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Abstract

:

Open-path Fourier Transform infrared spectroscopy (OP-FTIR) is widely used in polluted gas monitoring. The spectral resolution, as a key parameter of FTIR detection technology, affects the quantitative analysis of gas concentration. In OP-FTIR, the nonlinear least square (NLLS) method based on a synthetic background spectrum is used to quantitatively analyze the gas concentration, and the influence of the spectral resolution is studied. It is found that the influence of the spectral resolution on quantitative gas analysis is related to the full width at half maximum (FWHM) of the gas spectrum. The concentration of gases with different spectral FWHMs were quantitatively analyzed using infrared spectra with different resolutions (1, 2, 4, 8, 16 cm−1). The experimental results show that the relatively optimal spectral resolution for propane (C3H8) with a broad FWHM is 16 cm−1, where the standard deviation is 0.661 and the Allan deviation is only 0.015; the relatively optimal spectral resolution for ethylene (C2H4) with a narrow FWHM is 1 cm−1, where the standard deviation is 0.492 and the Allan deviation is only 0.256. Therefore, for the NLLS quantitative analysis method based on the synthetic background spectrum, which is used in OP-FTIR, gas with a narrow FWHM at high resolutions or gas with a broad FWHM at low resolutions is most effective for performing quantitative analyses.
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1. Introduction


The gaseous pollutants from industrial emissions, transportation, and agricultural activities have caused serious environmental damage [1]. Among the various methods for monitoring gas pollutants, the OP-FTIR method is one of the most effective [2]. OP-FTIR spectroscopy is a powerful and versatile technique that allows for remote and on-site analyses of atmospheric pollutants, trace gases, and other chemical species. Thus, it provides valuable information for environmental monitoring, industrial process control, and air quality management. Many methods can be employed to quantitatively analyze OP-FTIR spectroscopy. The key aspects of these approaches include obtaining a reliable background spectrum for OP-FTIR and developing accurate quantification models for FTIR spectra [3]. Several techniques have been proposed to establish a suitable background spectrum, such as upwind, side-wind, and synthetic background spectra [4,5,6]. The primary quantitative analysis methods encompass peak height or peak area analysis, the classical least squares (CLS) method, the partial least squares (PLS) method, and the non-linear least squares (NLLS) method [7,8,9,10]. The influence of spectral resolution varies across these different analysis techniques. For example, while the peak height or peak area analysis method may be more sensitive to spectral resolution changes, the PLS and NLLS methods may offer more robust spectral resolution variations by utilizing multivariate regression techniques and complex mathematical models.



According to relevant studies, the effect of spectral resolution varies depending on the measurement target and method of quantitative analysis. Ticová et al. examined how commercial spectrometers with different spectral resolutions affected the way rare earth elements were found [11]. Lu et al. studied the effect of near-infrared spectral data with different spectral resolutions and band ranges on the prediction performance of the PLS model [12]. Their results showed that the PLS’s prediction performance of the available nitrogen in coco-peat substrates was improved by increasing the resolution of the spectrometer. Wang et al. studied the effect of the PLS model on the quantitative analysis of liquid samples under different spectral resolutions [13]. Their results show that the quantitative analysis models of benzene, toluene, and benzaldehyde are improved under high spectral resolution, while the model of chlorobenzene is improved under low resolution. Ladan et al. used three different spectral resolutions (4 cm−1, 8 cm−1, 16 cm−1) when exploring alternative methods for the determination of antioxidants in buckwheat samples. Their results showed that an accurate prediction model could be obtained using a lower resolution (16 cm−1) alongside appropriate spectral pretreatment methods [14]. Zhao et al. studied the effect of the PLS model on the precision of quantitative analyses of CO, CO2, and NO under different resolutions, finding that the resolution has a significant effect on the precision of quantitative gas analysis and that the model can achieve a more accurate prediction effect under the appropriate resolution [15]. In the existing research, the effects of spectral resolution are mainly examined via the PLS model, while hardly any research has been conducted on the NLLS analysis method based on the synthetic background spectrum, which is used in OP-FTIR. In addition, little research has been conducted on the quantitative analysis of different gaseous pollutants under different spectral resolutions. Therefore, it is important to study the effect of spectral resolution on the quantification of OP-FTIR spectroscopy and address this gap in the research. It is essential to understand the specific requirements and characteristics of each application when selecting the appropriate quantitative analysis method and spectral resolution level. In doing so, researchers and practitioners can optimize the performance of OP-FTIR systems and ensure accurate and reliable results for environmental monitoring, industrial process control, and other critical applications. Further research is required, both to explore the nuanced effects of spectral resolution on various quantitative analysis methods and to develop advanced techniques that can better adapt to the challenges of spectral resolution optimization in OP-FTIR spectroscopy.



