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Fig. 1 HITRAN-based CH, absorption line and the curve of laser current versus emission wavelength number at 36 “C
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Fig. 3 FPGA internal logic structure diagram of the sensor
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Table 1 System reconfigurable functions and parameters

Reconfigurable objectives Reconstruct content Reconstruction parameters
Input sampling rate Frequency 0~10 MHz
Phase-locked target frequency Frequency 0~5 MHz
Wave filter Cut-off frequency Flexible reconfiguration
Sine wave generation frequency and phase DAC out max 165 MSPS
Triangular wave generation frequency and phase DAC out max 165 MSPS
Enable signal Internal and external enable switching ~ External enable or adaptive internal enable generation
Working mode Enable signal strobe self-configuration Continuous, intermittent or triggered
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Fig. 4 Test waveform under continuous and intermittent working modes
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Fig. 6 Sine signal verification experiment and result analysis
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Hardware Reconfigurable Near Infrared Wavelength Modulated
Methane Sensor and Its Application (Invited)

SHI Yuechong'?, LI Yafei"*, SONG Fang'’, ZHENG Chuantao'*, WANG Yiding"*
(1 Srate Key Laboratory of Integrated Optoelectronics, College of Electronic Science and Engineering, Jilin
University, Changchun 130012, China)
(2 Jilin Provincial Engineering Research Center of Infrared Gas Sensing Technique , Changchun 130012, China)

Abstract: At present, the demand for gas sensors is moving towards miniaturization, low power
consumption and networking. Among them, laser absorption spectroscopy has wide application prospects
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in related fields with advantages of fast detection speed, high accuracy, good stability, and long service
life. However, the commonly used laser gas sensor system is generally large in size, high in power
consumption and high in cost, which is difficult to be widely used as a gas sensor node. Therefore, it is
urgent to develop a new spectroscopy gas sensing system with small volume, low power consumption and
low cost to promote the application of laser gas sensing technology in  “carbon neutralization”

Based on the above social needs, we developed a hardware reconfigurable Wavelength Modulation
Spectroscopy (WMS) methane sensor. Based on the characteristics of Field Programmable Gate Array
(FPGA) hardware algorithm acceleration, the hardware-based wavelength modulation gas absorption
spectroscopy analysis algorithm, realizes quasi—synchronous output of scan signal and harmonic signal
amplitude as well as on—chip integration of WMS with a delay time of only 4.05 ms. The on—chip logic circuit
is mainly divided into WMS analysis module and WMS drive signal generation module. Based on Direct
Digital Synthesis (DDS) technology, the WMS drive signal generation module is used to generate sine wave
and triangular wave signals required by WMS, and both signal frequency and phase can be tuned in a wide
range, which can flexibly control the sensor operation according to an enabling signal. The core of WMS
analysis module is an orthogonal phase-locked amplifier. This work focuses on enhancing the hardware
reconfigurability to enhance the flexibility of the sensor system. Only when the enabling signal is in high level,
the WMS analysis module and the drive signal generation module start to work, which lays the foundation for
intermittent work, scanning signal alignment, and gas absorption fixed point analysis. The feasibility of the
intermittent work is verified by the actual measurement. The system has a unified sampling clock, and an on—
chip clock generation unit based on external reference signals is constructed. On the basis of avoiding the
frequency offset problem, the flexible reconstruction of the system sampling clock is realized. A standard
orthogonal signal generation module based on DDS technology is established to realize the generation of
standard orthogonal signals at any frequency. Combined with the characteristics of finite impulse response
filter that the frequency response can be reconstructed by modifying parameters, the phase—locked analysis at
any target frequency is realized. The on—chip system logic part is developed in hardware logic language as a
whole, and there is no problem of “program runaway” . After the design of the system logic part, the
software simulation is carried out to verify the accuracy of the system logic function. In order to verify the
linearity of harmonic signal extraction of the designed hardware reconfigurable wavelength modulation
methane sensor, a sinewave verification experiment is carried out. By analyzing the amplitude extraction
results of different standard sinewave signals, a step output of the system under different inputs is observed,
and a linear response with a goodness of fit of 99.99% is obtained. The measured sinewave amplitude
fluctuation range is about #=0.5 mV. In order to verify the actual sensing performance of the methane sensor,
methane experiments are carried out using a Herriot gas cell with an optical path length of 25 m and a laser
with a central wavelength of 2 334 nm for targeting the absorption line of methane at 4 284.5 cm™ . It can be
seen from the experimental results that the gas detection linearity of the methane sensor is 99.97%. The stability
analysis shows that the sensor resolution is better than 25 parts—per-million in volume (ppmv) , and the
response time is ~ 4.9 s. In addition, the Allan variance results show that when the integration time is 0.5 s,
the detection limit of the sensor is 7.8 ppmv. Methane leakage test is carried out. Through the analysis of the
measured CH, concentration levels when CH, leakage occurs, the detection ability of the sensor for methane
leakage is proved. Compared with the existing methane sensor based on software architecture, the extremely
low data delay lays a foundation for intermittent work, and provides the possibility to realize the application of
node-type low—power gas detection. At the same time, the sensor has high accuracy, fast response speed, and
can be used flexibly and conveniently based on actual needs. The developed sensor shows a good application
prospect with high electronic integration based on FPGA.

Key words: Optoelectronic detection technique; Infrared absorption spectroscopy; Wavelength modulated
spectroscopy; Field programmable gate array; Gas detection
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