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ABSTRACT

A methane gas detection system has been developed based on the infrared absorption method. The system
can be deployed in dry rice field for real-time detection. It consists of self-developed circuits and essential
optical parts. A distributed feedback laser has been chosen as the optical source of the system. Hollow-core
photonic crystal fibre is also applied as a part of the gas cell. The major circuit boards include laser driver
circuit, laser temperature control circuit, digital lock-in amplifier circuit and linear power circuit. The laser diode
can be effectively controlled by using the above circuits. The laser driving current step is 1 mA and the
temperature fluctuation is less than £ 0.02 °C. Based on the TDLAS technique, spectroscopy test shows that
the proposed laser driving circuits has accurate control capability. The detection error is about 2.3% by
performing the full-scale detection experiments. Further gas detection experiments using standard gas under
600 ppm also demonstrate the effectiveness and stability of the proposed system. By replacing the optical
source and essential driving circuits of the system, the system can be applied to detect other trace gases.
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INTRODUCTION

Rice as an important food crop is widely cultivated in China and many regions around the world.
However, in recent years, the methane gas released from paddy fields has attracted the attention of many
researchers (Jikun H. et al., 2014; Mujiyo M. et al., 2017; Xie B.H. et al., 2010). It is widely researched that
CHa is a kind of important greenhouse gas and it is 28 times higher than carbon dioxide with a global warming
potential (Ma J.L. et al., 2019; Palmer P.I. et al., 2021; Rajasekar P. et al., 2022; Rizzo et al., 2015). According
to studies in the past years, the methane gas released from rice fields are increasing for numerous reasons
(Bai Y. et al., 2023; Xu X.Y. et al., 2020). In this way, it is important to develop advanced and reliable sensors
for monitoring methane gas in rice fields for purposes including environmental protection and sustainability.

Traditional methods of methane detection in rice field such as chamber technique has some
drawbacks. The measurement accuracy of chamber technique is good. And this method is widely used for
many years. However, it is not efficient in the real-time detection and monitoring of large areas of rice fields.
Other traditional methods such as micrometeorological technique and isotope method, also have drawbacks
including unstable accuracy and complex requirements in the sensing process (Arianti F.D. et al. 2023; Gao
Z.R.etal., 2018; Zhang G.B. et al., 2014; Zhang G.B. et al., 2015). Therefore, it is essential to apply advanced
methods for high-precision and large-scale monitoring of methane gas in rice fields.

1 Bin Li, Prof.; Ruotong Liu, Stud.; Guangfei Shang, Stud.; Lihui Zhang, Prof.; Chenghao Han, Prof.; Yitong Huang, Stud.

77


https://www.sciencedirect.com/science/article/pii/S209531191360698X?via%3Dihub
https://www.agriculturejournals.cz/artkey/swr-201704-0004_methane-production-potential-of-soil-profile-in-organic-paddy-field.php?back=%2Fsearch.php?query%3DMethane%2Bproduction%2Bpotential%2Bof%2Bsoil%2Bprofile%2Bin%2Borganic%2Bpaddy%2Bfield%26sfrom%3D0%26spage%3D30
https://link.springer.com/article/10.1007/s00376-009-8178-4
https://www.sciencedirect.com/science/article/pii/S2351989418304955?via%3Dihub
https://royalsocietypublishing.org/doi/10.1098/rsta.2021.0421
https://doi.org/10.3390/s22114141
https://www.sciencedirect.com/science/article/abs/pii/S0309170815001529?via%3Dihub
https://doi.org/10.3390/atmos14010131
https://www.sciencedirect.com/science/article/abs/pii/S0301479720303558?via%3Dihub
https://doi.org/10.3390/su14105919
https://ijabe.org/index.php/ijabe/article/view/3593
https://ijabe.org/index.php/ijabe/article/view/3593
https://link.springer.com/article/10.1007/s11430-014-4879-3
https://link.springer.com/article/10.1007/s11104-014-2365-5

