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A near-infrared trace CO2 detection system was experimentally demonstrated based on an 1,580 nm distributed feedback (DFB) laser using a cascaded integrator comb (CIC) filter-assisted wavelength modulation spectroscopy (WMS) technique and a digital lock-in amplifier (DLIA). An 1,580 nm DFB laser emitting at 1,579.1 nm was selected as the light source. A multi-pass cell (MPGC with a 30 m- long path) was adopted as the absorption cell. A DLIA was developed to extract the second harmonic WMS (WMS-2f) signal. The cascade-integrated comb filter (CICF) and the finite impulse response (FIR) low-pass filter (LPF) were combined in the DLIA to improve the performance of DLIA. Three methods of PD (Peak detection), LIA, CICF-assisted WMS, and DLIA were adopted to detect the CO2 concentration levels and the anti-interference performance of each detection method was analyzed. The experimental results indicated that compared with the peak detection and the lock-in amplifier method of the CICF-assisted WMS and DLIA developed in this manuscript had the highest linearity and precision. When the integration time is 3s, the LOD of the system was predicted to be 0.0812 ppm. Due to the advantages of high sensitivity, a low detection limit and a rapid response, the CO2 detection system reported in this manuscript has a good application prospect in the area of oilfield associated gases detection.
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INTRODUCTION

Oilfield associated gases is an important resource. It contains a variety of gas components, including not only high concentration of methane and ethane, but also trace gases of CO2 and H2O. If oilfield associated gases is directly discharged, it will not only cause serious environmental pollution, but also waste energy. However, the existence of trace carbon dioxide and water vapor will generate an acid, which creates great difficulties for the processing and utilization of oilfield associated gases. Therefore, a DFB laser using a CICF -assisted wavelength modulation technique and a digital lock-in amplifier (DLIA) for the accurate and real-time detection of the concentration of trace impurity gases in oilfield associated gases is of great significance.

Traditional gas detection technologies mainly include electrochemical method, gas chromatography, and chemical analysis. These methods generally have the disadvantage of high cost and low sensitivity. Spectral techniques have gradually become an important research method or gas detection due to rapid development of optoelectronics. Spectral techniques mainly include Differential Optical Absorption Spectroscopy (DOAS), Fourier Transform Infrared Spectroscopy (FTIR), Differential Absorption Lidar (DIAL), and Tunable Diode Laser Absorption Spectroscopy (TDLAS). Among those, TDLAS technology plays an important role due to its high accuracy, stability, anti-interference, and environmental adaptability [1].

Wavelength modulation spectroscopy (WMS) technology is widely used for trace-gas detection because it can effectively suppress the background noise and interference fringes [2]. In this manuscript, the WMS with the first harmonic normalized second harmonic detection (2f/1f) was adopted for CO2 detection. This analytical method can isolate complex, overlapping spectral absorption features at ambient pressures and achieve high detection sensitivity [3–6]. After photoelectric conversion and signal amplification, an analog-to-digital conversion occurs. The first harmonic WMS (WMS-1f) signal and the second harmonic WMS (WMS-2f) signal are extracted by the DLIA [7] and the concentration is derived based the normalized WMS-2f. The low-pass filter (LPF) in the DLIA has the function of filtering out the high frequency components in the signal, which determined the denoising performance of the DLIA [8–12]. In order to reduce the order of filter and improve the performance of denoising, a cascaded integrator–comb filter assisted wavelength modulation technique which was combined with DLIA is developed in this manuscript for the realization of CO2 gas detection in oilfield associated gases.


CO2 Absorption Spectroscopy

The CO2 molecule has two absorption bands in the infrared spectrum, which are the fundamental band at 4.2 μm and the combination band at 2.7 μm. The spectral data of the CO2 molecule was derived from the HITRAN2016 database. The JavaHAWKS simulation software was used to plot the CO2 and CO molecules in the 1 ~ 10 μm absorption band. Figure 1 showed the absorption intensity in the fundamental absorption band compared to the absorption band of the combination absorption band. The absorption intensity at the fundamental absorption band was~ three orders of magnitude higher than that of the combination absorption band. But a near infrared ray (NIR) DFB laser was commercially less costly and more reliable than a middle infrared ray (MIR) laser.


