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Abstract: External environment disturbances in open space cause scintillation noise in tunable diode
laser absorption spectroscopy (TDLAS), which is used to detect the concentration of gases in air.
However, most gases analyzed by TDLAS are present in trace amounts in air. Thus, useful information
is typically submerged in strong noise, thereby reducing the detection accuracy. Herein, a method is
proposed to eliminate the scintillation noise caused by external environment disturbances in open
space. First, the submerged signal is detected via fast coarse-tuning filtering. Then, scintillation noise
is eliminated through the extraction and reconstruction of the main feature information. Thereafter,
the background signal is obtained by unequal precision. Furthermore, adaptive iterative fitting is
performed. Finally, an experimental setup is established for atmospheric detection in an open optical
path. The experimental results show that the COD and RSS fitted using the traditional method are
0.87859 and 1.5772 × 10−5, respectively, and those fitted using the proposed method are 0.91448 and
8.81639× 10−6, respectively. The field results imply that the proposed method has improved accuracy
for detecting trace gases in open space and can be employed for practical engineering applications.

Keywords: laser absorption spectroscopy; measurement; gas; scintillation noise

1. Introduction

Tunable diode laser absorption spectroscopy (TDLAS) [1–6] has the advantages of a
high spectral resolution, sensitivity, and selectivity. Thus, it is an effective method for the
rapid analysis of gas concentrations in air. However, external environment disturbances
in open space cause scintillation noise in TDLAS. External environment disturbances
include weather effects [7,8], dust particle scattering, atmospheric turbulence [9–11], and
atmospheric scintillation [12]. Typically, the gases analyzed by TDLAS are present in trace
amounts in air. Thus, external environment disturbances may cause useful information
to be submerged in strong noise and thus inaccurate detection of the concentration of
gases in the air. Therefore, the effective extraction of useful information regarding spectral
absorption is necessary for ensuring accurate detection.

Digital filtering [13] is a convenient and flexible method as it does not require addi-
tional hardware, components, or detection steps. Based on wavelet denoising (WD), which
is a digital filtering technique that effectively suppresses noise, a novel WD-assisted wave-
length modulation technique was proposed [14]. In addition, to improve the signal-to-noise
ratio (SNR) of TDLAS detection systems, a Gabor transform-based denoising method was
proposed [15] for second harmonic signal noise reduction. Furthermore, to suppress the
scintillation noise in the detection systems, a WD method was used to perform experiments
with different parameters [16]. An adaptive Savitzky−Golay (S-G) filtering algorithm with
a χ2 statistical criterion for the LITES technique was introduced [17].
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Several studies, including the ones mentioned above, have utilized the time domain
angle to analyze and apply digital filtering methods. Furthermore, signal processing in most
studies has been performed using second harmonic signals [18], which have high SNRs,
and their processing is complex and time-consuming when applied to open optical path
for demodulation. In contrast, the SNR afforded by the direct absorption method is low;
however, the method is simple because it does not require modulation and demodulation.
In order to eliminate scintillation noise caused by external environment disturbances in
open space, simple methods without increasing hardware need to be investigated.

In this paper, a method is proposed for eliminating the scintillation noise caused by
external environment disturbances in open space. An experimental setup is established for
atmospheric detection in an open optical path. The effectiveness and applicability of the
proposed method are verified experimentally.

2. Measurement Principle

According to Beer-Lambert’s law:

I = I0 exp(−S∗ΦPcL) (1)

where I0 is the incident light intensity, I is the transmitted light intensity, S* is the absorption
line strength, Φ is the normalized line shape function, P is the pressure, c is the component
concentration of the absorbed gas, and L is the optical path length, and so:

c =
1

S∗ΦPL

(
ln

I0

I1

)
=

A
S∗PL

(2)

where A is the integral absorbance.

3. Method for Eliminating Scintillation Noise Caused by External
Environment Disturbances

The reference optical path signal y(m) is defined as follows:

y(m) = c(m) + n(m) (3)

where c(m) is the “pure signal” and n(m) is random noise.
The detection optical path signal d(m) is expressed as follows:

d(m) = s(m) +
U−1

∑
u=0

ru(m) + n′(m) (4)

where d(m) is the “target signal” used for detecting the optical path signal, n’(m) is random
noise, and ru(m) denotes various disturbance signals (assuming U).

Through fast coarse-tuning filtering, the signal submerged in the noise can be detected.
First, the frequency spectrum of d(m) is obtained quickly. According to the previous cycle
signal, N points (number of samples in a time period) are used as a window. The FFT [19]
of d(m) is quickly calculated using the sliding FFT algorithm.