Vol. 75, No. 1 / 2025 INMATEH - Agricultural Engineering

The infrared spectral absorption method is an advanced optical technique to monitor trace gases which
has been studied by many researchers. In 2021, Catia L. etc. proposed their work with an immunosensor for
achieving fast and highly sensitive detection of cortisol based on plasmonic tilted fiber (Catia L. et al., 2021).
In 2023, Maxime L. etc. proposed an electro-plasmonic biosensor for attracting cells and proteins by migration
of controlled biomolecular. The sensor is on the surface of a probe linked with fiber (Maxime L. et al., 2023).
Compared with traditional detection methods, the infrared spectral absorption method is characterized by high
precision and rapid response. At the same time, this method has strong selectivity and is capable of monitoring
specific gases for a long time in an open space. Different types of optical fibers are widely used in these
detection systems (Bai Y.R. et al., 2021; Dar S.A. et al., 2020; Davis N.M. et al., 2016; Jiao Y.X. et al., 2021).
Hollow-core photonic crystal fiber (HC-PCF) can be used not only for the transmission of optical signals but
also as a part of the gas cell, enabling the target gas to come into contact with the light beam so as to achieve
spectral absorption. It has been applied to replace gas chambers to achieve effective detection of target gas.
Meanwhile, distributed feedback (DFB) laser diode has the characteristics of narrow linewidth and wavelength
tunability. It can be linked with HC-PCF and commercial communication fiber to achieve the transmission of
optical signals over long distances. Therefore, HC-PCF and DFB laser diode are suitable for the detection
system based on infrared spectral absorption method.

In this paper, a highly integrated CH4 sensing system is proposed. In the system, DFB laser diode and
HC-PCF have been applied with other self-developed key modules. The TDLAS technique has been adopted
as the core detection method in this system to perform gas sensing experiments. In this way, DFB laser diode
has been chosen as the optical source in this system with other relevant optical parts such as fiber optic beam
splitter and photodiodes. Compared to other commercial light sources such as QCL lasers, DFB laser diode
has the advantage including effective tunable ability and lower heat generation. Therefore, remote detection
of target gas can be achieved by its working features. The emitting light beam can be controlled and be
modulated to meet the requirements of the TDLAS technique. Compared to our earlier research (Bin L. et al.,
2018), the hardware part has been upgraded by using more powerful chips. And the software part has been
upgraded by optimizing the control algorithm especially for laser temperature controlling circuit. This part has
been updated in many ways. The photoelectric conversion circuit uses InGaAs photodiodes with a higher cost-
performance ratio, which reduces the cost while ensuring the conversion performance. Meanwhile, second
harmonic signals can be extracted for gas detection by using the technique of wavelength modulation
spectroscopy (WMS). The proposed system can be deployed to perform CHs detection in large-scale rice fields
remotely.

SYSTEM STRUCTURE AND DETECTION THEORY
System structure

The functional diagram of the proposed CH4 sensing system is shown in Fig. 1. On the left side of Fig.
1 is the independently integrated detection system, which includes optical devices and electronic devices. The
acrylic box on the right side of Fig. 1 is the gas cell of the detection system. It is placed in a dry paddy field for
detection. Firstly, the detection system on the left side is integrated in an instrument case and can be placed
near the measured area, and then communicates with the measured area through an optical fiber. This
instrument has been proposed in our previous work. Then, the HC-PCF allows target gas spreads inside the
fiber in order to be irradiated by the near infrared light beam. In this way, the gas absorption phenomenon can
occur. The optical signal after coming into contact with the measured gas returns to the integrated detection
instrument through the optical fiber, and the lost optical signal can be used to calculate the concentration of
the gas.