In this paper, the NLLS quantitative analysis method based on a synthetic background spectrum is applied to OP-FTIR, and the effect of the spectral resolution on the quantitative analysis method is studied. First, the effect is analyzed theoretically. Then, taking into consideration that propane (C3H8) and ethylene (C2H4) are important environmental monitoring gases in the petroleum chemical industry, they are selected as sample gases for the study. These two gases also have a large difference in spectral FWHM, making them appropriate sample selections. C3H8 gas with a broad FWHM and C2H4 gas with a narrow FWHM are quantitatively analyzed using the established NLLS method based on a synthetic background spectrum to calculate the concentration of each component gas. The precision of concentration results is then used to evaluate the effect of spectral resolution on OP-FTIR. The research provides a basis for the selection of spectral resolution parameters in the quantitative analysis of OP-FTIR.




2. Theoretical Analysis


In the self-developed OP-FTIR spectroscopy, the nonlinear least squares (NLLS) analysis method based on a synthetic background spectrum is used to analyze concentrations of propane (C3H8) and ethylene (C2H4). The analytical method involves obtaining the background spectrum and conducting the NLLS analysis [16].



2.1. Synthetic Background Spectrum


The background spectrum used to calculate absorbance is an essential component affecting OP-FTIR quantitative analysis. Under laboratory conditions, it is not difficult to measure the background spectra for an FTIR spectrometer in a closed absorption cell; it is only necessary to fill the closed sample cell with N2 to obtain an ideal background spectrum. However, in OP-FTIR measurements, it is difficult to directly remove the target gas from the open path due to the presence of a large number of interfering gases and environmental background noise. Therefore, alternative methods are required to reduce this interference. One commonly used method is the synthetic background spectrum method [4,17]. The synthetic background spectrum method used in this paper is a filtering method based on moving average filtering.



The basic principle of obtaining the background spectrum is to treat the background spectrum as a slowly changing baseline superimposed on the absorption spectrum structure. Then, extract the background spectrum from the measurement spectrum through filtering and smoothening. Moving average filtering is a classic filtering method, which smoothens spectral data to remove noise and obtain a background spectrum. The specific operation process is as follows:




	(1)

	
Perform moving average filtering on the spectral data S, as shown in Equation (1):











  S 1 ( i ) =     ∑  i = − m  m   S ( i − m )    N   



(1)




where S(i) is the spectral data and N = 2m + 1 is the width of the filter, m represents the number of smoothening points.




	(2)

	
After filtering and smoothening, the spectral data S1 is obtained.




	(3)

	
Replace the values in S that are less than S1 with S1 to construct a new relative intensity vector S0, that is,











  S 0  i  = m a x   S  i  ,   S 1  i     



(2)




where S1 is the synthesized background spectrum, S is the measured spectrum, and S0 is the target iteration spectrum.



	(4)

	
Repeat the above process for S0 until the filtering loop stops (after satisfying the pre-set number of iterations). The synthetic background spectrum S1 is thus obtained.







The accuracy of the synthetic background spectrum depends on the absorption peak width and height of the gas spectrum and filter type [17]. For certain gases, the absorption peak width and height of the gas spectrum depend on the spectral resolution. Therefore, when using the same filtering method, spectral resolution is an important factor that affects the synthetic background spectrum.



The value function E1 is used to represent the error of the synthesized background spectrum in this paper, as shown in Equation (3):


  E 1 =    ∑    S 1 ( i ) − S a ( i ) + ϖ  i       2  +  λ 1  ∗  ∑       S  ″    i     2     



(3)




where Sa is the actual background spectrum, S1 is the synthesized background spectrum, S is the measured spectrum, S″ is the second derivative of the measured spectrum, ϖ(i) is the noise signal, and λ1 is the impact parameter of spectral resolution.



In Equation (3), the second derivative of the measured spectrum is used to represent the spectral resolution, the impact of which can be quantified on the synthesized background spectrum. The gas spectrum characteristics are dependent on the spectral FWHM (both narrow and broad), which is mainly affected by the characteristics of the gas. Gas spectra with different FWHM are also affected differently by the resolution and have different impacts on the synthesized background.



