in the measurement of trace gases
[26-28].

In our research, we built a methane gas concentration
measurement system, added white noise to the OA-ICOS system,
and combined with the S-G filtering algorithm, we proposed a
method to improve the measurement accuracy and signal-to-noise
ratio of trace gases. Compared with the measurement limit of the
conventional system, the difference in the measured signal is clearly
visible, the signal-to-noise ratio is increased by about 3.16 times, and
the measurement limit is increased by about 2.4 times.
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2 Sensor design
2.1 Sensor structure

An OA-ICOS
as shown in Figure 1, and methane was selected as the sample gas.

experimental system was constructed
According to HITRAN, methane has a strong absorption line at
1.6537 um, so a distributed feedback (DFB) laser with a central
wavelength of 1.6537 um is used as the laser source. To increase
the effective optical path length, a collimator is mounted on the
optical adjustment frame, and the optical resonator consists of two
highly reflective mirrors (radius of curvature 25 cm, mirror diameter
24.3 mm, reflectivity 99%). The convex lens is used to focus the
enhanced light beam into the detection amplifier (DT). Within the
system, the detection amplifier (DT) converts the collected optical
signal into an electrical signal for subsequent signal transmission.
The cavity length of this system is 65.6 mm, and the theoretical
effective optical path length of 10.1 m is obtained, and the chamber
volume is 8.3 mL.

In the driver module, the DFB laser is controlled by a laser
temperature controller and a current driver to produce a light source
in the corresponding wavelength band. White noise is injected
into the DFB laser to perturbate the laser output of the light
source, introducing additional light field fluctuations that result in
a broadening of the laser spectrum so that the energy of the mode
noise is redistributed over a wider spectrum. A data acquisition
card (DAQ) is used to acquire an electrical signal that has been
amplified after passing through a resonator and a probe amplifier.
The digital signal in the acquired electrical signal is converted into
an analog signal. Finally, the obtained analog signal is transmitted to
the computer through the USB data transmission channel, and the
data is received and processed through the computer.

In order to control the pressure in the chamber, a pressure
sensor is installed for monitoring, and if the pressure is unstable,
it is adjusted by means of a proportional valve. And a flow meter
is used to control the methane gas flow. The last residual gas in the
system is discharged through the gas valve. The system will be put
into practical use after integration and is expected to be operational
within 4 months.

2.2 Spectral line selection

In this study, a high-power distributed feedback (DFB) laser
was used to construct a methane gas measurement system,
and the core wavelength of 1.6537 pm was selected based on
a rigorous molecular spectroscopy verification process. Through
the search of HITRAN2020 database, it was found that methane
had characteristic absorption lines in the near-infrared band of
1.6530-1.6540 pm, and its central wavelength was 1.6537 um. It is
worth noting that there is multiple absorption interference of water
vapor at 1.6512 um and 1.6545 pm in this spectral region.

In order to accurately evaluate the effect of cross-interference,
the absorption spectrum of methane in the 1.6530-1.6540 um
band was simulated, and the simulated parameters were set strictly
according to the typical environmental conditions: The mixed gas
system is composed of 1,000 ppm methane, 10,000 ppm water vapor,
and 10,000 ppm carbon dioxide, the temperature was controlled at
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FIGURE 1

Structural diagram of a methane measurement system with direct absorption of an off-axis integral cavity.

298 K, and the pressure was stabilized at 101 kPa. By simulating
the absorption spectrum of methane in the 1.6530-1.6540 um band,
as shown in Figure 2, It can be observed that the influence of water
vapor and carbon dioxide on the methane absorption spectrum at
the 1.6537 pm wavelength band is very minor and can be neglected,
50 1.6537 pm is selected as the central wavelength in this paper.