The proposed detection instrument contains many key electrical and optical modules. All the
calculation work is completed by the main control chip which is a Digital Signal Processor (DSP), including
generating modulation signals, generating laser control instructions, and calculating the gas concentration,
etc. The modulation signal includes ramp wave and sine wave. After the modulation signal of the laser is output
by the DSP, the laser is driven by a ramp wave signal. It is generated by a high-performance Digital-to-Analog
(DAC) chip which type is AD5541. Meanwhile, a Direct-Digital-Synthesizer (DDS) chip is applied to generate
sine wave signal and the chip type is AD9851. With the signal modulation, a fiber optic beam splitter (FOBS)
is used to divide the output signal of the DFB laser into two equal parts. One part enters the gas cell and
undergoes an absorption reaction, and the other part has its light intensity reduced by an optical attenuator
(OA). After photoelectric conversion which uses two InGaAs photodiodes, the difference between the two
signals contains the information about the gas concentration. In this way, the subtraction of the absorbed signal
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and the reference signal can be performed. In this system, it is sent digitally to the DSP by using an Analog-
to-Digital (ADC) chip. Finally, the result of detection can be displayed or processed for further applications.
The calculated data can be sent to a laptop via the UART port. And the gas information can be received by
using software developed by LabVIEW to perform further analysis.
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Fig. 1 - Block diagram of rice field methane gas detection system using TDLAS technique

Detection theory
Based on the TDLAS technique, the absorption line of CH4 must be scanned across periodically in

order to detect the optical loss. Fig. 2(a) shows the absorption spectrum of CHs around 1654 nm. And its
absorption intensity is at the level of 10-2* cmt/(molecule cm-2). Therefore, in order to meet the requirement of
detection, the selection of the laser is very important. In this system, a DFB laser is applied as the main light
source of the detection system. Both DFB lasers and Quantum Cascade Laser (QCL) lasers are widely used
in the field of gas detection. Compared with QCL lasers, DFB lasers are more likely to use optical fibers for
long-distance signal transmission, which is applicable for the remote detection of methane gas in paddy fields.
At the same time, DFB lasers are cheaper than QCL lasers, which also helps to carry out relevant experiments.
The applied DFB laser has the center wavelength around 1654 nm as shown in Fig 2(d). In this infrared region,
there are interfering gases such as H20 and CO:, which are also shown in Fig. 2 to demonstrate their
absorption lines. It can be seen that their absorption intensity is much weaker than the intensity of CHa. Their
absorption intensity are 4 orders of magnitude lower than that of methane as shown in Fig. 2(b) and Fig. 2(c).
Therefore, when detecting methane in this interval, water and carbon dioxide in the atmosphere hardly cause
any interference. High selectivity is an advantage of the infrared spectroscopy method. When using traditional
gas detection methods, it is very easy to be affected by interfering gases.
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Fig. 2 - Absorption line selection of CH4 (a) (d) and the absorption intensity of the interfering gas H20 (b)
and COz2 (c) in this infrared region

The detection theory of absorption spectroscopy is governed by the Beer-Lambert law. The calculation
is determined by the optical loss of spectral intensity (W/m?) while radiation interacts with gas molecules. The
expression of the coefficient t(v, t) is shown in Eq. (1). The transmitted intensity and the initial light intensity
can be expressed as I(v) and I,(v) respectively. The relationship can be seen as follows:

(v, t) = 110((_1;)) =exp[ —a(, t)LC] 1)
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where a(v, t) (cm™) in Eq. (1) is the absorption coefficient at frequency v (cm™). In this equation, C is the mole
fraction of the target gas and L is the effective optical path length. Based on TDLAS and WMS technique, the
DFB laser is tuned by a low-frequency repetitive ramp waveform with the period of T}, Meanwhile, a high-
frequency sine wave signal is added to the ramp wave. Its angular frequency is expressed as wg;,.The
expressions of the above signals and the strength of the light source can be represented in Eq. (2), Eq. (3)
and Eq. (4), respectively:

a

Uramp M) =a+ Tramp (t— Tramp) ()
Ugin () = b sin(wgint) (3
1(t) = 10[1 + MUyramp () + mugy (t)] (4)

In above equations, u,qmp(t) and ug, (t) are the voltage of ramp signal and sine signal, a, b, m and
T.omp are the amplitude of ramp signal, the amplitude of sine signal, the intensity modulation coefficient and
the cycle of ramp signal, respectively. The waveform of a standard ramp wave rises in a straight line, then falls
sharply in one cycle period. In this paper, the cycle period of the modulating ramp wave was set as 10 Hz. The
sine wave signal was set as 5 kHz. The sine wave signal is also set as the modulating signal and it is mounted
on the ramp signal for modulation.

