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A novel absorption line shape recovery method with self-calibration function and ultra-easy implemen-
tation was introduced to direct absorption spectroscopy (DAS) in this study. The self-calibration function
empowered the DAS system with the immunity to the laser power fluctuations. The ultra-easy imple-
mentation was achieved in that the DAS system was substantially simplified with a single-path DAS
rather than the traditional dual-path differential optical absorption spectroscopy (DOAS), and the absorp-
tion profile can be directly recovered by an analog or digital filter instead of complex fitting algorithm or
sophisticated balance detection circuits. The reliability and self-calibration characteristic of the new
method were validated using CH4 transition at 1653.72 nm, where the line strength is
1:45� 10�21cm=molec. The Voigt fitting residual and signal to noise ratio were optimized in detail and
compared with the DOAS.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Trace gas detection is of great interest in a wide range of appli-
cations, such as food & medicine safety, combustion analysis, envi-
ronmental monitoring and industrial process control [1–5]. Among
large number of technologies, tunable diode laser absorption spec-
troscopy (TDLAS) has become the preferred opinion due to its
inherent advantages such as excellent selectivity, high sensitivity,
robust anti-interference ability and long service life. In the
TDLAS-based systems, the direct absorption spectroscopy (DAS)
has the simplest system diagram. To improve the detection sensi-
tivity of TDLAS system, mid-infrared (MIR) lasers were preferred to
exploit the strong fundamental rotation/vibration absorption lines
[6–8], because the absorption line strength of gas molecule in the
MIR region is, generally, three orders of magnitude higher than
the near infrared (NIR) band. Recently, the rapid development of
MIR tunable light source, such as inter-band cascade laser (ICL),
quantum cascade laser (QCL), further reduced the cost and com-
plexity of the MIR light source based TDLAS system compared to
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the past [9–13]. However, the need to actively cool both the lasers
and detectors restricted the widespread use of such MIR systems.
So, in order to secure the high detection sensitivity, the wavelength
modulation spectroscopy (WMS) was proposed later and immedi-
ately drawn many attentions owing to its excellent noise rejection
performance by virtue of the harmonic detection technology [14
15]. In addition to the above mentioned direct absorption technol-
ogy, several indirect absorption spectroscopy (IDAS) techniques
were successively proposed and attracted many attentions such
as photoacoustic spectroscopy (PAS) [16 17], photothermal spec-
troscopy (PTAS) [18] and light-induced thermoelastic spectroscopy
(LITES) [19 20]. These IDAS techniques all have a specific character-
istic of background free. Furthermore, they have the ability to bring
the trace gas detection to ultra-high sensitivity, and minimum
detection limit (MDL) of parts per trillion level has been achieved
in published studies. Though the WMS technique and recently
developed IDAS dominated with the advantage of high signal to
noise ratio (SNR), however the DAS is still indispensable in many
situations because of its capability of directly measuring the
absorption profiles. There, efforts are still needed to paid to
improve the performance of DAS systems.

In the DAS system, the most critical procedure is to recover the
absorbance curve from the transmitted light signal It . According to
the Beer-Lambert law It ¼ I0 � e�acL � I0 � ð1� acLÞ, the incident
light intensity (baseline) I0 should be measured in advance. To
achieve the above processing, there are two mainstream
approaches. One is called differential optical absorption spec-
troscopy (DOAS), in which the light source is split into reference
arm and sensing arm by a 1� 2 coupler. As a result, the baseline
I0 and transmitted signal It can be easily detected. Afterwards,
the absorbance profile is obtained by a balanced photo-detector.
In another method, a polynomial fitting is applied to the non-
absorbed portion of the transmitted signal It to simulate the base-
line I0. Then the absorbance profile can be calculated as well. To
our knowledge and experience on TDLAS applications, there are
several problems in the above methods. (i) The DOAS structure is
beneficial to suppress the common mode interference, however it
is very sensitive to the optical power fluctuations. A minor drift
of light source would break the balance of the differential circuit,
resulting in distortion of demodulated absorbance curve. The poly-
nomial fitting method also suffered from the effect of optical
power fluctuations. In addition, the common mode noise suppres-
sion does not work in the fitting process. In some harsh application
conditions, the high noise level perhaps bring in additional fitting
error. (ii) Triangular or sawtooth wave is usually employed to scan
the laser wavelength. However, the frequency components of tri-
angular or sawtooth wave are so complex that the circuits should
have a large measuring bandwidth to be compatible. This limits the
scanning frequency in the range lower than 10 kHz [21], which
decreases the time resolution. Furthermore, the steep changes in
triangular and sawtooth wave could affect the working stability
of laser source according to our published study [22]. (iii) The
ground-truth baseline I0 is not easy to achieve because of the finite
scanning width and line broadening. Moreover, the nonlinearity of
wavelength and power response towards the driving current
would make troubles in baseline determining and absorption
calculating.