[image: Figure 1]
FIGURE 1. Absorption band of three gases.


The absorption spectrum of the R branch of CO and CO2 gas is shown in Figure 2. The R(7) line is located at a wavelength of 1, 579.1 nm and its absorption intensity is 1.56 ×10−6cm−1/(molecule·cm−2), which is a strong absorption line in the R-band spectrum, where there are less interference exists caused by other gas absorption lines. DFB lasers in this wavelength region are commonly used in optical communication with a low price and mature fabrication. Therefore, an 1.580 μm DFB laser was selected for the detection system and combined with a long pathlength absorption cell in order to achieve the desired CO2 detection sensitivity.


[image: Figure 2]
FIGURE 2. The simulated absorption lines of CO2 and CO at room temperature and atmospheric pressure in the region of 6,300 to 6,350 cm−1.




Cascaded Integrator Comb (CIC) Filter-Assisted Wavelength-Modulation Technique

The wavelength modulation spectroscopy (WMS) can improve the signal-to-noise ratio and suppress the background noise. In the WMS scheme, a hybrid signal is applied to the DFB laser driver, which is composed of a low frequency sawtooth wave scanning signal and a high frequency sinusoidal modulation signal. In order to obtain the optimized WMS signals, we performed a theoretical simulation according to principle of WMS and carried out the experimental test in the laboratory to obtain the optimized parameters of frequency, amplification factor, phase, and baseline of the modulated signal [13–15]. A scanning frequency (5 Hz) of the sawtooth wave tuning signal was used in this system and the modulation frequency of sinusoidal modulation signal was 7.8 kHz. DLIA was used to demodulate the modulated signal absorbed by the CO2 gas to further calculate the CO2. The cascade-integrated comb filter (CICF) and the FIR low-pass filter were combined in the lock-in amplifier to perform primary filtering and secondary filtering, respectively. The CIC filter structure had a superior performance and requires no multiplication operation in the implementation. The operation rate was increased relative to other filters and the filter order could be lowered [16]. The CIC decimation filter mainly included three parts: an integrator, a decimator and a comb filter.

The unit impulse response h(n) was given by

[image: image]

where D is the decimation factor of the decimator and M is the delay factor of the comb filter. In general, M = 1, and the filtering order of the CIC decimation filter was equal to the decimation factor. Therefore, the filter output y(n) and the input x(n) satisfied the Equation (2)

[image: image]

The system function of the CIC decimation filter was

[image: image]

H1(Z) is the system function of the integrator and H2(Z) is the system function of the comb filter. Therefore, the equation of state for a single-stage integrator is

[image: image]

The equation of state for a single-stage comb filter can be expressed as

[image: image]

The down-conversion module of the CIC decimation filter was implemented by a decimator. If the frequency of the input signal can be denoted as f , the frequency of signal which passed through the decimator can be denoted asf/D. With the increase of the decimation D, the computational complexity decreased gradually. If the system is linear, the method that is sent to the decimator behind the integrator can improve the system efficiency. The structure of the CIC filter is shown in Figure 3.


[image: Figure 3]
FIGURE 3. Structure diagram of CIC decimation filter.





DETECTION STRUCTURE AND KEY MODULE PERFORMANCE


Structure and Configuration

The structure of the CO2 gas detection system is shown in Figure 4, which consisted of four processes: such as a current drive, laser processing, gas detection, and a data processing module.

(i) Current drive. A sinusoidal signal was added to the sawtooth wave to produce a composite signal which acted as the driving signal of the DFB laser [17–19]. In this manuscript, the 1,580 nm tunable diode laser (Serial number SN15060405, provided by the Wuhan sensor, LTD) was chosen as the light source. The commercial laser diode controller (LDC210C, Thorlabs Inc) and a temperature controller (TED200C, Thorlabs Inc) were modified to set the working conditions for wavelength tuning of the DFB laser.

(ii) Laser processing. The light emitted by the DFB laser passed through the beam splitter (BSW23, Thorlabs Inc) and was divided into two beams. One beam entered into the multi-pass gas cell (MPGC with a 30 m-long path, manufactured by Xuzhou Xuhai Optoelectronic Technology Co. LTD) as a measurement chamber directly and the other beam passed through the optical attenuator which entered into the gas cell 2 as a reference chamber.