For gas spectra with a narrow FWHM, the signal-to-noise ratio (SNR) is improved at low resolutions, which means that the value of ϖ(i) decreases. However, gas spectra with a narrow FWHM may be drowned out by the background spectrum and thus the background spectrum cannot be effectively extracted (this makes the value of λ1 increase). Therefore, the influence of spectral resolution on the value function is significantly increased in the synthesized background spectrum, which in turn makes the value of E1 increase.



For gas spectra with a broad FWHM, not only is the spectral SNR improved at low resolutions, but the spectral information can also be effectively preserved. In other words, the value of λ1 and ϖ(i) make E1 decrease. Therefore, even with a lower spectral resolution, a thorough filtering and smoothening effect can be obtained, which is favorable for improving the accuracy of the synthesized background spectrum.




2.2. NLLS


Considering the nonlinear relationship between spectral response and concentration, the NLLS method [18,19,20,21] was introduced to correct the nonlinear behavior of the spectrum and improve its quantitative accuracy. This section will analyze the impact of spectral resolution on NLLS.



The absorption coefficient σ(ν) is expressed as


  σ ( ν ) =  σ 0  ( ν ) ⊗  f L  ( ν ) ⊗  f G  ( ν ) ⊗ ILS ( ν )  



(4)




where σ0(ν) is the absorption coefficient from the standard database, fL is pressure broadening, fG is temperature broadening, and ILS(ν) is Instrumental Line Shape effects (including resolution, window function, Field of View, etc.).



Gas concentration inversion can be represented as a multi-parameter NLLS fitting process, which can be represented by the best fitting function as follows:


   χ 2  =   ∑  i = 1  n        I m  −  I 0  ( ν )  e  − L   ∑ i    σ i     C i    )    2     



(5)




where Im represents the measured spectral intensity, I0 represents the intensity of the synthesized background spectrum, L is the optical path length, σi is the absorption coefficient of component i, Ci is the concentration of component i, and ν is the wavenumber.



For simplicity,    a →    is used to represent the coefficient vector, which is comprised of the concentration, environmental parameters, and instrument parameters. Then Equation (5) can be rewritten as follows:


   χ 2  (  a →  ) =   ∑  i = 1  n        I i  − I    v i  ;  a →       2     



(6)







The purpose of NLLS fitting is to minimize the difference between the fitting data and the actual data. Typically, this difference can be represented by the value function E2, that is:


  E 2 =    ∑     S F  ( v ) −  S M  ( v )      2   



(7)




where SF is the fitting spectrum represented, and SM is the measured spectrum.



The size of this difference is mainly affected by the SNR. For an FTIR spectrometer, the SNR is proportional to the square root of observation time t and spectral resolution   SNR ∝  t  ×   Δ ν    , where Δν represents the spectral resolution. When the resolution causes a change in the SNR, the SNR becomes the main impact on the NLLS fitting. The noise in the spectral data can interfere with the recognition of features, thus reducing the fitting accuracy. However, for some gas spectra, low resolution will also interfere with feature recognition. Therefore, an analysis of the impact of spectral resolution must also take into account the specific characteristics of the gas spectrum.



Therefore, Equation (7) is modified to the form of Equation (8), as follows:


  E 2 =    ∑     S F  ( v ) −  S M  ( v ) + ϖ  v       2  −  λ 2  ∗  ∑       S M ″   v     2     



(8)




where SF is the fitting spectrum represented, SM is the measured spectrum,    S M ″    is the second derivative of the measured spectrum. ϖ(ν) is the noise signal, and λ2 is the impact parameter of spectral resolution.



In Equation (8), the second derivative of the measured spectrum is used to represent the spectral resolution, thus quantifying its impact on the synthetic background spectrum. In nonlinear least squares (NLLS) quantitative analyses, resolution and SNR represent a pair of opposite parameters. In SNR-centric analyses, higher resolution may provide more spectral information, thereby reducing the impact of SNR. Therefore, a negative relationship is expressed using a minus sign to denote the contradictory nature of these parameters.



The fitting difference is analyzed with the SNR as the main influence, where a higher SNR at low resolution indicates a more accurate fitting. However, for gas spectra with different FWHM, the influence of resolution is different, which requires separate discussion.



For gas spectra with a narrow FWHM, high spectral resolution leads to a larger second derivative of the spectrum, making the spectral peaks sharper and allowing for more accurate identification of the spectral features. Thus, the impact of the SNR on the NLLS fitting accuracy is reduced to some extent.