Efforts have been made to solve the mentioned problems. In
DOAS system, the reference arm can be used to monitor the laser
power fluctuations in addition to calculating the incident light I0.
The power drift was normalized at the cost of further complicating
the DOAS system. In addition, the non-homologous normalization
may introduce unexpected correction errors due to the differential
mode interference between sensing arm and monitoring arm. In
2015, we proposed a ‘‘head–tail” demodulation algorithm based
2

merely on the sensing arm to successfully recover the absorption
profile, which was verified immune to light power drift [23].
Recently, Prof. Peng et al. introduced a high-accuracy sinewave-
scanned DAS technique, in which a fitting routine was developed
based on the explicit baseline expression and accurate wavelength
calibration [24]. With this method, the incident light intensity and
the absorbance profile can be synchronously obtained by fitting
the transmitted light in time domain. To further simplify the sys-
tem structure and carry forward the working mode of sinewave-
scanned DAS, we reported a Fourier-domain-based absorption line
shape recovery method in this paper. Compared with triangular or
sawtooth wave, sinewave has very clear frequency component. So,
the sinewave scanned baseline can be separated from the absorp-
tion information in the Fourier spectrum easily. Afterwards, we
applied two filters to detect the incident light information I0 and
absorption profile from transmitted signal It , and the absorption
profile was normalized by the separated I0 to eliminate the influ-
ence of laser power fluctuations. In this method, the signal I0 used
for normalization was totally homologous with recovered absorp-
tion profile.

The rest of this study was organized as follows. Section 2 intro-
duced the fundamentals of the Fourier-domain-based line shape
recovery method (FD-DAS). Section 3 demonstrated the experi-
ment system and how the experiment conducted. Section 4 pre-
sented the experimental results and provided a brief comparison
with DOAS. Section 5 discussed the advantages and limitations of
the FD-DAS method. Finally, Section 6 concluded this study.

2. Methodology

Temporarily limited by our experimental conditions, the non-
linear effect of laser output is ignored in our study. The influence
of laser nonlinearity on the FD-DAS will be analyzed in the discus-
sion section. So, when we use sinewave current to drive the laser
source, its intensity and wavelength output can be described as,

I0ðtÞ ¼ I
�
þi cosð2pftÞ ð1Þ

m tð Þ ¼ m0 þ d cosð2pft þu0 Þ ð2Þ

where I
�
is the laser output average intensity, i is the intensity

scanning depth, f is the scanning frequency, m0 is the average
wavelength which is expected to be located at the center of
absorption line shape, d is the wavelength scanning depth and u0

is the phase difference between the wavelength and intensity
response. When the output light passes through the sample gas,
the transmitted light is detected by a photodetector as,

ItðtÞ ¼ I0ðtÞ � exp½�aðmÞcL� ð3Þ
where aðmÞ is the absorption coefficient, which is a function of

wavelength m, c is the concentration of sample gas at unit of
ppm, L is the length of absorption path. Considering the analogy
between the above equations and the Eq. (3), 4 in WMS method
[25], it is equivalent to fixing the wavelength at a constant m0
and applying a large modulation depth d to modulate the absorp-
tion profile. When performing the harmonic analysis, the detected
signal It tð Þ in Eq. (3) can be divided as:

ItðtÞ ¼ fðVDC / I
�
Þ

|fflfflfflfflfflffl{zfflfflfflfflfflffl}

p1

þ ðVindep1f / iÞ
|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

p2

þ½ðVdep1f þ Vdep2f þ Vdep3f þ Vdep4f þ � � �Þ / ðacLÞ
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

p3

�g

ð4Þ
where VDC represents the DC signal depending on the average

intensity I
�
, Vindep1f is the absorption independent 1f component

which is related to the intensity scanning depth i, the item p3

includes all the absorption dependent harmonic signals. Only



R. Liang, F. Wang, Q. Xue et al. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 275 (2022) 121153
considering pure wavelength modulation in WMS system, the odd
harmonics are centrosymmetric about the center of absorption
profile and the even harmonics are symmetric. As a result, the
amplitudes of odd harmonics Vdep1f , Vdep3f , Vdep5f . . . should be zero
while the even harmonics Vdep2f , Vdep4f , Vdep6f . . . reach their maxi-
mum value if we fix the m0 at the absorption center precisely.