3 Basic measurement principle
3.1 Measurement principle

In a conventional cavity, when the laser light is incident along
the axis of the optical cavity, the light rays form a stable standing
wave resonance between the two highly reflective mirrors. This
periodic reflection excites a specific cavity mode (resonance mode),
producing sharp noise peaks that can significantly interfere with
the gas absorption signal. The laser light of the OA-ICOS system
is in climatically incident at a slight angle to the optical cavity.
This design forces the light to be reflected non-coplanarly between
the walls of the cavity, creating a disordered “spot maze.” Its core
advantage is that the resonance conditions are destroyed, so that
the light cannot form a stable standing wave, and the cavity mode
noise is fundamentally suppressed. The optical path is extended, so
that the reflection path causes the photon to undergo hundreds of
reflections before escaping, effectively improving the optical path.
And it can homogenize the energy distribution, so that the light
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FIGURE 2
Absorption lines at 1.653-1.654 um, 1,000 ppm methane and
10,000 ppm water vapor.

field diffuses into a continuous background in the cavity, and the
noise is converted into a flat substrate. When the laser light is
delivered in an off-axis trajectory into an optical cavity constructed
of a mirror with an extremely high reflectivity (up to 99.99%), the
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unique off-axis design cleverly prevents direct reflection of light in
the direction of the optical axis. As a result, the laser is forced to
undergo multiple reflection processes in the cavity, which generates
a complex and dense interference pattern in the cavity space, and
the off-axis structure can effectively inhibit the generation of high-
order transverse modes. Because the excitation of higher-order
transverse modes tends to introduce mode noise, its suppression
means that the interference of mode noise is reduced. There is a
strong correlation between the number of times light is reflected
in the cavity (N) and the specular reflectance. It is because of
this relationship that the effective optical path (L) of the optical
cavity can be extended to an extremely considerable length under
certain conditions, ranging from hundreds to thousands of meters.
This significantly improves the light absorption efliciency of the
sample. The significant increase in the effective optical path length
further increases the measurement sensitivity for gas absorption.
The absorption of light by the gas in the cavity follows Beer-
Lambert’s law, which states that the intensity of light is attenuated by
absorption after passing through the absorbing medium. Assuming
that the initial light intensity is I,, after passing through the
absorption medium with the length of the absorption path L and the
gas concentration of C, the outgoing light intensity I is Equation 1:
I=1I,xexp(-aCL) (1)

Among them, a is the absorption coefficient of the gas, which
is related to the type of gas, the wavelength of light, and other
factors. The absorption coeflicient a quantitatively describes the gas
absorption capability, reflecting the strength of light absorption at
specific wavelengths. A higher a value indicates stronger absorption
of light at that wavelength by the gas, and vice versa. For instance,
different gases exhibit distinct a values in the infrared band, which
forms the fundamental basis for gas composition detection using
infrared spectroscopy.

Calculation of the gas concentration in the off-axis integrating
cavity: For a stable off-axis integrating cavity with a reflectivity of H
and a geometric length of d, the volume fraction C of the gas in the
integrating cavity can be expressed as Equation 2.

N . PoT _ APT

"N, NPT, N,PT,SL’

)

where P, and T, are the values in the standard state, N; =
2.6868" 10" molecule/cm®, T and P represent the temperature and
pressure during the experiment, and A is the absorption area of the
absorption spectrum measured by the experiment. S indicates the
linear strength of methane, which is a fixed value in the database.
The effective optical path length is determined by the reflectance
of the cavity mirror (H) and the length of the cavity (d),

as shown in Equation 3:

d
Ry ©

When considering sample absorption, the total loss includes the
mirror loss (1-H) and the absorption loss (ad), at which point the
effective optical path is modified to Equation 4:

d
L= Ty vad @
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3.2 Joint optimization of white noise and
S-G filtering algorithm

Existing noise injection methods include RF white noise

modulation, RF Gaussian noise modulation, etc. However,
these methods require additional dedicated hardware, which
is complex and has a narrow range. In contrast, white noise
perturbation is generated by broadband random noise from a
signal generator, eliminating the need for specialized custom
narrowband RF noise sources. This can reduce system complexity
and cost. Moreover, white noise offers significant advantages
over frequency modulation. For example, compared to sinusoidal
wave modulation, white noise exhibits a flat power spectral
density, uniformly perturbing the laser frequency across the
entire frequency range while disrupting the coherence of all
cavity mode frequencies. In contrast, sinusoidal wave jitter only
introduces perturbations at a single frequency and its harmonics,
leaving cavity mode noise in unperturbed frequency bands
unaffected.

