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ARTICLE INFO ABSTRACT
Keywords: The dynamic wavelength tuning characteristics of the laser is one of the most important factors
Direct absorption method affecting the measurement accuracy of Tunable Diode Laser Absorption Spectroscopy (TDLAS)

Dynamic wavelength tuning characteristics

- € technology. We propose a time-frequency conversion method to obtain accurate measurement
Time-to-frequency Conversion method

spectrum, which uses experimentally measured direct absorption signal (time domain) of stan-
dard methane gases to compare with simulated spectrum (frequency domain) from the HITRAN
database. Then, a polynomial model is used to establish the relationship between time domain
(sample points) and frequency domain (wavenumber). To verify the feasibility and accuracy of
the method, the methane absorption signals of three standard concentrations (5%, 10% and 15%)
were time-to-frequency converted by our method and etalon, and the methane concentrations
were calculated and compared. Comparing methane concentration results, the maximum relative
error between our method and etalon is less than 0.5%. The results showed that it is viable to use
this method to achieve dynamic wavelength measurement in fast scanning of distributed feedback
lasers (DFB), and the restricted polynomial model can properly describe the dynamic wavelength
tuning characteristics of lasers. Furthermore, the method has the advantages of high accuracy and
low cost, which is important for improving the accuracy of TDLAS technology applications.

1. Introduction

Tunable laser absorption spectroscopy (TDLAS) is an optical method for the rapid detection of gases by detecting the isolated
absorption line of the molecule, with the narrow line width and fast tuning characteristic of a semiconductor laser. This optical method
is characterized by fast measurement speed, high sensitivity, and selective measurement [1], which is often used for accurate mea-
surement in fields such as combustion diagnostics [2,3], environmental monitoring[4,5], and greenhouse gas sensing [6,7]. Laser
absorption spectroscopy has great potential for achieving multi-parameter measurements (including temperature, pressure, velocity,
component concentration and etc.) [8]. Researchers have developed TDLAS to be a popular analysis method for highly sensitive
detection of trace gases through signal-to-noise ratio enhancement techniques (both signal enhancement techniques and noise
reduction techniques) [9]. In the detection of complex flow environments, fast frequency scanning is more suitable to reflect real
parameter changes. The scanning frequency affects the range of current tuning, which in turn affects the range of wavelength tuning. In
the practical application, the detection signal is a time-amplitude signal obtained from the TDLAS system, where the horizontal co-
ordinate of the absorbed signal is the number of sample points, corresponding to the time series. The normalization of the line area is
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only valid in the wavelength domain [10]. A time-to-frequency conversion is therefore required for the fast-tuned TDLAS measurement
spectrum.

The tuning characteristic of a diode lasers refers to the regularity of the spectral characteristics of the laser that changes with the
tuning circuit and the operating temperature [11], and the wavelength characteristic is one of the tuning characteristics [12]. Re-
searchers have found a nonlinear relationship between optical frequency and tuning signal for most tuned lasers [13], so it is necessary
to understand the wavelength tuning characteristics of the laser before calculating the integrated absorbance of the absorption peak.
Furthermore, some researchers have worked on the linearization of wavelength scans to improve the resolution and signal-to-noise
ratio of the spectra in order to facilitate parameter calculations [14].

Actually, there are various methods for measuring laser frequency and wavelength, including laser frequency measurement
methods based on harmonic optical frequency chains[15,16], optical frequency interval dichroism [17], optical frequency combs
[18-20], etc. Moreover, laser wavelength measurement method based on the interference principle is also an important wavelength
calibration method, and the current instruments with high accuracy developed based on the interference principle can be mainly
divided into three kinds: Fizeau etalon [21,22], Michelson interferometer [23], and Fabry-P é rot etalon[24]. What’s more, the
commercial wavelength meter is also an instrument for high-precision measurement of laser wavelength based on interferometer
elements, which can accurately obtain the specific wavelength of the laser being measured and has been proven to be used for optical
measurements in different wavelength bands[25,26]. Li et al. [27] achieved wavelength calibration of a DFB laser with a central
wavelength near 1573 nm using a wavelength meter(Burleigh, WA-1500-NIR). Wakim et al. [28] established an accurate wavelength
meter based on Michelson interferometer, where the unknown wavelength can be determined by the Doppler frequency shift of the
output beam of the Michelson interferometer with an accuracy of 6.4 x 10~8. Owing to the relative complexity and high development
cost of the above wavelength measurement methods, the Fabry-P € rot etalon is commonly used for wavelength calibration, which is
relatively inexpensive and simple to use. Lu et al. [29] combined an F-P interferometer with a CCD image receiver and combined
multiple F-P etalons into a standard set to achieve wavelength measurements in the 38 nm wavelength range.