In addition to the above analysis, experimental results plot here
in Fig. 1 helps to understand how the FD-DAS works. A 100 Hz (1f)
sinewave current is used to drive the laser source, the transmitted
light is detected as shown in Fig. 1 (a), the absorption curves
appear at the rising and falling edge of sinewave signal. To get a
highly authentic Fourier spectrum as shown in Fig. 1 (b), 128 cycles
of such sinewave signal in Fig. 1 (a) are saved to do the Fourier
transform in our study. The absorption independent 1f component
is marked with a dashed box in its Fourier spectrum as shown in
Fig. 1 (b), which can be separated using a narrow bandpass filter
as shown in Fig. 1 (c). The Fourier spectrum of absorption depen-
dent harmonics is circled by a dotted oval as shown in Fig. 1 (b).
To obtain the absorption profile in time domain from the Fourier
spectrum, we can apply a > 1f high-pass or bandpass filter to the
original signal in Fig. 1 (a). The corresponding absorption profile
signal is recovered as shown in Fig. 1 (d). In the next step of our
FD-DAS technique, the recovered absorption profile in Fig. 1 (d)
can be used to calculate the absorption-related parameters such
as gas concentration, temperature, pressure, etc. The extracted
baseline in Fig. 1 (c) represents the power stability of the laser out-
put, which can be used to counteract influence of laser power fluc-
tuations. We have to clarify that large 0 Hz component should be
observed in Fig. 1 (b) due to the DC offset involved in the detected
signal as shown in Fig. 1 (a). In order to make the 1f component
and absorption dependent harmonics more observable in Fourier
spectrum, the large 0 Hz spectrum peak is cut off from the Fig. 1
(b) Fourier spectrum for better display.
3. Experimental setup

A schematic of experimental system is depicted in Fig. 2. To ver-
ify the FD-DAS method, the CH4 is chosen as the object gas. The
Fig. 1. The principle of the FD-DAS method. (a) the detected transmitted light signal It , (b
extracted from It , (d) the recovered absorption profile signal extracted from It .
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CH4 has a strong absorption at 1653.72 nm (6046.97 cm�1), where
the intensity of absorption line is 1:45� 10�21cm�1=ðmol � cm�2Þ
according to HITRAN 2016. Hence, a DFB laser operated at
1653 nm is utilized as the light source in this system. The DFB laser
is controlled and driven by the LDC501 (Stanford Research System,
USA), operating at a temperature of 30.9 �C. The wavelength scan-
ning is realized by a 100 Hz sinewave (p-p 0–3 V) generated by a
generator (AFG1000, Tektronix, USA). The laser output propagates
to a fiber coupled Herriott cell (3 m path-length) to interact with
CH4 molecules, and the transmitted light signal is measured by a
photodetector for photoelectric conversion to get the original sig-
nal as shown in Fig. 2. Then, two filters are applied to the original
signal to separate the sinewave baseline and absorption informa-
tion. The center frequency of the first filter is located at 100 Hz
(1f ) and its bandwidth is compressed sharply to 10 Hz. The param-
eters of another filter would be optimized in Section 4 for a best
absorption profile recovery. Amplitude of the separated sinewave
baseline is used to calibrate the absorption signal to eliminate
the influence of laser power fluctuations, realizing the self-
calibration function. The sample gas used in this experiment is pro-
vided by a gas mixing system as shown in Fig. 2, including a cus-
tomized mixing chamber, two flowmeters, 99.999% pure nitrogen
and 1% methane.
4. Experimental results

4.1. Absorption profile recovery

To evaluate the performance on absorption profile recovery of
FD-DAS method, the Voigt profile was used to fit the measured
absorption signal, and compared it with the results from DOAS
method as shown in Fig. 3. All the data were acquired in the same
photoelectric detection condition to guarantee the accuracy of
comparison.

As mentioned in section 2, a high-pass filter ð> 1f Þ is the best
choice to recover the absorption profile since all the absorption
dependent harmonics are included in the passband, leading to no
absorption information loss in the filtering process. However, some
) the Fourier spectrum of transmitted light signal, (c) the sinewave scanning baseline



Fig. 2. The schematic of FD-DAS experimental system.

