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Tunable diode laser absorption spectroscopy (TDLAS) is a significant technique for measuring gas concentra-
tion in the combustion field. When the gas concentration is detected by wavelength modulation spectroscopy,
the second harmonic (2f) signal demodulated by a lock-in amplifier can be analyzed to obtain the gas concen-
tration information. However, the 2f signal will be affected by the white Gaussian noise of electronic equipment
and the optical fringe of the standard instrument, which will lead to the reduction of the gas detection accu-
racy. To solve the above problems, this paper proposes a 2f signal noise reduction algorithm based on the
complete ensemble empirical mode decomposition with adaptive noise (CEEMDAN), detrended fluctuation
analysis (DFA), and wavelet soft threshold (WST). Taking CO, gas as an example, the 2f signal extracted
from the experiment was denoised, and the amplitude of the 2f signal was linearly fitted to the gas concen-
tration. The R? value was 0.9979, and the SNR was 31.9750 dB. The denoising effect is obvious, and the
denoising algorithm can better retain the peak information of the second harmonic signal. In this paper, the
existing classical noise reduction algorithm is simulated and analyzed. To display the noise reduction effect
visually in the time-frequency domain, the Hilbert-Huang transform three-dimensional spectrum is introduced
to analyze the spectrum characteristics of the noise reduction signal.

Keywords: Tunable Diode Laser Absorption Spectroscopy, Second Harmonic, Complete Ensemble Empirical Mode
Decomposition With Adaptive Noise (CEEMDAN), Detrended Fluctuation Analysis (DFA), Wavelet Soft Threshold (WST),
Hilbert-Huang Transform (HHT).

1. INTRODUCTION

[1]. It is often used in atmospheric monitoring, combus-

Tunable diode laser absorption spectroscopy (TDLAS) has
the characteristics of high sensitivity and strong stability
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tion field diagnosis, and human respiration detection [2].
TDLAS gas detection technology includes direct absorp-
tion spectroscopy technology and wavelength modulation
technology. Wavelength modulation spectroscopy technol-
ogy has higher sensitivity than direct absorption spec-
troscopy technology [3]. When wavelength modulation
spectroscopy technology is applied to open gas detection,
it will be affected by some uncontrollable environmental
noise, noise in optical components and electronic devices,
and optical fringes, resulting in the second harmonic (2f)
signal is not smooth enough, the peak information is not
clear, and the accuracy of concentration measurement will
be affected [4].
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At present, the research on improving the accuracy
of gas detection mainly includes hardware design and
software denoising. In terms of hardware design, Zhu
et al. proposed a light source that can continuously mod-
ulate the wavelength and achieve a constant output power,
which can suppress the spectral distortion of 2f signal and
improve the accuracy of gas detection [5]. Yang et al. used
two-tone modulation combined with vibrational reflectors
to solve the problem of background fluctuations caused by
light interference fringes in TDLAS systems [6]. Kireev
et al. improved the detection accuracy of the system by
using synchronous detection technology of tunable diode
lasers modulated by pumped current frequency, combined
with the application of the Wiener filtering algorithm [7].
Chong et al. designed the BRD circuit to suppress the
residual amplitude modulation caused by the second har-
monic signal distortion and improve the accuracy of mea-
surement [8]. These methods can improve the detection
accuracy of the system but will increase the complexity
of the TDLAS system. In terms of software denoising,
Bin et al. used Gabor transform to de-noise the 2f signal,
which improved the SNR of the system by 15.73 dB [9].
Wang et al. applied singular value decomposition to noise
reduction of second harmonic signals, achieving a system
noise removal rate of 80% [10]. Liu and YS used wavelet
transform to perform baseline elimination and noise fil-
tering for the second harmonic signal, and the relative
error between the processed signal and the theoretical sig-
nal decreased from 1.26% to 0.12% [11]. Li et al. used
wavelet transform to effectively suppress interference sig-
nals [12]. Cai et al. introduced an equal-weight sampling
strategy, which reduced noise by 11% [13]. Lu et al.
proposed an adaptive progressive Savitzky-Golay (S-G)
smoothing filtering algorithm to filter the spectral signal
and remove the noise better [14]. Zheng et al. used an
improved LMS adaptive denoising algorithm to effectively
suppress the interference of strong noise in the spectrum
[15]. Liang et al. used a variational mode decomposi-
tion filtering algorithm to denoise the 2f signal, and the
denoised 2f amplitude was fitted to the gas concentration,
and the R? increased from 0.9633 to 0.9940 [16]. With
the deepening of research, aiming at the shortcomings of
the single filter algorithm, some joint noise reduction algo-
rithms have been proposed, such as the Empirical Mode
Decomposition (EMD) and wavelet threshold (WT) de-
noising algorithm [17], complete ensemble empirical mode
decomposition with adaptive noise (CEEMDAN) and WT
combined denoising algorithm [18]. The key technology
of these joint denoising algorithms is to solve the discrim-
inant problem of noise intrinsic mode functions (IMFs)
obtained by CEEMDAN decomposition. The commonly
used discriminant method is the mean square error crite-
rion, but if there are continuous IMFs components whose
MEAN square error value is close, it is difficult to dis-
criminate the noise signal.