For gas spectra with a broad FWHM, high spectral resolution results in smoother spectral peaks and a smaller second derivative of the spectrum. The improvement of the spectral features at high resolution is limited, and the fitting accuracy is primarily affected by the changes in the SNR, which are themselves caused by changes in the resolution.




2.3. Resolution Effect


In this paper, “broad” or “narrow” refers to the relative spectral width of the gas spectrum compared to the instrumental resolution. When the FWHM of the gas spectrum is smaller than or comparable to the instrumental resolution, it is considered “narrow”. When the FWHM of the gas spectrum greatly exceeds the instrumental resolution, it is considered “broad”.



From the above process of OP-FTIR gas concentration quantification, it can be inferred that the impact of spectral resolution is related to the FWHM of the gas spectrum. For gas spectra with a narrow FWHM, high spectral resolution is more suitable for OP-FTIR quantification analysis, while for gas spectra with a broad FWHM, low spectral resolution is more suitable.





3. Experiment


3.1. Experimental Device and Data


3.1.1. Experimental Device


To study the effect of spectral resolution on the quantitative analytical method, propane (C3H8) gas with a broad FWHM and ethylene (C2H4) gas with a narrow FWHM were selected as experiment sample gases. The samples were a mixture of C3H8 and C2H4, where the C3H8 concentration was 209 ppm and the C2H4 concentration was 199 ppm.



The working principle of the OP-FTIR system is shown in Figure 1. First, the infrared light beam is collimated by the emission telescope and passes through the contaminated gas in the open environment. Then, it is received by the telescope, focused, and converged in the interferometer. Through the movement of the mirror and the collection of the interference information by the detector, the collected interference signal is sent to the computer. Finally, the computer converts the interference signal into a spectrum signal, which contains information on the concentration of the measured gas and uses the NLLS algorithm based on the synthetic background spectrum to invert the concentration information.



To control and calibrate the gas concentration conveniently, OP-FTIR with a commissioning structure (which has a light source and a small internal gas pool) is used for experiments, as shown in Figure 2. The main parameters of the OP-FTIR are as follows: The spectral range was 500 to 5000 cm−1, the scanning velocity was 0.2875 cm/s, the maximum optical path difference was 0.01 m, and the length of the gas pool was 0.02 m. The detector was mercury cadmium telluride (MCT), and the refrigeration mode was liquid nitrogen.



The experimental procedure is described as follows: initially, a certain concentration of standard gas was introduced into the gas pool at a flow rate of 2 L/min, and the process was maintained for a duration of 2 min. Subsequently, the gas inlet was closed, and the gas outlet was closed when the pressure inside the gas pool reached atmospheric pressure. Next, the spectrum of the sample gas was measured, and the average value of ten sets of spectral data was utilized as the representative spectrum for this resolution. Ultimately, a total of 30 sets of spectral data for the sample gas were acquired.




3.1.2. Experimental Data


The spectral resolution of the original data is 1 cm−1, with 208 data points per 100 cm−1 spectral range. The original spectrum is resampled with 2, 4, 8, and 16 cm−1 of spectral resolution. The data points per 100 cm−1 spectral range after resampling and the spectral resolution after resampling are shown in Table 1.



In the gas calibration storage tank, the C3H8 concentration was 209 ppm and the C2H4 concentration was 199 ppm. However, because the length of the gas pool was 0.02 m in the experiment, the actual concentration of C3H8 was 4.18 ppm*m and that of the C2H4 was 3.98 ppm*m.



The precision of quantification formula is used to evaluate the results of the gas quantitative analysis. The standard deviation (SD) is one method used to calculate the precision of quantification (meaning the degree of consistency in repeated quantitative analyses under the same conditions), shown in Equation (9):


  S D =    1 N     ∑    i = 1  N       y i  −   y ¯  i     2     



(9)




where yi is the measured concentration, and     y ¯  i    is the average value of the measured concentration.



The precision of the gas concentration quantification results can also be evaluated by calculating the Allan deviation [22]. The Allan deviation was determined using Equation (10):


   σ 2  ( y ) =  1  2 ( N − 1 )     ∑  i = 1   N − 1         y  i + 1   −  y i     2     



(10)




where yi is the gas concentration value, and N is the number of samples.