Fig. 3. The Voigt fitting and residual analysis of demodulated absorption profiles.
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harmonics may appear from the absorption independent baseline
due to the nonlinearity effect and noises also distribute in some
frequency band. Therefore, we applied a bandpass filter to get
the absorption profile in our method in the very beginning. So,
the low-frequency edge (f L) and high-frequency edge (f H) were
optimized in experiments to improve performance. The results
are displayed in Fig. 4.

Firstly, we increased the f L by the step of 10 Hz from 100 Hz to
800 Hz, the Voigt fitting was performed at each situation and the
corresponding residual was calculated such as Fig. 3 (b) and (d).
The standard deviation of each residual was plotted in the function
of f L in Fig. 4 (a). We observed that the residual improved first and
then deteriorated as the f L increasing, as a result, frequency of
300 Hz was the optimal choice of f L. If the f L is lower than
300 Hz, the harmonics from p2 nonlinearity would disturb the
recovered absorption profile. If the f L was set too high, then much
absorption information would be eliminated, worsening the Voigt
fitting results. So, the f L of bandpass filter was set to 300 Hz. Sec-
ondly, we used the same strategy to optimize the f H as plotted in
Fig. 4 (b). The Fig. 4(b) told us most of the effective absorption
4

information was limited within 10 kHz. As a conclusion of this part,
we set the bandpass filter from 300 Hz to 10 kHz to extract the
absorption profile. The Voigt fitting was performed and residual
was calculated as demonstrated in Fig. 3 (b) and (d), reaching a
comparable level compared with the DOAS method as shown in
Fig. 3 (a) and (c). Considering the obvious add/even characteristic
in Fig. 3 (d), we applied our published ‘‘head–tail” algorithm to fur-
ther process the filtered absorption profile. Finally, the standard
deviation of residual was improved to 3:6� 10�4 as shown in
Fig. 5, which was way better than DOAS results.
4.2. Signal to noise ratio

Considering that filtering process was used as the fundamental
technique in FD-DAS, we expected it should have advantages on
SNR improvement over DOAS method. By the way, SNR was used
to optimize the f L and f H of bandpass filter. Absorption amplitude
was defined as shown in Fig. 9 (a), and standard deviation of non-
absorption baseline was calculated as the noise, as a result the SNR



Fig. 4. Optimization of filtering frequency of bandpass filter. (a) the low-frequency edge of bandpass filter affects the residual of Voigt fitting, (b) the high-frequency edge of
bandpass filter affects the residual of Voigt fitting.

Fig. 5. The Voigt fitting and residual results after applying ‘‘head–tail” algorithm.
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was defined by dividing absorption amplitude with the calculated
noise in this section. In the similar way discussed in the Section 4.1,
the f L was increased by the step of 10 Hz from 100 Hz to 800 Hz to
determine the low-frequency edge firstly, and secondly the f H was
optimized by increasing it from 5 kHz to 60 kHz as shown in Fig. 6.

The SNR was calculated to be 641 in the same way based on the
DOAS method, which was marked with a chain line as shown in
Fig. 6 for comparison. The best SNR appeared at frequency
of � 300 Hz when optimizing the f L and then decreased rapidly
because of the loss of the primary absorption dependent even har-
monics. Afterwards, the optimal high frequency edge was verified
by comparing the SNR in different f H values from 5 kHz to 50 kHz.
5

The SNR improved gradually at the beginning mainly because the
absorption amplitude increased due to including more higher har-
monics within the passband. Further increasing the f H , the SNR
almost did not change. We analyzed the reasons as: (i) Although
more and more absorption dependent harmonics are included as
we increased the frequency edge f H , however, their contribution
to the absorption amplitude is very little. As a result, the measured
absorption amplitude almost does not increase any more. (ii)
Noises distribute at high frequency range are very low duo to the
1=f noise characteristic. As a result, the bandwidth of bandpass fil-
ter was set from 300 Hz to 12 kHz. A SNR of 880 was achieved
which was better than 641 of DOAS.

To sum up the Section 4.1 and 4.2, the bandwidth should be set
as 300 Hz � 12 kHz combining the results of Fig. 4 and Fig. 6 if we
use a bandpass filter to realize the absorption profile recovery as
we thought in the very beginning. Of course, we can also simply
use a highpass filter instead because the high frequency edge f H
seems not to affect the results of both Voigt fitting and SNR in envi-
ronment without high-frequency noise. Cliffs were observed at
200 Hz, 300 Hz, 400 Hz, 500 Hz in Fig. 4 (a) and Fig. 6 (b) because
of including or excluding the relative absorption dependent
harmonics.