Based on the existing research, a CEEMDAN, detrended
fluctuation analysis (DFA), and wavelet soft threshold
(WST) are proposed. Further, suppress the noise in the
2f signal and extract the useful 2f signal. This method
uses the DFA algorithm to solve the problem of IMFs
component discrimination of noise. The second harmonic
signal with noise is decomposed by CEEMDAN, and
the information-dominated IMFs component is screened
by the DFA algorithm. The information-dominated IMFs
component is reconstructed, and the reconstructed signal
is further de-noised by using the WST to obtain the de-
noised second harmonic signal. The proposed algorithm
is compared with CEEMDAN-DFA-Wavelet Hard Thresh-
old (WHT), CEEMDAN-WST, CEEMDAN-WHT, EMD-
DFA-WST, WST, and WHT methods for simulation and
analysis of noise reduction effects. The results show that
the denoising method has a better suppression effect on 2f
signal noise.

2. CEEMDAN-DFA-WST DENOISING
PRINCIPLE

2.1. CEEMDAN-DFA-WST Denoising Algorithm Flow

The CEEMDAN-DFA-WST denoising steps of TDLAS

proposed in this paper are:

Step 1: CEEMDAN decomposes noisy signals into var-
ious order IMFs.

Step 2: The Hurst index values of IMF components were
calculated by the DFA method.

Step 3: Remove the IMF components whose Hurst index
is less than 0.5 and reconstruct the remaining IMF com-
ponents to obtain the reconstruction signal.

Step 4: The reconstructed signal is denoised by wavelet
soft threshold and the denoised second harmonic signal is
obtained.

CEEMDAN-DFA-WST denoising process is shown in
Figure 1.

2.2. Principle of the CEEMDAN

CEEMDAN is an improved algorithm based on EMD and
ensemble empirical mode decomposition (EEMD). EMD
can decompose any signal into the form of IMFs with
different frequencies and can process non-stationary non-
linear signals adaptively, but its decomposition has modal
aliasing [19]. EEMD can solve this problem, but the
decomposition method has the problem of noise residue.
Complementary ensemble Empirical Mode decomposition
(CEEMD) can suppress the noise residue problem, but its
improper parameter selection may lead to the existence of
false IMFs [20]. Based on CEEMD, TORRES proposed
the CEEMDAN decomposition algorithm [21], which can
obtain pure IMFs and perform signal decomposition adap-
tively [22], providing a distinct advantage in processing
nonlinear and non-stationary signals. CEEMDAN decom-
position steps are as follows:

J. Nanoelectron. Oploelectron., 17, 758-768, 2022

759



Study on Noise Reduction of TDLAS Detection Signal Based on CEEMDAN-DFA-WST Zhao et al.
I I
I | :
Noisy second Denoising
harmonic signal CEEMDAN | calculate the remove | WST secoiid-hatiohic
1o obtain the | Hurst index IMFs —— method to signal
—Pp IMFEs ——1—) H(i) of each ——» components —» : ——»| denoise the f————p>
) A d signal | )
component | IMFs with reconstrucle
of the signal | component H(i)<0.5 | d signal
CEEMDAN | DFA : WST

Fig. 1. Flow chart of CEEMDAN-DFA-WST denoising method.

Step 1: Add white noise to the signal to be processed
X (1), and obtain N IMFs after EMD decomposition. Set to
a,, a,, ...ay, the components of the first-order eigen mode
function after CEEMDAN decomposition are obtained:

- 1 XN
a](r):ﬁZa‘{{r),j:[,l..N (1)
Jj=!