As a key factor affecting the performance of laser systems, the
effective suppression of residual cavity mode noise has always been
the focus of research. The principle of injecting white noise into a
laser system to suppress residual cavity mode noise contains a rich
physical mechanism. The evolution of the mode power P,, of white
noise induced by multi-membrane oscillation through a nonlinear
effect can be described by Equation 5.

dpP
T:l = (Gm - Lm>Pm + Z GmnPn +Rnaise’

n+m

)

G,, and L,, are the gain and loss of the m-th mode, respectively. G,,,,,

is the coupling coefficient between the models; R is a random

noise
driver term introduced by white noise.

Under ideal conditions, the power spectral density is constant,
and the white noise exhibits broadband random disturbances
covering all frequencies. When white noise is injected, the phase
¢ (1) of the laser output will also undergo rapid random fluctuations,
as described in Equation 6:

¢k(t) - ¢k(t) + 6¢noise(t)’ (6)

Here, 8¢, (t) is a random process with zero mean. In the
evolution of the interference noise term, the phase difference ¢,,,(?)
=¢,,(t)—¢,(t) between modes m and # is perturbed by white noise,
becoming a stochastic process, as shown in Equation 7:

¢mn(t) - ¢mn(t) + A¢rund(t)’ (7)

The interference term cos(¢,,,,(t)) then transforms into Equation 8:

Here, ¢°,,,,(t) represents the unperturbed phase difference, while
A¢,,,d(t) denotes the random phase offset induced by white noise.
The stochastic nature of white noise causes A¢,,,,(t) to be uniformly
distributed in the time domain. The time-averaged interference
noise term is given by Equation 9:

<COS( (r)nn(t) + A¢mnd(t))>t =0, (9)
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The physical representation can be expressed by Equation 10:

<Z GynPy cos(¢mn(t>)> =0, (10)
n#Em

Thus, it can be concluded that the white noise drives the time-

t

averaged interference noise term to zero, thereby suppressing the
cavity mode noise.

However, after white noise optimization, there is still noise
interference. Gas concentration retrieval relies on the characteristics
of absorption spectra such as peak height, peak width, and area
(e.g., the characteristic peak of methane at 1.6537 um). Any filtering
algorithm must preserve the original spectral shape to the greatest
extent. As a local polynomial fitting algorithm, S-G can smooth
noise while precisely maintaining the first derivative (slope) and
second derivative of spectral lines. However, threshold processing
in wavelet denoising may flatten weak absorption peaks (e.g., in
low concentration scenarios ppm), and improper selection of basis
functions may lead to false peaks. Kalman filtering requires preset
state equations, and the coupling model of laser noise and gas
absorption is difficult to model accurately, so the S-G filter algorithm
is further used to reduce the noise. The S-G algorithm can effectively
suppress noise, and is efficient and concise [29, 30], and can well
retain the characteristics and shape of the original spectrum, and
its working principle [31, 32].

The S-G filter has two parameters, which are the polynomial
order k and the window size b. According to the residual
minimization criterion, the selected S-G filter parameters are: k =
3 (cubic polynomial), b = 21 (window width). We chose k = 3
because a third-order polynomial can accurately fit the curvature
characteristics of the methane absorption peak (with a peak width of
approximately 0.1 nm), and also resist high-frequency noise. Based
on the analysis of the noise power spectrum, the main frequency of
the noise near the methane absorption peak is 40-60 Hz (sampling
rate 1 kHz). The window width b = 21 corresponds to 21 ms in the
time domain, which can cover 2 to 3 noise cycles and achieve optimal
suppression. The mathematical formula of the S-G filter is as shown
in Equation 11:

(i) = ag +agi+ a4 (11)
K is the order of the polynomial; #n is the coefficient of the
polynomial; m is the half-width of the smooth window, the width
of the smooth window b = 2m + 1, and the S-G algorithm uses
the least-squares criterion to obtain the coefficient a, as shown in

Equation 12:

[AZ () —s(i»z] =0, (12)

s(i) is the original signal, Equation 12 gives k + 1 simultaneous

9
0a,

n

equation for calculating the unknown coeflicient a,, Equation 12
gives a, when i = 0, and also a,a,...a,, so Equation 13 is derived:

m
yi= Y a8, (13)
j==m
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FIGURE 3

Direct absorption spectra of 1,000 ppm methane at different wattages
of white noise (0% (black)/10% (red)/20% (blue)/30% (green), 40%
(purple), 50% (brown).

4 Analysis & results

4.1 Effect of white noise on absorption
spectra

By mixing methane gas with pure nitrogen to prepare
1,000 ppm methane gas, a noise intervention scheme was
adopted to set up six different modulation depths of white
noise (0%/10%/20%/30%/40%/50%) to disturb the OA-ICOS
system, and Figure3 shows the direct absorption spectrum
of 1,000 ppm methane (0% (black)/10% (red)/20% (blue)/30%
(green)/40% (violet)/50% (brown)) under six modulation depths
of white noise.

It was found that the intensity of the methane absorption
spectrum with white noise was not much different from the
original absorption spectrum intensity, and the absorbance of
the absorption spectrum was 0.3913, 0.3881, 0.3765, 0.3779,
0.3821 and 0.3805 under different white noise disturbances,
respectively. It can be seen that the effect of white noise on
absorbance is negligible, which further indicates the advantage
of adding white noise perturbation. The system noise levels
corresponding to the white noise at different modulation
depths are 0.09879V, 0.05231, 0.04370, 0.03454, 0.02991, and
0.02547, respectively. Based on these noise levels, the signal-
to-noise ratios (SNRs) are calculated to be 3.899, 7.471, 8.673,
11.01, 12.87, and 13.03, respectively. Experiments show that the
signal-to-noise ratio of the original system is improved by 2.82
times compared with the white noise at a modulation depth
of 30%. Finally, we selected 30% of the white noise with a
modulation depth as the disturbance noise for subsequent system
optimization. We refer to the system with white noise added as
WNP-OA-ICOS.
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FIGURE 4

1000 ppm methane direct absorption spectra at 30% modulation
depth (black (not S-G filtered)/red (after S-G filtering)).

4.2 Further noise reduction by
Savitzky-Golay

It can be clearly observed that there is still a certain amount
of noise interference in the 1,000 ppm methane direct absorption
spectrum after 30% modulation depth. Therefore, the S-G filtering
algorithm is further used to reduce the noise, and the absorption
spectrum curve after noise reduction is shown in Figure 4.

By comparing the red curve with the black curve in Figure 4, it
can be observed that the interference of direct absorption spectral
noise after applying S-G filtering is further improved, and it also
confirms the advantages of S-G filtering method in dealing with
noise. In the following, we will refer to the system in which white
noise and S-G filtering are added at the same time as SG-WNP-
OA-ICOS. The noise level of the 30% white noise system with no
S-G filtering is 0.03454 V(10), and the noise level is 0.03134 V(10)
after S-G filtering. The signal-to-noise ratio (SNR) was calculated to
be 11.01 and 12.31, respectively, which was about 3.16 times higher
than that of the original OA-ICOS system.