Therefore, the relationship of gas concentration and 2f harmonic signal of system can be calculated
according to the equations. The ramp signal and the sine signal in above equations can be generated by DFB
lasers which are under the control of the self-developed circuits.

MATERIALS AND METHODS
Laser driving circuit

According to the TDLAS technique, laser diode must be linearly controlled to scan across the gas
absorption line. The driving current and operating temperature of laser diodes were precisely regulated using
self-developed control circuits. Compared to the previous design, the main controller chip of the laser driving
circuit was upgraded from TMS320F28335 to TMS320C28346. The main computing frequency reaches 300
MHz, with a cycle time of approximately 3.33 ns, resulting in a processing performance nearly twice that of the
previous design. In this way, the floating-point performance has been enhanced and the algorithm for the
detection system can be processed effectively especially for the digital lock-in part which involves complex
real-time computing. Meanwhile, the TMS320C28346 also has abundant on-chip peripherals including six 32-
bit timers, nine 16-bit timers, 258K 16-bit SARAM and serial port peripherals. However, there is also a problem
of the new MCU in the system. Its package type is 256-ball plastic ball grid array (BGA) which is not convenient
for hand soldering. After several attempts, the chip was successfully soldered on the board by using a hot air
gun. The board has four layers as shown in Figure 3(a) which are top layer, bottom layer and two internal
power layers. The completed board is shown in Figure 3(b).

Fig. 3 — Self-developed PCB drawing (a) and soldered circuit board of the main controller
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Laser temperature controller
The DFB laser has the characteristic that its output wavelength changes with the change of its operating

temperature. Therefore, it is very important to control its operating temperature. On the one hand, if the
temperature of the laser is too high, it may shorten its lifespan or cause damage to it. On the other hand,
controlling the output wavelength of the laser by changing its temperature is very effective, especially in the
detection system using TDLAS technology. Therefore, in this paper, a temperature control circuit for the DFB
laser is developed based on the Thermoelectric Cooler (TEC) control circuit. The DFB laser used in the system
has a built-in TEC module. Therefore, through the TEC control circuit, real-time and precise control of the
laser's temperature can be achieved, thus enabling effective control of its output wavelength. The TEC control
chip used in the system is the ADN8831. This chip can effectively control the TEC built into the laser based on
the Analog PID algorithm. It can achieve a temperature fluctuation of no more than 0.01 degrees Celsius at
the minimum. The photo of the developed circuit is shown in the figure. It is a four - layer PCB. The inner layer
is the power layer, and the top and bottom layers are the signal layers. The compensation network of the laser
diode is shown in Fig. 4. The resistors of R.ow, Rvip and Ruign can be obtained in datasheet. The voltage Vser,
which decides the value of laser temperature, can be obtained by Eq. (5) - (8), as:

R R %4
VSET = ( 3 —_— + 1) X ZREF (5)
Rty+Ry R4 2
_ Rwvip (RLow +RuicH) —2RuicnRLow
Ry = Ruip + Ruign+RLow—2R ©)
HIGH +RLOoW—2RwmID
R; = Ry — Rup @)
R{(R{+R —R
Ry = 1(R1+RLow—RMID) ®)
Rpow—RwmiD

where Vsgr is the output voltage for setting the temperature and it is can be set by DSP. The resistors of Riow,
Rum and Ruicn set the temperature range which can be determined by specific characters of the laser diodes
according to its datasheet, Rry is the resistance of thermistor which is inside the DFB laser diode, Vrgr is the
reference voltage which is 2.5 V generated by the TEC controller chip, R and R are calculated by Eq. (6) and
Eq. (7), Rs represents the compensation resistor and can be calculated by Eqg. (8). By using the above
equations, as the resistors are chosen, the controlling voltage can be calculated and be generated to control
the laser temperate.