(iii) Gas detection. The light beam that had not passed through the optical attenuator entered the gas cell 1 of the real-time measurement channel, and the other light beam entered the gas cell 2 of with a fixed gas concentration as a reference channel. The two output beams reached two InGaAs avalanche photodiode detectors (Light Sensing, model LSIAPD-50), and then the detection signal and the reference signal are generated, respectively.

(iv) Data processing (Signal processing). The two signals detected were pre-amplified separately, passed through a LPF, and then entered the lock-in amplifier. The output signals were collected and returned by the Analog-to-digital converter (ADC).


[image: Figure 4]
FIGURE 4. Structure of the CO2 gas detection system. The red line represents a single mode fiber. The black line and the gray line represent the electrical path.




DFB Laser Characterization

The wavelength vs. temperature and current tuning characteristics were measured and is shown in Figure 5. Under a laser operating temperature of 25°C, when the driving current of the laser increased in the range of 56–68 mA, the output wavelength of the laser increases gradually as shown in Figure 5A. The current tuning coefficient was 0.015 nm/mA. For a stable driving current of 60 mA, the emitting peak wavelength increases with an increase of temperature as shown in Figure 5B. When the temperature increased by 1°C, the emitting peak wavelength increased by 0.105 nm. Therefore, the temperature tuning coefficient was 0.105 nm/°C.


[image: Figure 5]
FIGURE 5. (A) Curve of emitting peak wavelength vs. driving current, where the operation temperature is set to be 25°C. (B) Curve of emitting peak wavelength vs. temperature, where the driving current is set to be 60 mA.


Based on the laser tuning characteristics, the output wavelength can be precisely adjusted by changing the driving current at a fixed temperature. In order to satisfy the design requirements of the system, the output center wavelength of the laser was aligned with the center wavelength of the CO2 absorption line. Finally, a laser operation temperature of 25°C and operation current of 57.8 mA were used for CO2 concentration measurements at the interference-free absorption line of 6336.2382 cm−1.



Digital Lock-in Amplifier

The lock-in amplifier was designed to extract a specific frequency signal from a large interference environment. The core of the module is a phase sensitive detector [20]. The structure of the DLIA is shown in Figure 6.


[image: Figure 6]
FIGURE 6. The structure of the digital lock-in amplifier (DLIA).


Various frequencies signals are embedded in the differential signal and only the signal with the same frequency as the reference signal can be extracted. The signal was cross-correlated with the reference signal. After passing through the LPF in the DLIA, the amplitude of the signal was positively correlated with the converted DC signal [21]. The components of other frequencies were filtered out by the LPF, because they were converted into AC signals whose frequency was beyond the filter cut off frequency. The phase sensitive detector was a multiplier that multiplies the measured signal by a reference signal. The differential signal and the reference signal were fed into the phase sensitive detector. The harmonic signal was extracted by a CIC filter and LPF in this DLIA. The reference signal was generated by the direct digital frequency synthesizer (DDS) controlled by the STM32 device.

The common mode component can be effectively suppressed by its differential structure via the two-channel detection method. The differential signal to the DLIA has eliminated many common mode interferences from this detection system. The difference signal S(t) = Asin(ω1t + Δϕ) + N(t), the reference signal R1(t) = Bsin(ω2t), and the orthogonal reference signal R2(t) = Bcos(ω2t) that is obtained by shifting the phase of the reference signal by 90 degrees. The sinusoidal part Asin(ω1t + Δϕ) of the differential signal expression indicated a useful signal that could be extracted, where A is the amplitude and N(t) is the noise signal, B is the amplitude of the two reference signals. In general, the expression of the reference signal is known and Δϕ is the phase difference between the differential signal and the reference signal.