It is worth noting that the etalon would be affected by environmental disturbances and system noise during the measurement
process, while the accuracy of the peak detection algorithm is one of the reasons affecting the accuracy of the time-to-frequency
conversion [30]. On the other hand, the refractive index of the etalon is different for different wavelengths of laser, so the refrac-
tive index needs to be recalculated for each change of calibration wavelength, while different wavelengths require etalons of different
materials. Furthermore, it is important that both the etalon and wavelength meter have a limited wavelength measurement range, and
if you want to obtain wavelength information of different wavelength bands, instruments corresponding to the wavelength bands are
required. In spite of the fact that the etalons are relatively inexpensive compared to the previous wavelength calibrators, it is not easy
for a laboratory to prepare multiple etalons for different wavelength bands.

It is an economical and effective method to combine experimental measurements with the database to replace the etalon for time-
to-frequency conversion. Zhu et al. [31] used the HITRAN database to calibrate the spectral frequency domain and selected three
characteristic points in the spectrum to obtain the quadratic polynomial curve equation for the time-frequency conversion. Liu et al.
[32] proposed a fiber delayed self-heterodyne interferometer (FDSHI) measurement scheme to investigate the dynamic wavelength
characteristics of DFB lasers using the quantitative functional relationship between the beat frequency signal and the wavelength
tuning amount to calculate the dynamic wavelength value of laser tuning. The work can enable fast measurements of dynamic
wavelength characteristics under current tuning of DFB lasers. All the above time-to-frequency conversion methods for wavelength
measurements frequently require the use of multiple absorption peaks in the scanning range of the laser, which corresponds to the
HITRAN database in order to establish a functional relationship. However, due to the limitations of the scanning range of DFB lasers,
the situation where only one absorption line exists is often encountered. The method above is not suitable for the case where only one
absorption peak can be measured in the laser scan range. Therefore, it is important to propose a time-frequency conversion method
that is applicable to the existence of only a single absorption peak in the scanning range of the laser.

It is crucial to select the suitable model to describe the dynamic wavelength tuning characteristic of tunable diode lasers by the
time-to-frequency conversion method. Li et al. [33] established a linear function between the sample points where the two absorption
peaks in the direct absorption signal are located and the wavenumber of the corresponding absorption peaks in the HITRAN database.
Some another researchers believe that the sample point is non-linearly related to the wavelength correspondence [34-36]. Schlosser
et al. [37] obtained the dynamic tuning curves of the laser by etalon measurements and presented a quadratic polynomial relationship
between the dynamic tuning wavenumber and the scan time. They also utilized etalons with different lengths of air spacing for
determining the dynamic wavelength tuning characteristics and their deviations from linearity, and performed primary and quadratic
polynomial fits to the tuning curves, respectively. By comparing the residuals, it was found that the quadratic polynomial fit was more
suitable for describing the dynamic wavelength tuning characteristics [38].

To study the dynamic wavelength characteristics of the tunable diode laser, we proposed a time-to-frequency conversion method to
measure the absorption spectral of methane standard gas by direct absorption without the use of etalons. By comparing the measured
absorption spectrum and the simulated spectrum of methane, a time-frequency conversion model between the sample points and
wavenumber is developed. The model could realize the time-frequency conversion in the presence of only one gas absorption peak in
the tuning range of the laser. Finally, the measurements were applied to different methane concentrations (5%, 10% and 15%) to verify
the variability between the model and commercial standard instruments.
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2. Methods and experimental
2.1. TDLAS measurement principle

Wavelength scanning-direct absorption TDLAS is a measurement technique based on the selective absorption of gas molecules. The
scanning wavelength-direct absorption method tunes the wavelength of the DFB laser by controlling the current and temperature. The
absorption spectrum is based on the Beer-Lambert law, which relates the incident laser intensity Iy to the transmitted laser intensity
transmitted through a homogeneous gas medium :

(?) = exp( — ay> = exp( — PS(T)x,,,,S</)‘,L> [¢})
o

where a,, is the spectral absorbance at frequency v, P[atm] is the absorbing species pressure , xqs represents the molar fraction of the
species and is a line function, L[cm] is the absorption path length, and S(T)[cm ™ 2atm '] is the temperature-dependent line strength of
line.

When wavelength scanning-direct absorption spectroscopy is performed, the signal generator produces a sawtooth voltage
waveform at a given repetition frequency, so that the laser is continuously scanned around the central frequency to form a laser beam
with an emitted light intensity. The laser beam passes through the gas cell to be measured after the collimator, and the absorption
signal after passing through the gas cell to be measured is the transmission signal, which is received by the photodetector and sent to
the computer via the data acquisition card.