4.3 CH4 calibration and lower limit

4.3.1 CH4 calibration

In this section, machine learning is employed for methane
concentration prediction, a method that has been widely applied to
various gas concentration predictions [33-35]. In this experiment, a
modularly designed gas detection chamber was used to mix methane
with nitrogen to prepare five CH, gases with concentrations
ranging from 900 ppm to 1,400 ppm under the conditions of strict
temperature control (298 + 0.1 K) and stable pressure (101 *
0.05 kPa), and the dynamic test of these five concentrations of
methane gas was carried out for 2 h. Among them, the experimental
group used a real-time white noise injection device combined with
S-G filtering, the control group maintained the original detection
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FIGURE 5

Fitting curves of CH, concentration and direct absorption peak (Ada)
under the original, SG-WNP-OA-ICOS system.

state, and the two groups collected data separately. The absorbed
signal intensity was measured in the original state and under the
condition of white noise with 30% modulation depth applied and
combined with S-G filtering. After the experimental data were
analyzed by quadratic polynomial modeling, the concentration-
absorption peak (Ada) correlation curve as shown in Figure 5
was obtained, and the mathematical relationship was quantitatively
described by Equation 14. Comparing the goodness of fit of the two
systems, the curve fitting degree of the original system (black color
curve) was 0.99897, A system with white noise optimization applied
in combination with S-G filtering (red color curve) was increased
to 0.99949. It is confirmed that the method of introducing specific
power white noise combined with S-G filtering can effectively
improve the fitting quality of the sensor response curve.

A quadratic polynomial is a linear representation of two sets of
data fitted:

Coriginal-signal = 5054.81 = 1622.9844 4, + 127.114A,,”

(14)
CsG- wp-signat = 4733.08 — 1416.07A 4, + 104.941A2

Comparing the goodness of fit of the two systems, the curve
fitting degree of the original system (black color curve) was 0.99897,
while the white noise optimization system (red color curve) was
increased to 0.99949. It is confirmed that the enhancement method
of introducing specific power white noise can effectively improve the
fitting quality of the sensor response curve.

4.3.2 Determine the measurement limit and
system stability

This system is specifically designed for dedicated gas leakage
detection applications. The experiment employs a modularly
designed gas detection chamber operating under strictly controlled
temperature (298 + 0.1 K) and pressure (101 + 0.05 kPa) conditions.
To better approximate actual measurement scenarios, a 1,000 ppm
methane standard gas was prepared by mixing nitrogen and oxygen
in a 7:2 volume ratio for subsequent experimental use. A continuous
monitoring experiment was carried out on a 1,000 ppm methane
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(A) Raw concentrations acquired by the original sensing system under the SG-WNP-OA-ICOS system with a primitive, modulation depth of 30%
(black)/30% (red)); (B) The original Allan bias (blue)/30% (red)) in the SG-WNP-OA-ICOS system with a modulation depth of 30%.

gas sample using the system. During the 1 h observation period, the
system performed data acquisition at a frequency of concentration
analysis after every five sampling cycles.

The Allan deviation parameters of OA-ICOS system and SG-
WNP-OA-IOS system were calculated respectively. Figure 6B
illustrates the evolution of the Allan deviation curve. The
experimental data show that when the integration time reaches
1125, the SG-WNP-OA-IOS system achieves the minimum
measurement limit of 2.22 ppm, which is about 2.4 times higher
than that of the ordinary OA-ICOS system (measurement limit
of 5.32 ppm).

The in-depth analysis shows that the introduction of white
noise optimizes the system performance through the following
mechanisms: firstly, the broadband noise energy effectively
suppresses the low-frequency 1/f noise component of the sensor;
Secondly, the stochastic perturbation breaks the original periodic
error correlation of the system, and changes the noise substrate from
a correlated type to an uncorrelated distribution.

In this experiment, we collected the concentration data of the
sensing system in the original state and the SG-WNP-OA-ICOS
system, respectively. In order to visualize the measurement results
more visually, we plot them as Figure 6A. It is clear from the
graph that the concentration data measured by the original sensing
system (corresponding to the black curve in the graph) fluctuates
throughout the measurement process. After careful analysis, it
was found that the concentration fluctuation range was always
in the range of less than +40 ppmv. In stark contrast, the SG-
WNP-OA-ICOS system (which corresponds to the curve in another
red color in the figure) has a significantly lower fluctuation in
the concentration data. Further indepth analysis shows that the
concentration fluctuation range of the system with 30% modulation
depth is greatly reduced to +10 ppmV.