After the multiplication, the output was given by:

[image: image]
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When two signals were at the same frequency (ω1 = ω2):

[image: image]
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After the low pass filter, the output of the two orthogonal signals was obtained:

[image: image]
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By an orthogonal operation, the amplitude and phase of the differential signal can be obtained:

[image: image]
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Similarly, when the two signal frequency satisfied the condition ω1 = 2ω2, the WMS-2f signal can be demodulated. Compared with the ordinary lock-in amplifier (LIA), the orthogonal DLIA in this manuscript doesn't depend on the phase difference between reference and detected signal and therefore it requires no phase tuning to optimize the signal amplitude, which brings great advantages for signal processing.




EXPERIMENTS AND RESULTS

In this experiment, the operating temperature of the 1,580 nm DFB laser (Serial number SN15060405, provided by the Wuhan sensor, LTD) was set to be 25°C and the driving current was set to be 57.8 mA, for which the emitting peak wavelength is near 1,579 nm by using a commercial laser diode controller (LDC210C, Thorlabs Inc) and a temperature controller (TED200C, Thorlabs Inc). The InGaAs avalanche photodiode detector (Light Sensing, model LSIAPD-50) was selected for photoelectric conversion. The volume of the multi-pass gas cell (MPGC with a 30 m-long path, manufactured by Xuzhou Xuhai Optoelectronic Technology Co. LTD) is 500 ml. Different levels of CO2 concentration were generated through mixing of pure CO2 and pure N2 in the self-designed gas mixing station.


Comparison of Three Test Methods

The concentration of CO2 was randomly changed in the range of 0–5%. In the calibration process the WMS-2f amplitudes were recorded for 12 min at each concentration level to maintain a stable mixing. The WMS-2f waveforms corresponding to the related CO2 concentrations are shown in Figure 7.


[image: Figure 7]
FIGURE 7. The extracted WMS-2f signals within the CO2 concentration range of 0~5%.


In the CO2 measurement system, three weak signal processing technologies were adopted in this manuscript, namely peak detection (PD), a lock-in amplifier (LIA) and a CICF-assisted WMS and a DLIA, respectively. The gas absorption spectra of 10% CO2 concentration were used as the reference spectra in the CO2 measurement system. In the system of these three methods, the data algorithms all adopted a partial least squares regression algorithm and adopted the method of 5-fold cross-validation in order to perform a regression prediction on the data that were collected using these three methods. The comparative analysis of CO2 in the 0–5% range for three test methods is shown in Figure 8. The CO2 concentration data of 19 groups were obtained by random mixing ratios with N2 gas and the measured values obtained by the three methods were compared with the set values. It could be found that the measurement error of PD method was significantly larger than that of the other two methods. Compared with the peak detection and the lock-in amplifier, the method of CICF-assisted WMS and DLIA developed in this manuscript had the better linearity and accuracy than the other two methods.


[image: Figure 8]
FIGURE 8. A linear comparison diagram of the set value of CO2 concentration and the values measured by the three methods (PD, LIA, CICF-assisted WMS, and DLIA).


To further compare the measurement errors of the three methods, the relative errors of the 19 groups of data were plotted in Figure 9. The relative error of PD in CO2 was <0.14, the relative error of LIA in CO2 was <0.1 and the error of CICF-assisted WMS and DLIA and DLIA in CO2 was <0.06.By comparing the errors, the last test method has a smaller error and a better performance.


[image: Figure 9]
FIGURE 9. The comparison of the relative errors of the CO2 concentration measured by the three methods (PD, LIA, CICF-assisted WMS, and DLIA).




Background Gas Influence on Experiment

The absorption spectral of CO and CO2 provided by the HITRAN database are shown in Figure 2. From the plot, the CO and CO2 absorption lines are very close. For verification, the modulated absorption spectra of 10% CO and 10% CO2 were collected in the experiment as shown in Figure 10, which is consistent with the spectrum characteristics provided by the HITRAN database. In order to minimize the influence of CO absorption line on a CO2 measurement, the single absorption line located at 1,579.1 nm was selected for the detection of CO2, where less interference existed caused by adjacent CO gas absorption lines.


[image: Figure 10]
FIGURE 10. CO and CO2 absorption near 1,580 nm experimentally collected absorption spectra.