Step 2: When j = |, calculate the residual error:
n(t)=x()—a (1) (2)

Step 3: Add the positive and negative white noise signals
into r, (1) to obtain signal y(r). After the decomposition
of EMD with y (1), the first-order eigen mode component
b, can be obtained, then:

l N
az{f)=ﬁzb]’(l),j=l,2.”.N (3)
j=1

Step 4: Calculate residual:
ry (1) =r (1) —a, (1) (4)

Step 5: Repeat the above steps until »(t) is indecom-
posable. At this time, k IMF are obtained, then the signal
to be processed can be expressed as:

x()=Y a, (t)+r(1) (5)

k=1

2.3. Principle of the DFA
In the improved denoising algorithm of CEEMDAN, the
distinction between the information-dominated IMF com-
ponent and the noise-dominated IMF component is the
key to the denoising effect. The artificial discrimination
method lacks self-adaptability and is easy to cause large
errors. DFA algorithm is introduced, which can provide a
quantitative parameter, namely Hurst index, Hurst expo-
nent can reflect the long-range power-law correlation of
non-stationary signals [23], therefore, the IMFs component
of noise can be accurately determined. The steps of DFA
algorithm are as follows:

Step 1: As shown in Eq. (6), non-stationary time series
x (1) is processed to obtain signal x’(k):

k .
(k)= > (x(t)-x),k=1,2...,N (6)

Where, N is the length of time series x (1), and X is the
mean value of x (r).

Step 2: Divide x'(k) into n non-overlapping sub-
sequences and fit the sub-sequences. Suppose that the local
linear trend of these sub-sequence segments is y, (k), then
the root mean square fluctuation is:

N
F,= J —}];, Y (' (k) =y, (K))? (7)
k=1

Step 3: If x(¢) has long range power law correlation,
then

F,con® (8)

Where, a is the scale index.

a is used to represent the long-range power law cor-
relation of the sequence. When a < 0.5, the sequence is
considered to have anti-persistence; when « = 0.5, the
sequence is considered to be random; when a > 0.5, the
sequence is considered to be continuous [24]. In signal
denoising, it can be considered that when a < 0.5, the
signal has short-range correlation and noise is considered
as the dominant component. Therefore, whether the IMF
component is the dominant component of noise can be
determined by calculating the value of «.

2.4. Wavelet Threshold Denoising

The wavelet transform has a good ability to express local
features in the time-frequency domain and has good appli-
cability to the analysis of non-stationary signals and local
features. It can denoise signals by selecting appropriate
thresholds [25]. The commonly used threshold denoising
methods include wavelet hard threshold (WHT) denoising
and wavelet soft threshold (WST) denoising [26]. WHT is
better than WST in the mean square sense, but there are
jump points in the denoised signal, and the signal is not
smooth enough, which affects the extraction accuracy of
the peak point information of the second harmonic signal.
Although the wavelet soft threshold has the advantages
of a smooth denoising effect and good continuity, it will
compress the signal, lead to certain deviations and affect
the accuracy of signal reconstruction. The WST method is
adopted in this paper.
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WHT denoising method:

w |w|=A
w, = (9)
0 |wml<A

Where, @, is the wavelet coefficient, @ is the wavelet
decomposition coefficient, and A is the critical threshold.
Set it to 0 when |w| > A and leave it the same when
l@| > A

Wavelet soft threshold denoising method:

[[Sgn{w)](fﬁrl—f\) |wr| = A
oy, =

0

0 || < A (10)

Where, @, is the wavelet coefficient, sgn(-) is the sign

function, @ is the wavelet decomposition coefficient, and

A is the critical threshold. When |@r| < A, set it to 0; when

|@r| = A, set it to the difference between the point value
and the threshold value.

3. SIMULATION AND ANALYSIS
3.1. Measuring Principle
The Beer-Lambert law, which describes the relationship
between spectral line parameters and environmental con-
ditions and the absorption rate of light, is the theoretical
cornerstone of the TDLAS technology. The law applies to
all molecules and atoms whose states can absorb photons.
According to the Beer-Lambert law, the absorption coef-
ficient of light is proportional to the product of optical path
and concentration. When an incident light with intensity
I, is absorbed through a gas with length L, the transmitted
light intensity /, can be expressed as:

I, = Iexp[—PS(T)g(v)CL] (11)

Where, P is the total pressure (unit: atm), /, is the transmit-
ted light intensity, I, is the incident light intensity, S(7') is
the line intensity, g(v) is the linear function of the spectral
line, C is the gas concentration, and L is the absorption
optical path length.