Dk(n) =
N−1
∑

m=0
d(m)e−j 2πmn

N =
N−1
∑

m=0

(
s(m) +

U−1
∑

u=0
ru(m) + n′(m)

)
e−j 2πmn

N

Dk+1(n) = ej 2πn
N

[
Dk(n) + d(i + N)− d(i)

] (5)

where Dk(n) represents the N-point FFT of the signal in the current cycle; i represents the
starting position of the window; and Dk+1(n) represents the signal in the next cycle, whose
FFT can be quickly obtained using the difference between the values.
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By passing d(m) through a filter w(m), then Dk(n) becomes:

D′k(n) =
N−1

∑
m=0

d(m)w(m)e−j 2πmn
N =

N−1

∑
m=0

(
s(m) +

U−1

∑
u=0

ru(m) + n′(m)

)
w(m)e−j 2πmn

N . (6)

After IFFT:

d′(m) = 1
N

N−1
∑

n=0
Dk(n)W(n)ej 2πmn

N

= 1
N

M−1
∑

n=0
Dk(n)W(n)ej 2πmn

N + 1
N

N−1
∑

n=M
Dk(n)W(n)ej 2πmn

N

= 1
N

M−1
∑

n=0

[
Sk(n) +

U−1
∑

u=0
Ru(n) + N′(n)

]
W(n)ej 2πmn

N +

1
N

N−1
∑

n=M

[
Sk(n) +

U−1
∑

u=0
Ru(n) + N′(n)

]
W(n)ej 2πmn

N .

(7)

d′(m) is made up of the target signal d̂(m) and the interference signal d̃(m). Assuming
that the spectra of the target signal and the interference signal do not overlap, the bandwidth
w(m) of the filter is adjusted. Finally, the d’(m) signal that mainly contains the target signal
d̂(m) is obtained.

d̂(m) = 1
N

M−1
∑

n=0

[
Sk(n) +

U−1
∑

u=0
Ru(n) + N′(n)

]
W(n)ej 2πmn

N .

d̃(m) = 1
N

N−1
∑

n=M

[
Sk(n) +

U−1
∑

u=0
Ru(n) + N′(n)

]
W(n)ej 2πmn

N .

d′(m) = d̂(m) + d̃(m) ≈ d̂(m).

(8)

The d’(m) signal still contains a significant amount of noise and thus requires further
processing, which is performed by constructing a matrix H with d’(m).

H =


d′(0) d′(1) · · · d′(i− 1)
d′(1) d′(2) · · · d′(i)

...
...

...
d′(N − i) d′(N − i + 1) · · · d′(N − 1)

. (9)

The matrix H can be expressed as follows:

H = UΛVT (10)

where q = N − i + 1, Uq×i and Vi×i are orthogonal matrices, respectively, and Λ is a
diagonal matrix.

Λ =

[
∑0 0
0 0

]
, ∑

0
= diag(σ1, σ2, · · · , σi). (11)

The eigenvalues lie on the main diagonal, and the main eigenvalues can be quickly
selected. Then, the matrix is reconstructed to obtain a signal d’(m).

According to the absorption position of the reference optical path signal y(m), the line
is locked, and a signal without an absorption region is selected for two-step fitting. The
background signal is obtained through unequal precision. Then, adaptive iterative fitting
is performed and y(m) is processed. The concentration is detected by inversion.

4. Experimental Setup for Atmospheric Detection in Open Optical Path

The experimental setup is shown in Figure 1. Methane gas [20–22] is considered as the
target gas. A methane laser with a central wavelength of 1653 nm (model: NLK1U5EAAA,
NTT Corp., Tokyo, Japan) is employed as the light source. According to the input signal of
the signal generator, the laser controller modulates the output wavelength of the laser. The
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laser control module and the function generator are separately developed in the laboratory.
The signal generator generates a sawtooth signal with a frequency of 170 Hz and a duty
ratio of 90% to scan the selected absorption line. The laser beam is split into two beams: a
reference beam and a detection beam. The reference beam is collimated using collimator
1 and is passed through a 20 cm standard cell with 5% concentration and is focused on a
photodetector. The detection beam is collimated by collimator 2, is emitted through the
telescope, and is reflected along the same path by a corner reflector. The reflected beam
is then focused on the photodetector in the telescope through a Fresnel lens. The signals
are applied as inputs to the signal processing and acquisition module for the analysis
and inversion.
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Figure 1. System construction.

5. Results

The experiment was conducted using the established experimental setup. Before
spectral data processing, the signals of the reference and detection optical path were
collected simultaneously, as shown in Figure 2. As can be seen from Figure 2b, it is a
continuously measured 14-cycle detection signal. In open space detection, the signal
of the detection optical path was submerged in noise caused by external environment
disturbances, which caused the wavefront distortion of the signal.
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Figure 2. Spectral signals. (a) Signal of the reference optical path, (b) Signal of the detection optical
path (multiple periodic signals).