4.3. Self-calibration characteristic of FD-DAS compared with
conventional DOAS

The technical process of self-calibration function is as follows: A
bandwidth of 10 Hz bandpass filter centered at 100 Hz was applied
to the detected original signal as displayed in Fig. 1 (a), then the
sinewave scanning baseline was extracted. It’s easy to understand
that the sinewave amplitude represents the laser output power
level. Thus, it can be used to calibrate the fluctuation influence of
light source itself. However, the above filtering process and pre-
amp circuits should be stable and accurate to guarantee the relia-
bility of self-calibration function. Therefore, we performed a brief
experiment to validate the stability and accuracy in advance. When
the sinewave baseline was extracted, its amplitude (p-p value) was
calculated and recorded in Fig. 7, compared to an average ampli-
tude of 3.0956 V, a standard deviation of 5:2� 10�5 was achieved
which indicated the stability of both bandpass filter and our pre-
amp circuits was good enough to calibrate the light power fluctu-



Fig. 6. Using SNR to optimize the filtering frequency of bandpass filter. (a) the low-frequency edge of bandpass filter affects the SNR of absorption signal, (b) the high-
frequency edge of bandpass filter affects the SNR of absorption signal.

Fig. 7. Preliminary verification of the stability and accuracy of the sinewave
baseline extraction.
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ations. As to the accuracy, the sinewave p-p amplitude declined to
3.0956 V from actual � 3.1 V of original signal. The minor
drop � 5 mV comes from the filtering loss, which is reasonable.

Since the filtering process is reliable, experiment system was
modified as shown in Fig. 8 to validate the self-calibration function
towards laser power fluctuations, and compared to the DOAS
method. Artificial optical attenuations were introduced to position
Fig. 8. Experimental diagram to verify the self-calibration characteristic of FD-DAS
compared with conventional DOAS.

6

A and B by modulating the fiber attenuator respectively. Except for
the difference between DOAS and FD-DAS absorption profile recov-
ery method, the other experimental conditions were kept the same
when performing the validation and comparison.

In the beginning, the DOAS structure was realized as shown in
Fig. 8, and the differential circuit was adjusted to a balance state.
It means that the voltage signals from reference arm and gas cell
arm are approximately equal, as a result the baseline of demodu-
lated absorption profile is flat in the non-absorption area. However,
when extra attenuation was introduced at point A, the adjusted
balance state was suddenly broken, thus an obvious distortion
was observed in Fig. 9 (a) as depicted with blue triangular dots.
When extra attenuation was introduced at common point B, the
baseline of absorption profile biased as well as depicted with red
circular dots in Fig. 9 (a). The reason was that the splitting ratio
of the used 1:1 fiber coupler was not strictly 1:1 so that the power
fluctuation at point B can still cause imbalance in DOAS method. In
addition to that the optical attenuation occurred during light prop-
agation can easily distort the demodulated absorption signal in
DOAS method, the absorption amplitude (defined as Fig. 9a) in pro-
file center would be cut down as well due to the decreased I0 of
detected voltage. So the absorption amplitude from DOAS method
decreased as increasing the attenuation index at point A and B,
resulting in a large amplitude difference compared to the FD-DAS
method as shown in Fig. 9 (b). However, no obvious waveform dis-
tortion were observed in FD-DAS method whether modulating A or
B. In a nutshell, the laser power fluctuations almost have no effect
on the absorption amplitudes of FD-DAS.
5. Discussion

The proposed FD-DAS provides an absorption profile recovery
method by filtering process in frequency domain for the first time.
As analyzed in Section 2, the useful signals distribute at fundamen-
tal frequency of wavelength scanning and its harmonics. Theoreti-
cally, we can extract the exact characteristic frequency to recover
the corresponding time-domain signal, and noise located at other
frequencies can be eliminated effectively. For example, the 1f can
be used to recover the scanning baseline and the 2f ;4f ;6f � � � har-



Fig. 9. Capability of calibrating the laser power fluctuations in FD-DAS and DOAS method. (a) the measured absorption signals in FD-DAS and DOAS methods when laser
power attenuations introduced to light transmission. (b) the calculated absorption amplitudes in FD-DAS and DOAS methods towards different attenuation indexes.