In the low-concentration CO, detection experiment, the
absorbed signal detected by the detector is very weak.
In wavelength modulation technology, a lock-in amplifier
is used to modulate and demodulate the input original
harmonic signal to generate the 2f Signal. Since the sig-
nal is modulated and demodulated, it will be removed in
the subsequent signal processing compared with the direct
absorption technique, thus reducing the influence of exter-
nal background signals.

The second harmonic component after demodulation is:

. 2PS(T)CL
H,(x,m) = _11-(,3%
[ 4 V2Z(M4+1-2)V /M EaxT+M
X — w—
m? miv M2t ax2
4.rJ¢M2+4x2—M] (12)
m?y/ M?+4x?

Where H, is the cosine Fourier coefficient of the laser
transmittance, m is the modulation depth, M = 1 — x* +
m?, Av, is the collision linewidth, and when x = 0, the
amplitude of the 2f signal at the center frequency is:

2PS(T)CL | 4 2(2+m?)
OO ot | (RS SRR v, vl i O 13
H, (0, m) o ]:mz Ty (13)

As can be seen from the above equation, after the modu-
lation depth m is determined, the 2f signal related to the
gas concentration is obtained.

3.2. Simulation Experiments

In the TDLAS system, the 2f signal. Will be affected
by the white Gaussian noise of electronic devices and
the optical interference fringe effect. Taking the absorp-
tion spectral line of carbon dioxide gas at 1572.3 nm as
an example, the effectiveness of the CEEMDAN-DFA-
WST noise reduction algorithm was verified. Simulink
simulation platform was used to simulate the TDLAS gas
detection system, and the ideal second-harmonic signal
extracted by lock-in amplifier in wavelength modulation
technology was simulated, as shown in Figure 2(a). The
wavelength of the interference fringe is generally in the
order of 107*~10"% cm~', which is directly superimposed
on the harmonic signal in the form of the sine wave.
The second harmonic signal superimposed on the interfer-
ence fringe is shown in Figure 2(b). In the actual experi-
ment, white Gaussian noise and optical interference fringe
will affect the detection accuracy of the system simulta-
neously. In this paper, the random number module is used
to add Gaussian white noise signal to the ideal signal, and
the optical interference fringe is superposed to reduce the
noise. The second harmonic signal superposed by Gaus-
sian white noise and optical interference fringe is shown
in Figure 2(c). The SNR is 19.1460 dB, and the peak SNR
is 28.3 dB.

The IMFs components with different frequencies were
obtained by CEEMDAN decomposition, as shown in
Figure 3. The spectrum of the corresponding IMF com-
ponent is shown in Figure 4. The Hurst index of each
IMF component was calculated using the DFA principle,
and the Hurst index value obtained was shown in Table 1.
According to Table I, the IMFs component with Hurst
index value less than 0.5 was the first six order, that is, the
first six order IMFs component was the noise dominant
component.

The IMFs led by the information screened by DFA
are reconstructed, and the reconstructed signal is denoised
by wavelet soft threshold, and the final denoised signal
is shown in Figure 5. Figure 5 shows that the 2f sig-
nal curve after denoising by CEEMDAN-DFA-WST is
smooth. Compared with Figure 2(c), the denoising effect
is more obvious. And good retention of useful information
points.
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Fig. 2. Second harmonic signal; (a) Deal second harmonic signal; (b) Second harmonic signal superimposed by interference fringes (c) Second
harmonic signal superimposed by white Gaussian noise and optical interference fringes.

3.3. CEEMDAN-DFA-WST Analysis of Noise were used to evaluate the denoising effect. CEEMDAN-

Reduction Performance DFA-WST denoising algorithm is compared and ana-
To evaluate the denoising effect more accurately, mean  lyzed with other denoising algorithms. Figure 6 shows
absolute error (MAE), signal-to-noise ratio (SNR), peak the denoising results of different algorithms, and Table II
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Table 1.

Scale index of IMF components of the second harmonic signal.