First, fast coarse-tuning filtering was used to coarse-tune the signal, as shown in
Figure 3. It can be seen from the signal (black curve) that the absorption position was be-
tween approximately 150–300 sample points. However, the signal was greatly interfered by
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the external environment, so the position of the absorption signal could not be determined
accurately. Apparently, the useful signal was effectively detected with a considerably high
signal-to-noise ratio. After fast coarse-tuning filtering, the signal (red curve) could be used
to quickly determine the approximate position of absorption at 180–250 sample points. The
maximum residual was 0.02572; however, a significant amount of noise was present.
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Figure 3. Fast coarse-tuning filtering.

Figure 4 illustrates that scintillation noise caused by external environment disturbances
could be effectively eliminated through the extraction and reconstruction of the main feature
information. Figure 4a shows the signals before and after the extraction and reconstruction
of the main feature information. The correlation coefficient between the signals before
(red curve) and after (blue curve) processing was 0.999. Note that after the extraction and
reconstruction of the main feature information, the useful signals submerged in the noise
could be effectively extracted. Figure 4b shows the residuals, where the maximum residual
and the sum of the residuals were 0.0128 and 0.125, respectively.
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Figure 4. Extraction and reconstruction of the main feature information. (a) Signals before and after
the extraction and reconstruction of the main feature information; (b) Residual.

According to the absorption position of the reference optical path signal, the line was
locked. The main feature information was extracted and the non-absorption part of the
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reconstructed signal was selected for two-step fitting. The background signal was obtained
through unequal precision, as shown in Figure 5. Notably, the background signal obtained
herein was more significant than that obtained via the traditional method [23,24]. Figure 5b
shows that the maximum residual via the traditional method was 0.037, and the sum of the
residuals was 0.0.88. The maximum residual and the sum of the residuals via the proposed
method were 0.029 and −0.16, respectively.
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Figure 5. Background signal fitting: (a) background signal fitting and (b) residual signals in the
non-absorbed part.

The proposed method and the traditional method [25] were used to remove the
background noise, as shown in Figure 6. Apparently, the proposed method (blue curve)
significantly improved the signal quality after removing the background noise compared
with the traditional method (red curve). In Figure 6, the red curve was obtained using the
traditional method after background noise removal of the signal of the detection optical
path. The blue curve shows the eliminated scintillation noise caused by the external
environment disturbances and has a higher fitting degree.
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Subsequently, adaptive iterative fitting was performed, and the obtained signal is
shown in Figure 7. Figure 7a shows that R-Square (COD) and Reduced Chi-Sqr (RSS)
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fitted via the traditional method were 0.87859 and 1.5772 × 10−5, respectively. Figure 7b
shows that COD and RSS fitted via the proposed method were 0.91448 and 8.81639 × 10−6,
respectively.
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Figure 7. Adaptive iterative fitting.

Finally, a practical application of the proposed method was demonstrated. CH4
emission from wheat in a farmland was recorded continuously for 72 h using the established
experimental setup and L = 196 m. Two days before the experiment, it rained. The
recorded values, as shown in Figure 8, indicated diurnal variations in CH4 emissions. Peak
concentrations were observed within intervals of 9–13, 33–35, and 60–62 h for the duration
of detection. Valley concentrations were observed approximately 24, 46, and 69 h after the
start of the detection period. The daily average of the intervals for 0–24, 24–48, and 48–72
h were 2.716, 2.5521, and 2.432 ppm, respectively. For a period of time after the rain, the
rain may have affected the emission of CH4. Therefore, the proposed method could be
employed for practical engineering applications, such as detecting environmental gas in the
hazard zone, monitoring agricultural and animal husbandry gas emissions, and detecting
the leakage of natural gas pipelines.
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6. Conclusions

A method is proposed in this study for eliminating scintillation noise caused by
external environment disturbances in open space. An experimental setup is established for
open optical path atmospheric detection. The proposed method has the following features:

1. Signals submerged in noise are detected via fast coarse-tuning filtering.
2. Scintillation noise caused by external environment disturbances are eliminated through

the extraction and reconstruction of the main feature information.
3. Background signal is obtained via unequal precision, background noise is eliminated,

and adaptive iterative fitting is performed. COD and RSS fitted via the traditional
method are 0.87859 and 1.5772 × 10−5, respectively, and those fitted via the proposed
method are 0.91448 and 8.81639 × 10−6, respectively.

4. A field experiment is carried out, and diurnal variations in CH4 emissions are ob-
served. The daily average for the intervals 0–24, 24–48, and 48–72 h are 2.716, 2.5521,
and 2.432 ppm, respectively. For a period of time after rain, the rain may affect the
emission of CH4. Thus, the accuracy of detection of trace gases in open space is
improved using the proposed method.

5. It is proven that there is a good engineering practical value in the proposed method,
such as detecting environmental gas in the hazard zone, monitoring agricultural and
animal husbandry gas emissions, and detecting leakage of the natural gas pipeline.
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