The integrated absorbance A of the gas can be obtained by processing the transmission signal of the absorption spectrum.

A = PS(T)xusL 2)

When calculating the concentration of the target component, the molar fraction of the substance xgs on the absorption path can be
calculated using the Eq. (3).

Xaps = A/PS(T)L 3)

2.2. Time-to-frequency conversion method

Taking methane gas as an example, there is only one absorption peak near its absorption line located at 6046 cm™}, and it is
impossible to establish the time-frequency function according to the central wavelength of different absorption peaks. In order to solve
this issue, time-frequency conversion calculation method was proposed based on the restricted polynomial model. Since the wave-
number obtained by the method of wavelength calibration using experiment has the same resolution as the actual measured spectrum,
and the response rate is consistent with the laser frequency, the measurement results are closer to the actual wavelength distribution.

The absorption spectrum of methane was obtained by direct absorption measurements, and the horizontal coordinate of the
spectrum in the actual measurement process is the sample points x representing time. According to the measurement conditions
(temperature, pressure, optical range length, gas type, concentration, etc.) in the actual measurement process, the theoretical ab-
sorption spectrum can be obtained based on the HITRAN database. For gaseous molecule absorption, the linear function may be
represented by a Lorentz function when only the collision effect dominates, a Gaussian function when the Doppler effect is dominant.
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Fig. 1. Methane absorption spectrum and the feature points selected.
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When both effects are important, the line shape function can be expressed by the voigt function. Therefore, we used the voigt line
function to fit the absorption spectra obtained from the HITRAN in order to get the theoretical spectrum. The horizontal coordinate of
the theoretical spectrum is the wavenumber information v representing frequency. We make a comparison between the measured
spectrum and the theoretical spectrum, then set the points with the same spectral intensity as the feature points, so that multiple
feature points can be selected in the absorption peak range, as shown in Fig. 1. It’s worth noting that, the absorbance intensity at the
wings of the experimentally measured methane absorption spectrum is weak, and the absorption spectrum intensity, noise and
environmental factors affect the signal-to-noise ratio of the direct absorption spectrum. To avoiding the time-to-frequency conversion
model affected by the uncertainty of the wing of absorbance spectrum, the points with spectral intensity less than one-tenth of the peak
spectral intensity will be eliminated when selecting the feature points. By corresponding the horizontal coordinates of the same feature
point in the actual measured spectrum and the theoretical spectrum, we can plot the sample point-wavenumber correspondence of the
measured spectrum, as shown in Fig. 2.

It can be used to establish the function between sample points and wavenumber. To investigate the suitable model for describing
the time-frequency conversion relationship, linear model and quadratic polynomial model v = f(x) are developed under the conditions
of theoretical spectral absorption peak FWHM and integrated absorbance, respectively. Since the full width at maximum (FWHM) and
the integrated absorbance of the direct absorption spectrum contain information about the gas type, concentration, ambient tem-
perature, pressure and optical range length of the measurement conditions, it is necessary to consider these restrictions when
establishing the sample points-wavenumber function relationship of the feature points. By obtaining the theoretical FWHM of the
spectrum as well as the central wavenumber of the theoretical spectrum through the HITRAN database, the following restrictions can
be established.

FWHM=v,-v,=f(x2)-f(x) “@
Vpeak:f(xpeak) 5)

where v3,v7 are the absolute wavenumbers at the ends of the half height of the theoretical spectrum, x1,x2 are the sample points at the
ends of the half height of the measured spectrum. vpeqx and xpeqx are the central wavenumber of the theoretical spectrum and the central
sample points of the measured spectrum, respectively.

Notably, the error of methane gas concentration is about + 1%. In the case of the 5% standard concentration of methane gas used in
the experiment, the actual concentration range is 4.95%— 5.05%. Based on the experimental conditions, methane simulation spec-
trums were obtained in the HITRAN database, where 5% concentration methane simulation spectrums served as the control group,
4.95% and 5.05% concentration methane simulation spectra served as the experimental group, as shown in Fig. 3.

The feature points are selected separately based on the method proposed in this paper. Fig. 4(1) shows the feature points of the
control group and the experimental group respectively; Fig. 4(2) shows the relative error between the feature points of the experi-
mental group and the control group. As shown in Fig. 4, although there is + 1% error in methane gas concentration, the relative error
between the selected feature points of the experimental group and the control group are less than 0.02%. With the restraints of in-
tegrated absorbance and FWHM, the errors are not enough to affect the accuracy of the quadratic polynomial model.