3.2. Spectrum Analysis


3.2.1. Spectral Analysis


	(1)

	
C2H4 gas with a narrow FWHM







The quantitative analysis of C2H4 gas concentration is set at 940–970 cm−1, as shown in Figure 3. Figure 3a shows that when the spectral resolution is 1 cm−1 (from the NIST Quantitative Infrared Database), the FWHM of the C2H4 transmission spectrum is about 1.24 cm−1, which is considered a narrow FWHM.



The other standard transmission spectra at different resolutions are obtained as follows:



First, the standard absorbance spectra from the database are transformed into interferograms using Fast Fourier Transform (FFT). Next, the interferograms are truncated to obtain absorbance spectra at different resolutions. Finally, the absorbance spectra are converted into transmittance spectra using the Equation (11):


  T =   10   − A    



(11)




where A represents absorbance and T represents transmittance.



Figure 3b shows that when using a low-resolution spectrum for quantitative gas analysis, the absorption spectrum of C2H4 is overwhelmed by the background spectrum.



We compared the synthetic background spectra at different resolutions with the measured background spectra, as shown in Figure 4. To maintain the method of controlling variables in the experiment, the same filtering parameters are adopted. The corresponding synthetic background spectrum error has been calculated using Equation (12):


  E r r o r =    1 N     ∑    i = 1  N    ( S 1 ( i ) −  S a  ( i ) )  2     



(12)




where Sa is the actual background spectrum, and S1 is the synthesized background spectrum.



It can be observed that the error of the synthesized background spectrum of C2H4 at high resolution is relatively small, as shown in Table 2.



	(2)

	
C3H8 gas with a broad FWHM







The quantitative analysis of C3H8 gas concentration is set at 2900–3040 cm−1. This band partially overlaps with the water vapor absorption band, and the effect of water vapor has been deducted in the same way in the concentration inversion process, as shown in Figure 5. Figure 5a shows that when the spectral resolution is 1 cm−1 (from the NIST Quantitative Infrared Database), the FWHM of the C3H8 spectrum is about 32.32 cm−1, which is considered a broad FWHM. The transmittance spectra of C3H8 with different resolutions was obtained using the same method as above.



Figure 5b show that when there is a low-resolution spectrum, the main absorption information of the C3H8 spectrum is still clearly visible.



Due to the large amount of water vapor in the measured spectrum of the C3H8 absorption band, it is impossible to accurately obtain the measured background spectrum, which is another advantage of the synthesized background spectrum. In quantitative analyses, water vapor and C3H8 are treated as two independent gases, and the ideal background spectrum should not absorb these two gases. At this time, the ideal background spectrum can be considered a curve that approximates blackbody radiation, because the curvature at the maximum absorption point of propane is close to 0, without absorption features.



Figure 5c shows that the filtering does not completely remove the absorption features of the spectrum, which gradually weaken when observed from the maximum curvature. Therefore, we use the curvature at the maximum absorption point of C3H8 to characterize the filtering effect, as shown in Table 3. Table 3 shows that the synthetic background spectrum error is relatively small at low resolutions.




3.2.2. The Fitting Residuals of the NLLS


Figure 6 and Figure 7 show the fitting results and residual plots of the NLLS based on the synthetic background spectrum at different resolutions. Table 4 shows the standard deviation (SD) of the fitting residuals of the C2H4 and C3H8 spectra at different resolutions.



The performance of gas spectrum fitting is mainly affected by Spectral SNR. As shown in Figure 6 and Figure 7 and Table 4, the fitting performance of the C3H8 spectrum with a broad FWHM is greatly affected by the SNR, while the fitting performance of the C2H4 spectrum with a narrow FWHM is less affected by the SNR. Therefore, higher SNR is required to improve the fitting accuracy of the gas spectrum with a broad FWHM, while under certain SNR guarantees, the fitting accuracy of the gas spectrum with a narrow FWHM is similar. In this case, spectral information with high resolution is more important for the concentration inversion of gas with a narrow FWHM.





3.3. Result Analysis


First, the NLLS method based on the synthetic background spectrum (with inversion parameters shown in Table 5) is used to analyze the values of C3H8 gas and C2H4 gas concentrations under different spectral resolutions (1, 2, 4, 8, and 16 cm−1). Then, the measured mean values of the same gas are normalized. Finally, the precision value (the standard deviation and the Allan deviation) of the quantitative analysis results is calculated, as shown in Table 6 and Table 7.