IMF 1 2 3 LS 5

6 7 8 9 10 11

a 0.1893 0.4072 0.1482 0.2179 0.3759

0.4012 0.7495 0.8524 0.8532 0.9999 1.0123

20 x10°

= noisy signal
CEEMDAN-DFA-WST
I denoising signal
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o = o

o

L

-5 ! . L + :
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Sampling points

Fig, 5.
WST.

Comparison of noise reduction effect of CEEEMDAN-DFA-

effects of different algorithms. According to the data in
Table 11, the SNR of the second harmonic curve obtained
by the CEEMDAN-DFA-WST denoising method is signif-
icantly increased compared with other denoising methods,
from 19.1460 dB to 31.9750 dB, and the correlation is
significantly enhanced to 99.9542%. Therefore, the second
harmonic curve processed by the CEEMDAN-DFA-WST

%10

denoising method is closer to the original curve. This
method has obvious advantages in noise reduction, and can
well restore the peak position of the 2f signal, and retain
the authenticity of the signal.

3.4. HHT-3D Spectrum is Used to Analyze the Noise

Reduction Performance of Second

Harmonic Signal
HHT-3D spectrum is a three-dimensional display of
time-frequency characteristics of signals. Compared with
Fourier transform analysis of signal frequency compo-
sition, the HHT-3D spectrum can analyze the change
of signal frequency with time, which can better reflect
the local characteristics of the signal [27]. Hibert-Huang
includes EMD decomposition and Hilbert transformation
[28]. Firstly, the EMD method was used to obtain the IMF
components of each order, and then the instantaneous fre-
quencies and corresponding amplitudes of each IMF com-
ponent were obtained by Hilbert transform.

The corresponding HHT-3D spectra of the 2f signal with
noise and the signal denoised by eight denoising algo-
rithms are obtained respectively. From the HHT-3D spec-
tra, the denoising effect of the denoising algorithm can be
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Fig. 6. Noise reduction effect of different algorithms; (a) The signal with noise; (b) WHT is used for noise reduction; (¢) Noise reduction using
WST: (d) Noise reduction using EMD-DFA-WHT; (¢) Noise reduction using EMD-DFA-WST; (f) Noise reduction using CEEMDAN-WHT; (g) Noise
reduction using CEEMDAN-WST: (h) Noise reduction using CEEMDAN-DFA-WHT:; (i) Noise reduction using CEEMDAN-DFA-WST.

directly compared from the perspective of the frequency
domain, as shown in Figure 7. As shown in Figure 7(a),
the high-frequency part of the HHT-3D spectrum of the
ideal signal is flat without noise interference. As shown
in Figure 7(b), the HHT-3D spectrum with noise signal is
characterized by high-frequency information, many burrs,
and miscellaneous. As shown in Figures 7(c), (e), (g), and
(i), the second harmonic signal after denoising by WHT,
EMD-DFA-WHT, CEEMDAN-WHT, and CEEMDAN-
DFA-WHT has some high-frequency noise components in
the 0-400 Hz region, and the denoising effect is poor. As
shown in Figures 7(d), (), (h), and (j), the high-frequency
region of the HHT-3D spectrum of the 2f signal. is
clean after the noise reduction of WST, EMD-DFA-WST,
CEEMDAN-WST, and CEEMDAN-DFA-WST. However,
there is still some noise in the 0-200 Hz part of the

second harmonic signal spectrum after denoising of WST,
EMD-DFA-WST, and CEEMDAN-WST, and the denois-
ing is not complete. Moreover, the HHT-3D spectrum is
quite different from the ideal signal, which affects the

Table 11. Effect evaluation of various denoising algorithms.

Denoising method MAE/% SNR/AB PSNR/dB CC/%

WHT 0.0160% 26,2841 355254  99.8302%
WST 0.0096% 31.7756  41.0169  99.9521%
EMD-DFA-WHT 0.0140% 27.9910  37.2323  99.8857%
EMD-DFA-WST 0.0096% 31.5982  40.8395  99.9504%
CEEMDAN-WHT 0.0125% 289161  38.1575  99.9075%
CEEMDAN-WST 0.0094% 31.8241  41.0655  99.9527%
CEEMDAN-DFA-WHT  0.0139%  28.1330  37.3743  99.8890%
CEEMDAN-DFA-WST  0.0094% 319750  41.2163  99.9542%
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useful signal. However, the HHT-3D spectral features of
CEEMDAN-DFA-WST are closer to the ideal signal as
shown in Figure 7(a).