2.3. Experimental setup

Fig. 5 shows the layout and schematic diagram of the experimental setup for wavelength scanning-direct absorption spectroscopy.
The system used a DFB laser as the laser source, and the DFB laser emits a scanning laser, which had different wavelengths at different
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Fig. 4. (1) The feature points of the control group and the experimental group; (2) The relative error between the feature points of the experimental

group and the control group.
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Fig. 5. System diagram of the experimental setup.
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moments in the scanning period. The DFB laser selected for this experiment has only a methane gas absorption peak centered at
1653.7 nm (6046.95 cm™!) in the scanning range. DFB laser is wavelength tuning by fixed operating temperature and tuned by
adjusting the injection current. In the actual measurement, a function generator was used to generate a saw-tooth wave current to
make the laser output a continuous laser with a certain wavelength centered on the laser. The beam was splitted after laser output, one
beam was received by the detector after passing through a cell filled with a certain concentration of methane to obtain a laser
attenuation signal, and the other beam was passed through the etalon to generate an interference signal for time-to-frequency con-
version. The detector signal is collected by the data acquisition module after passing through the transimpedance amplifier circuit.

The experiments were performed at atmospheric pressure and the temperature of 23 °C (296 K), and the methane gas cell was
continuously fed with a standard gas of 5% methane concentration and the carrier gas was 95% Ny. The line strength was obtained
using the HITRAN database, and the length of the gas cell was 21.5 cm. The absorption line of CHy4 gas at atmospheric temperature and
pressure could be collected in real-time by the direct absorption method.

The wavenumber of the 1654 nm DFB laser used in this work was calibrated with an F-P etalon, and the transmission signal of the
laser after passing through the etalon is shown in Fig. 4. Since the laser wavelengths emitted by the laser are different at different times,
the corresponding transmittance differs when the light of different center wavelengths passes through the F-P etalon, so the trans-
mission signal can be obtained in the form of continuous periodic peaks and valleys after the scanning laser passes through the etalon,
Fig. 6(1) shows the transmission signal of the laser passing through the etalon. The distance between adjacent wave peaks is called the
free spectral range (FSR)[39,40], with the expression of FSR= 1/2 nALcos6. The FSR of the etalon used in the experimental system is
0.0693 cm L. Through the peak detection algorithm to obtain the value of fixed wavelength output time (t7, t, t3, t) in the output
spectrum of the etalon, combined with the free spectral range (FSR) of the etalon, we can obtain the correspondence between
wavelength and time in Fig. 6(2). The wavelength expressions A = f(t) were subsequently obtained by polynomial fitting.

The wavenumber results from the etalon calibration will be used as a control group for this experiment as a validation. To validate
the accuracy of the time-frequency conversion model, we applied this novel method to measurements of different methane concen-
trations (5%, 10% and 15%) and compared the results with those of commercial etalons.

3. Results and discussion
3.1. Time-to-frequency conversion measurements based on restricted linear model

The restricted linear model was developed according to the sample points-wavenumber correspondence (Fig. 2) under the re-
strictions of combining the half-height width of the absorption peak of the theoretical spectrum as well as the integrated absorbance
condition. The measuring results from the etalon in Section 3.1 were sorted by sample points along the short-wave direction and
compared with the developed restricted linear model developed, then the comparison results were plotted in Fig. 7(1), and the ab-
sorption spectra were put into the same coordinate system for reference. The wavenumber results measured by the linear model and
the etalon are put into the same set of absorption spectra of 5% methane concentration for comparison, as shown in Fig. 7(2).

Although the linear model fits well with the results of the etalon in the region near the absorption peak, as shown in Fig. 7, the
model deviates from the results of the etalon in the wavenumber range corresponding to the scanning range of the laser, and the
deviation becomes larger and larger as it moves away from the absorption peak. The correlation coefficient (R%) between the linear
model and the etalon results is only 0.8117 and the root mean square error (RMSE) is 0.78652. Since it is nonlinear in the dynamic
wavelength tuning of the laser, it is not appropriate to describe it using a linear model, so it is need to use a nonlinear model for time-
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Fig. 6. (1) The interference signal of the laser passing through the etalon; (2) the function relationship of the relative wavenumber and sample
points in the scanning range of the DFB laser.
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frequency conversion.

3.2. Time-to-frequency conversion measurements based on restricted polynomial model

From the analysis in Section 3.1, it is clear that the linear model is not suitable for describing the time-frequency conversion
relationship of the laser, then the restricted quadratic polynomial model is established according to Fig. 2, which can be used to
describe the dynamic wavelength tuning characteristics. The results compared with that from the etalon measurement, is shown in
Fig. 8.