The quantitative analysis precision of C3H8 gas and C2H4 gas has an inconsistent trend when the spectral resolution varies, as shown in Figure 8 and Figure 9. This is related to the linetype of the gas. As shown in Figure 8a and Figure 9a, the quantitative analysis precision for C2H4 gas with a narrow line decreases with spectral resolution. The relatively optimal spectral resolution for C2H4 gas concentration is 1 cm−1, where the standard deviation is only 0.492 and the Allan deviation is only 0.256. As shown in Figure 8b and Figure 9b, the quantitative analysis precision for C3H8 gas with a broad line increases when spectral resolution decreases. The relatively optimal spectral resolution for C3H8 gas is 16 cm−1, where the standard deviation is only 0.691 and the Allan deviation is only 0.015.



In short, spectral resolution affects the quantitative analysis of gas concentration in OP-FTIR spectrometers by impacting SNR, the synthetic background spectrum, and the NLLS fitting process.





4. Discussion


Based on the experimental method and results, a more detailed and comprehensive discussion on the impact of infrared spectral resolution is provided as follows:



For a gas spectrum with a broad FWHM, the gas concentration information in the spectrum can still be well preserved at lower resolutions. In addition, lower spectral resolution produces a relatively higher SNR. Therefore, low resolution is beneficial for synthesizing the background spectrum and NLLS fitting of the gas spectrum with a broad FWHM, thus improving the accuracy of gas concentration quantification analysis. However, the spectral resolution cannot be reduced without limitation, as excessively low-resolution spectra may mask gas absorption features and thereby affect the accuracy of the quantification analysis.



For a gas spectrum with a narrow FWHM, the gas concentration information in the spectrum may be significantly lost or distorted at lower resolutions. Furthermore, the SNR has a relatively small impact on the NLLS fitting process for gas spectra with a narrow FWHM, but high-resolution spectra of gas with a narrow FWHM carry more spectral information and are very helpful for synthesizing the background spectrum. Therefore, high-resolution spectra are beneficial for improving the accuracy of gas with a narrow FWHM concentration quantification analysis.




5. Conclusions


In summary, when employing the non-linear least squares (NLLS) method based on a synthetic background for open-path Fourier Transform Infrared (OP-FTIR) spectroscopy, quantitative analysis results tend to be more accurate and reliable for gas with a narrow FWHM at high resolutions and gas with a broad FWHM at low resolutions. This observation is crucial for researchers and practitioners working with OP-FTIR spectrometers, as it highlights the importance of considering the FWHM of the gas spectrum when conducting quantitative analyses. By taking into account the characteristics of the gas spectrum, including the width of the absorption lines, users can make informed decisions about the optimal spectral resolution settings for their specific application. This, in turn, can lead to more accurate quantification of target compounds and a better understanding of the chemical species being analyzed.



Future research should continue to investigate the interplay between spectral resolution, the FWHM of gas spectra, and quantitative analysis methods in OP-FTIR spectroscopy. This will enable the development of more advanced algorithms and strategies for optimizing the performance of OP-FTIR systems, ultimately contributing to the enhanced sensitivity, specificity, and applicability of this powerful analytical technique across various environmental and industrial applications.
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Figure 1. The working principle of the OP-FTIR. 
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Figure 2. The experimental equipment diagram of the OP-FTIR. 
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Figure 3. (a) The standard transmittance spectrum of C2H4 with different resolutions; (b) the measured spectrum of C2H4 with different resolutions. 
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Figure 4. (a) the synthetic background spectrum of C2H4 at 1 cm−1 when the number of smoothening points is 5 and the number of filtering times is 700; (b) the synthetic background spectrum of C2H4 at 2 cm−1 when the number of smoothening points is 5 and the number of filtering times is 700; (c) the synthetic background spectrum of C2H4 at 4 cm−1 when the number of smoothening points is 5 and the number of filtering times is 700; (d) the synthetic background spectrum of C2H4 at 8 cm−1 when the number of smoothening points is 5 and the number of filtering times is 700; (e) the synthetic background spectrum of C2H4 at 16 cm−1 when the number of smoothening points is 5 and the number of filtering times is 700. 