However, the absorption spectrum of CO2 and CO molecule near 1,580 nm is close. In order to verify the influence of the change of the background CO concentration on the measurement of the CO2 concentration, a thorough performance of the instrument was carried out. Even if there was a strong external interference, the detection system can still meet the requirements of detection accuracy. In the experiment design, the concentration of a target component to be measured was fixed and the concentration of the background component was changed as the background interference. Three methods were adopted to detect the concentration of the target component and the anti-interference performance of each detection method was analyzed. The concentration of fixed CO2 in this experiment was 1% and the background gas CO concentration was varied at 0, 0.5, 1, 4%. Three methods were used to separately estimate the fixed concentration of CO2, when CO concentration changed at 0, 0.5, 1, 4%. The results obtained are shown in Figure 11. The relative errors of these three methods (PD, LIA, CICF-assisted WMS, and DLIA) in measuring CO2 concentration of 1% are <11, 5.5, and 1.9%, respectively. Obviously, this method of CICF-assisted WMS and DLIA described in this manuscript had the highest detection accuracy.


[image: Figure 11]
FIGURE 11. When the CO concentration changes by 0, 0.5, 1, and 4%, the detection results of CO2 with 1% concentration were compared by using three methods (PD, LIA, CICF-assisted WMS, and DLIA).




Calibration Experiment and Limit of Detection

The limit of detection (LOD) of the instrument directly determines the performance of the instrument. To test the instrument performance, the CO2 concentration was varied from 0 to 100%.

It can be seen from Figure 12 that when the gas concentration was in the low concentration range (0–5%), the amplitude of the second harmonic signal obtained by the instrument satisfies the formula exp[−α(t)CL] ≈ 1 − α(t)CL, which is not a response to a linear relationship for the detected gas concentration. When the concentration was >5%, the relationship between the two was non-linear. The CO2 concentration was in the range of 0~100ppm and the sensitivity of the system is defined as:

[image: image]

Among them, [image: image] and [image: image] are the minimum and maximum values of the amplitude of the WMS-2f signal when the CO2 concentration was 100 ppm, respectively. The peak-to-peak value of the noise voltage of the analysis system was NL = 0.5mV. The expression for LOD of the CO2 analysis system can be written as LOD = NL/S. Therefore, the LOD of the CO2 analysis system was 0.0812ppm.


[image: Figure 12]
FIGURE 12. Calibration experiment of CO2 concentration.


When the carbon dioxide concentration was 5%, the amplitude of the WMS-2f signal was tested and 9,697 points were continuously measured at time interval of 1 s. The Allan variance curve was calculated as shown in Figure 13. It can be seen from this figure that when the integration time was 1 second, the variance of the system was 0.0092 ppm2 and a LOD of 0.0303 ppm was obtained. When the integration time is 3s, the stability of the system is optimum and even a lower LOD of 0.0812 ppm can be achieved. Due to the influence of external environmental variation (such as temperature, humidity) and degradation of the laser driver, detector and data acquisition system, the long-term effects kick in when the integration time increases. This explains why the variance starts to increase and demonstrates some structures after passing the optimum integration time as shown in Figure 13.


[image: Figure 13]
FIGURE 13. Allan variance.





CONCLUSIONS

By using a modulated DFB laser with peak wavelength 1,579.1 nm, a CO2 detection system was developed. A cascade-integrated comb (CIC) filter and a FIR low-pass filter were combined in DLIA to extract the WMS-2f signal to determine the CO2 concentration gas. The detection system of CICF-assisted WMS and DLIA developed in this manuscript was more linear than the other two conventional methods. Three methods (PD, LIA, CICF-assisted WMS, and DLIA) were compared to detect the concentration of the target component and the anti-interference performance of each detection method was analyzed. The relative errors of these three methods (PD, LIA, CICF-assisted WMS, and DLIA) in measuring the CO2 concentration of 1% are <11, 5.5, and 1.9%, respectively. Compared with the peak detection and the lock-in amplifier, the CICF-assisted WMS and DLIA developed in this manuscript had the highest linearity and precision. When the integration time is 3s, the LOD of the system was predicted to be 0.0812 ppm. The DLIA had a stable performance and a small measurement error, which met the requirements of CO2 gas detection. The CO2 detection system had a simple optical path, a low cost, miniaturization of the instrument and had a good application prospect of real-time monitoring of the CO2 concentration.
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