It can be found that the restricted quadratic polynomial model has good correlation with the etalon results in the region with
absorption peaks throughout the laser scanning range, with the correlation coefficient R? of 0.9949 and the RMSE is only 0.08913,
indicating that the model can better describe the wavelength dynamic tuning characteristics of the laser in the scanning range. The lack
of computable data in the region outside the methane absorption peak makes it difficult to correct the time-to-frequency conversion
relationship in this region, which is the source of the deviation between the calculated frequency results and the etalon measured
results in this region. Despite of this, there is also a high correlation between the time-to-frequency conversion model and the results
measured by the etalon in the region outside the methane absorption peak. In the DFB laser scanning range of this case, the residuals
between the calculated frequency results in the region outside the absorption peak and the frequency results measured by the etalon is
less than 0.2.

The restricted model and etalon results were substituted into the absorption spectra of the same set of 5% methane concentration as
a comparison, and the wavenumber-spectrum intensity comparisons were obtained in Fig. 9.

The restricted quadratic polynomial model fits well with the spectrum of the etalon in the absorption peak region, and the
wavenumber range calculated by the model is close to the results of the etalon. To compare the deviations between the component
concentrations calculated by the restricted polynomial models and the etalon result, three sets of standard methane gases with
different concentrations were measured with the experimental system, respectively. The methane concentration in the experiment was
5% =+ 500 ppm, 10% =+ 1000 ppm, and 15% + 1500 ppm, respectively. The concentration results under each model were calculated
according to Eq. (3). The concentration results of the restricted polynomial models and the relative errors were calculated based on the
concentrations measured by the etalon as the control group. The relative errors were calculated by the Eq. (6).

S=1]A—-A"|/A (6)

where A is the concentration value calculated utilizing the etalon and A* is the concentration value calculated by the restricted
polynomial model. The results and deviations of the concentrations calculated by each measurement method are shown in Table 1.

By comparing the model with the calibration results of the etalon, it was found that the relative error between the restricted
quadratic polynomial model and the results of the etalon was less than 0.5% when calculating the gas concentration. The deviation
between the model results and the etalon results decreases as the concentration of the measured components increases. The main
reason is that as the concentration increases, the signal-to-noise ratio of the absorption spectrum increases, the measurement results
become more accurate. It is worth noting that, in Fig. 9 there is some deviation between the time-to-frequency conversion results
measured by the restricted polynomial model and the etalon, but the deviation between the two is quite minor when calculating the gas
concentrations. That’s because the proposed method builds a time-frequency conversion model by comparing the spectral information
of the absorption peak regions with the HITRAN database, the frequency information of the regions without absorption peaks can be
deduced from the model. What’s more, the time-to-frequency conversion model is related to the tuning characteristics of the laser
which is not necessarily a quadratic polynomial model. However, at least in this case, the wavelength tuning of the methane laser can
be fitted with a quadratic polynomial model. The wavelength tuning characteristics of other lasers may require the use of their cor-
responding models and further analysis is needed.
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Fig. 8. (1) The restricted quadratic polynomial model (2) The residuals of the quadratic polynomial model.
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Results and deviations of the measured concentrations of the restricted quadratic polynomial models and the measured concentrations of the etalon.

Experiment serial

number

Measurement Method

Etalon Restricted Quadratic polynomial model
Results Relative Error
1 4.92% 4.900% 0.41%
2 9.87% 9.835% 0.35%
3 14.82% 14.77% 0.34%

4. Conclusions

We proposed a method on the accurate time-frequency conversion of the measured spectra of tunable diode lasers. Based on
understanding of the dynamic wavelength tuning characteristic of the laser, the time-frequency conversion of TDLAS can be realized
by an experimental method. The case where only one absorption peak exists in the scanning range of the laser can be calibrated by this
method for wave number calibration. We utilized experimental measurements to obtain the direct absorption spectra of methane
standard gases which has only one absorption peak exists in the scanning range of the laser. Comparing the experimentally measured
spectra with the theoretical spectra in the HITRAN database, the restricted quadratic polynomial model is established to present the
correlation between the time domain sample points and the frequency domain wavenumber. The model can accurately obtain the
dynamic wavelength of the DFB laser, where the correlation coefficient is above 0.99, with a relative error of less than 0.5% in the
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calculated component concentrations, and the relative error decreases with the increase of the measured component concentration.
The developed method has the advantages of high accuracy and simple operation, which is important for gaining insight into the
dynamic wavelength tuning characteristic in the scanning range of lasers and improving the detection accuracy of tunable diode lasers,
and has great potential for low-cost TDLAS applications.
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