Figure 4. (a) the synthetic background spectrum of C2H4 at 1 cm−1 when the number of smoothening points is 5 and the number of filtering times is 700; (b) the synthetic background spectrum of C2H4 at 2 cm−1 when the number of smoothening points is 5 and the number of filtering times is 700; (c) the synthetic background spectrum of C2H4 at 4 cm−1 when the number of smoothening points is 5 and the number of filtering times is 700; (d) the synthetic background spectrum of C2H4 at 8 cm−1 when the number of smoothening points is 5 and the number of filtering times is 700; (e) the synthetic background spectrum of C2H4 at 16 cm−1 when the number of smoothening points is 5 and the number of filtering times is 700.
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Figure 5. (a) The standard transmittance spectrum of C3H8 with different resolutions; (b) the measured spectrum of C3H8 with different resolutions; (c) the synthetic background spectrum of C3H8 at different resolutions when the number of smoothening points is 9 and the number of filtering times is 100. 
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Figure 6. (a) the fitted C2H4 spectral result and its residual at 1 cm−1; (b) the fitted C2H4 spectral result and its residual at 2 cm−1; (c) the fitted C2H4 spectral result and its residual at 4 cm−1; (d) the fitted C2H4 spectral result and its residual at 8 cm−1; and (e) the fitted C2H4 spectral result and its residual at 16 cm−1. 
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Figure 7. (a) the fitted C3H8 spectral result and its residual at 1 cm−1; (b) the fitted C3H8 spectral result and its residual at 2 cm−1; (c) the fitted C3H8 spectral result and its residual at 4 cm−1; (d) the fitted C3H8 spectral result and its residual at 8 cm−1; and (e) the fitted C3H8 spectral result and its residual at 16 cm−1. 






Figure 7. (a) the fitted C3H8 spectral result and its residual at 1 cm−1; (b) the fitted C3H8 spectral result and its residual at 2 cm−1; (c) the fitted C3H8 spectral result and its residual at 4 cm−1; (d) the fitted C3H8 spectral result and its residual at 8 cm−1; and (e) the fitted C3H8 spectral result and its residual at 16 cm−1.
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Figure 8. (a) The standard deviation of C2H4 concentration with different spectral resolutions; (b) the standard deviation of C3H8 concentration with different spectral resolutions. 
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Figure 9. (a) The Allan deviation of C2H4 concentration with different spectral resolutions; (b) the Allan deviation of C3H8 concentration with different spectral resolutions. 






Figure 9. (a) The Allan deviation of C2H4 concentration with different spectral resolutions; (b) the Allan deviation of C3H8 concentration with different spectral resolutions.



[image: Photonics 10 00475 g009]







[image: Table] 





Table 1. Spectral resolution and data points after resampling.
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	Spectral resolution (cm−1)
	1
	2
	4
	8
	16



	Per 100 cm−1 spectral range contains data points
	208
	104
	52
	26
	13
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Table 2. The error of the synthetic background spectrum of C2H4.
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	Spectral resolution (cm−1)
	1
	2
	4
	8
	16



	Error
	21.19
	24.42
	35.96
	43.03
	101.76
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Table 3. The error of the synthetic background spectrum of C3H8.
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	Spectral resolution (cm−1)
	1
	2
	4
	8
	16



	Curvature
	7.18
	1.12
	0.10
	0.030
	0.00038
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Table 4. The SD of the fitting residuals of the C2H4 and C3H8 spectra at different resolutions.
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Type

	
Resolution




	
1

	
2

	
4

	
8

	
16






	
C2H4

	
0.191%

	
0.142%

	
0.112%

	
0.083%

	
0.066%




	
C3H8

	
2.221%

	
1.522%

	
0.891%

	
0.576%

	
0.399%
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Table 5. Inversion parameters in quantitative analysis.
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	Parameter Type
	Temperature
	Pressure
	Field of View
	Apodization Function
	Resolution





	Parameter value
	T = 298.15 K
	101.325 kPa
	28 mrad
	Triangular
	1, 2, 4, 8, 16 cm−1
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Table 6. The standard deviation of quantitative analysis results under different spectral resolutions.
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Type

	
Resolution




	
1

	
2

	
4

	
8

	
16






	
C2H4

	
0.492

	
0.594

	
0.836

	
1.265

	
1.458




	
C3H8

	
0.797

	
0.779

	
0.763

	
0.715

	
0.691
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Table 7. The Allan deviation of quantitative analysis results under different spectral resolutions.
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Type

	
Resolution




	
1

	
2

	
4

	
8

	
16






	
C2H4

	
0.256

	
0.318

	
0.577

	
1.142

	
1.551




	
C3H8

	
0.251

	
0.207

	
0.092

	
0.024

	
0.015
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