Through this remarkable comparison, we can clearly conclude
that the stability of the sensing system when measuring
concentration data is significantly improved by adding white noise
with a modulation depth of 30%, and the addition of white noise
plays a positive and critical role in improving the performance of
the sensing system.
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4.4 Methane concentration measurement
experiments

To evaluate the performance of the SG-WNP-OA-ICOS system
in measuring methane gas concentration in this study, we precisely
simulated the actual environment during gas leakage and employed
a scientific and rigorous experimental approach. A 600 ppm
methane standard gas was prepared by mixing nitrogen and oxygen
in a 7:2 volume ratio for subsequent experimental use. Subsequently,
we carried out detailed measurements of methane gas using the
designed SG-WNP-OA-ICOS system. The measurement process
covers a total of 4 complete cycles, aiming to obtain comprehensive
and accurate data on the performance of the sensor over different
time periods. In order to visualize the measurement results more
intuitively, we organized the data of the four cycles of the sensor
measurement sample and plotted it into a Figure 7. The system
starts to rise from 0.14 min, ends at 0.35 min, continues to rise for
0.21 min in the middle, starts to decline from 0.56 min, and ends
at 0.76 min for 0.2 min, with an average response time of about
1 min. This data shows that the sensor is able to re-act to changes
in the concentration of methane gas in a short period of time and
maintains good stability over the entire measurement cycle, with
little fluctuation in the measurement results.

In summary, through this experiment and the analysis of
the measurement results, it is fully proved that the sensor has
certain advantages in measuring methane, and its key performance
indicators such as average response time and stability have reached
a relatively ideal level.

4.5 Long-term measurement stability

To comprehensively evaluate the long-term measurement
stability of the sensor, a 4-h sampling of CH4 gas at a concentration
of 1,000 ppm was conducted with a 1-s sampling interval.
The data was averaged every 10s as shown in Figure 8, The
concentration data were collected by the sensor in OA-ICOS
mode (black) and SG-WNP-OA-ICOS mode (red), respectively.
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The sensor measures the results of 4 cycles of the sample.
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FIGURE 8
The concentration data was collected by the sensor in OA-ICOS mode

(black) and SG-WNP-OA-ICOS mode (red).

The results demonstrate that the SG-WNP-OA-ICOS mode exhibits
greater stability compared to the OA-ICOS mode. The maximum
measurement errors for the SG-WNP-OA-ICOS and OA-ICOS
modes were 20 ppm and 40 ppm, respectively. The measured
concentration varied over pro-longed sensor operation, likely due
to the gradual increase in system temperature.

According to the statistical calculation, the standard deviation of
the OA-ICOS system is 0 = 11.47334, and the standard deviation of
the SG-WNP-OA-ICOS system is ¢ = 5.091592, and the SG-WNP-
OA-IOS system still has good stability under long-term operation.
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5 Conclusion

In this study, we propose a noise reduction method for OA-ICOS
system based on white noise injection, which effectively suppresses
cavity-mode noise by applying a 30% modulation depth broadband
white noise disturbance to the DFB laser and combining with the S-
G filtering algorithm. The experimental results show that the signal-
to-noise ratio of the system is increased by 3.16 times, the methane
measurement limit is optimized from 5.32 ppm to 2.22 ppm, the
fluctuation range is reduced from +40 ppm to +10 ppm, and the
dynamic test response time is about 1 min. At the same time, the
SG-WNP-OA-IOS system also exhibits excellent stability during
long-term measurements. This technology provides an innovative
solution for high-precision dissolved methane measurement and
greenhouse gas monitoring.

However, the system still has limitations. Primarily, the filtering
algorithm could be further improved by integrating artificial
intelligence and deep learning for enhanced innovation. In addition,
the operational capability of the equipment under extreme working
conditions is also of great importance. We will conduct further
research on the above issues in the future. For instance, when
facing external temperature and pressure variations, the system can
be expanded by incorporating temperature-control and pressure-
control modules to ensure measurement stability. Additionally,
filtration devices can be integrated to filter dust particles, thereby
enhancing anti-interference capabilities.
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