R. Liang, F. Wang, Q. Xue et al. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 275 (2022) 121153
monics can be chosen to recover the absorption profile. However, it
is very complex to extract the characteristic frequency one by one
to reconstruct the time-domain signal. Such a strategy can only be
carried out by software post-processing and is time consuming.
Hardware circuits are impotent to separate such a lot of discrete
characteristic frequencies. Therefore, we use filtering process
instead of characteristic frequency extraction in FD-DAS method,
which is easier to implement because the filter can be realized
by software or hardware circuits. Even the FD-DAS in this study
is implemented based on software filter to demonstrate our idea
for convenience. However, it can be realized by hardware or soft-
ware depending on specific applications. If the resources for AD-
collection and data processing are sufficient, we think all-
software-based filtering and calculating is a good idea to simplify
the gas detection system. If the computing resources are limited,
hardware-based filtering and dividing circuits can be involved to
share the workload. Furthermore, because we use sinewave to scan
the laser instead of triangular or sawtooth wave in FD-DAS, it has
capability to operate at a higher frequency . > 10 kHz to avoid the
1=f noise. Moreover, filter bandwidth can be optimized as we did
in Section 4.1 and 4.2 to further improve the noise level. Another
advantage of the FD-DAS is self-calibration to laser power fluctua-
tions. The filtered baseline and absorption profile are homologous
all the time, ensuring the reliability of the self-calibration function.
In summary, the FD-DAS has simple system construction, easy sig-
nal processing and other advantages over the methods like DOAS.

Limitations still exist in this study. As shown in the inset of
Fig. 1 (b) carefully, minor odd harmonics 3f ;5f ;7f � � � exist in the
Fourier spectrum. The reasons are analyzed as: (i) The absorption
independent 1f sinewave generates a series of harmonics due to
the nonlinearity of laser output. (ii) The wavelength m0 fails to be
7

located at the accurate center of absorption line shape so that
the amplitudes of odd harmonics are not zero. (iii) The residual
amplitude modulation (RAM) of laser diode gives rise to the 1st
harmonic (1f) of absorption dependent signal p3. The above three
issues will affect the recovered absorption profile. On the other
hand, the 1f signal from absorption dependent harmonics would
mix into the 1f absorption independent baseline, as a result weak-
ening the performance of self-calibration function. Fortunately, the
trace residual of odd harmonics due to the above three reasons
have a minor influence on the FD-DAS results, which has been ver-
ified in the experiment section. The response time of FD-DAS has
not been optimized in detail because it has something to do with
many factors, for example the sinewave scanning frequency, the
rate of A/D collection (ADC), the computing capability. Of course,
lower sinewave scanning frequency, high-speed ADC and proces-
sor prefer to reduce the response time of the FD-DAS method. In
our experimental system, a 250 kHz ADC is used to collect the orig-
inal signal and a laptop is used to process the data. If 128 sinewave
cycles of data is employed to perform the FD-DAS, then response
time of approximately 1.5 s is achieved.

Approaches can be adopted to deal with the limitations to
improve this study. Wavelength calibration has not been involved
in this work limited by our current experimental conditions. If an
etalon was possible [24] or a k-space sampling clock was built
[26], then the nonlinearity of laser wavelength response can be cal-
ibrated in the wavelength domain instead of the time domain.
Then, the results of absorption profile recovery in Section 4.1
would be enhanced. Furthermore, it would allow us to fix the m0
at the absorption center precisely, reducing the influence from
absorption-induced odd harmonics as mentioned in (ii). Mean-
while, the Voigt fitting would be conducted in the wavelength
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domain instead of the time domain. As a result, the self-calibration
performance would be further improved as well. To further
improve the response time parameter, the most effective way is
to reduce the number of sinewave cycles for Fourier transform.
Based on our analysis of existing data, the response time could
be improved to � 0.6 s if the cycle number was reduced to 60 from
128.
6. Conclusion

Compared to the conventional DAS systems utilizing triangular
or sawtooth wave to modulate the laser source, it has certain
advantages using sinewave instead. In this study, we proposed a
novel Fourier-domain-based method, with just two filters, to suc-
cessfully recover the intensity scanning baseline and the absorp-
tion profile at the same time. The theoretical principle was
provided and verified by experiments in a methane detection sys-
tem. The new FD-DAS method achieved a better result both on
Voigt fitting and SNR compared with the DOAS structure under
the same conditions. In addition, the separated intensity scanning
baseline was used to calibrate the influence of laser power fluctu-
ations. In short, the FD-DAS system is very simple and ultra-easy to
implement, and the signal demodulation can be realized by hard-
ware or software. Approaches are still shared in the end to further
improve the robustness of the FD-DAS method.
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