The analysis of the HHT-3D spectrum shows that the
denoising effect of the algorithm combined with the
wavelet soft threshold is better than that combined with
the wavelet hard threshold. The denoising effect of the
CEEMDAN-DFA-WST algorithm is superior to that of the
second harmonic signal, which can better remove the high-
frequency noise components and retain the useful infor-
mation components of the low frequency.

4. RESULTS AND DISCUSSION

4.1. The Experimental Device

To verify the feasibility of the CEEMDAN-DFA-WST
denoising algorithm, CO, gases with concentrations of
10%, 12%, 18%, and 20% were selected to extract their
corresponding second harmonic signals. Figure 8 shows
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Fig. 7. Continued.

the structure of the experimental system. The system is
composed of a signal generator, a DFB laser with a cen-
tral wavelength of 1572.3 nm, a laser controller, a multi-
reflector chamber with a 14.5 m optical path, a collimator,
a photodetector, a lock-in amplifier, a data acquisition card,
and a PC. The frequency of the sine wave modulation sig-
nal is set to 30 kHz, the voltage is set to 134 mV, the
frequency of the sawtooth wave scanning signal is set to
10 Hz, and the tuning amplitude is set to 900 mV. Before
each experiment, the gas absorption cell was repeatedly
purged with high-purity N, to avoid interference from
other gases in the air. The sine wave signal is generated by
the signal generator and the sawtooth wave signal is super-
posed and input to the laser controller. The laser generated
by the laser is absorbed by the gas chamber containing
carbon dioxide, the absorbed signal is received by the pho-
todetector, and the 2f signal is demodulated by the lock-in
amplifier.
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WST denoised HHT-3D spectrum.
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Fig. 9. Experimental data and denoised data of CEEMDAN-DFA-WST.

4.2. CEEMDAN-DFA-WST Noise Reduction of Actual
Measured Curves
When CO, gas with a concentration of 15% is injected,
the 2f signal obtained in the experiment and the 2f sig-
nal after denoising by CEEMDAN-DFA-WST are shown
in Figure 9. As can be seen from Figure 9, the 2f signal
obtained through the demodulation of the lock amplifier
is not smooth on the whole, and the amplitude point of
the 2f signal is not clear enough. The 2f signal obtained
by experiment is different from that obtained by simula-
tion, which is not about center symmetry because it is

11t
* Data
105  =—Fitting line

R?=0.9979
y=0.0263x+0.3159

L i L

15 20 25 30
Concentration/%

Fig. 10. Linear fitting of the relationship between the amplitude of the
second harmonic and CO, concentration after denoising,
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affected by the superposition of several harmonic compo-
nents or residual amplitude modulation. The denoised 2f
signal is smooth as a whole, and the denoising effect on
useful information points is obvious. The linear fitting of
the denoised 2f signal amplitude and CO, concentration is
shown in Figure 10, the amplitude of the 2f signal is pro-
portional to CO, concentration, and the linear correlation
coefficient is 0.9979.

5. CONCLUSIONS

In this paper, a new CEEMDAN-DFA-WST denoising
algorithm is proposed for the 2f signal of TDLAS tech-
nology. The CEEMDAN decomposition is used to decom-
pose the 2f signal superposed by white Gaussian noise and
optical fringes into intrinsic mode components of differ-
ent frequencies. The detrended fluctuation analysis algo-
rithm is introduced to screen the information-dominated
eigenmode function, and the wavelet soft threshold denois-
ing further improves the denoising accuracy and obtains
a better denoising effect. By comparing with other noise
reduction algorithms and analyzing the denoising effect, it
can be seen that the SNR of this method is 31.9750 dB
when processing the 2f signal. The correlation between the
denoised 2f signal and the original 2f signal is stronger,
and the correlation number is 99.9542%. The spectral
characteristics of the signal denoised by various noise
reduction algorithms of the HHT-3D spectrum were ana-
lyzed, and the effect of noise reduction was evaluated
intuitively from the perspective of the frequency domain.
The actual extraction of second harmonic signal noise
reduction processing, the second harmonic signal ampli-
tude linear fitting with gas concentration, R? is 0.9979, the
noise reduction after the second harmonic signal of overall
smooth, retain the useful information point, and achieved
a good effect of noise suppression, in the combustion of
gas concentration detection has a certain practical value.
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