The temperature controlling circuit is shown in Figure 4. In this circuit, the resistors and capacitors set
the compensation network based on Analog PID. The temperature compensation network composed of these
components can effectively approximate the actual value to the set value of temperature. The compensation
network in the lower right corner can change the values of these resistors and capacitors by changing the
jumper caps as shown in Fig. 4. The main controller chip of ADN8831 is placed on the center location of the
board as shown in the photo. The left zone which is selected by the red lines is the temperature setting zone.
The temperature value can be set by using serial resistors after calculation. The bottom area of the board is
the compensation zone. The resistors and capacitors can be selected by using the jumper cap. According to
the Analog PID algorithm, if the response time of the temperature controlling for DFB laser is extremely fast,
the stability of the temperature fluctuation will be impacted. Therefore, it is necessary to achieve the balance
of stability and response speed by adjusting the components.

Temperature Setting Zone

Compensation Networks

Ve C R1 R3 ﬂlz RD Cl L
RTH O—’\é\/_k— - RI CF,,
2 AN |
VREF/2 O + VOUtl
Temperature Set Circuit Vser

Fig. 4 — Temperature control circuit for DFB laser diode based on Analog PID algorithm

Experiments were carried out to investigate the temperature control performances by using the
developed circuit. The stability test of the temperature control module is shown in Fig. 5.
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The laser’s temperature was stabilized at 24.55 °C within 15 hours. The laser temperature was sampled
by an Analog-to-digital circuit. During the experiment, a random period of 100 minutes was selected to show
the detailed fluctuation. Then, temperature data was transmitted by the serial port circuit from the DSP board
to a computer. The fluctuation of temperature can determine the stability of the laser. The relationship between
laser temperature and its output spectroscopy can be determined by carrying out experiments and be
expressed as fitting formulas. The small temperature fluctuation within the range of +0.02 °C will not affect the
stability of the output wavelength. Therefore, the fabricated laser temperature control circuit can effectively
control the output wavelength of the laser.
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Fig. 5 — Temperature stability test of the proposed control circuit during 15 hours

HC-PCF characteristics

The Hollow-core photonic crystal is applied in this system. It can be used not only for signal transmission
but also as a gas cell. The effective wavelength range of the HC-PCF used in the system is 1490-1680. Since
the absorption peak of the gas to be measured in the system is around 1654 nm, the optical signal output by
the laser can pass through the HC-PCF almost without loss. The transmission loss is only 25 dB/km. Its cross-
section of the optical fiber is shown in Fig. 6(a). The center-to-center distance of the holes is 3.8 micrometers.
Due to its 95% hollow structural characteristics, the gas to be measured can be filled inside, so that it can fully
come into contact with the optical signal. The diameter of the fiber is about 70 um. Its coating material is
acrylate which has a single layer.

The gas diffusion performance of the HC-PCF has been tested in the system. Place the HC-PCF in a
gas chamber with dynamic gas mixing, and inject methane gas with a concentration of 2000 ppm into the gas
chamber through the method of dynamic gas mixing. Through observation, it can be seen that after
approximately 69 minutes, the methane concentration inside the optical fiber is consistent with the external
concentration. The speed of gas diffusion is acceptable for experiments such as long-term outdoor monitoring
of methane. If it is necessary to increase the diffusion speed, laser drilling can be used to make holes in the
outer sheath of the optical fiber. However, it is also necessary to re-evaluate the loss rate of its optical signal
at the same time.
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Fig. 6 — Simulation test of the optical structure (a) and the diffusion test of standard gas (b)
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RESULTS AND DISCUSSIONS
Spectroscopy test

In order to meet the detection requirements of the detection system, the output spectrum of the laser must
be stable and controllable. The output spectrum of the laser is determined by its control temperature and
current. Therefore, it is important to evaluate the output spectral characteristics of the laser by changing its
control temperature and driving current. The control temperature of the laser can greatly affect the output
spectrum of the DFB laser, which is determined by the internal structure of the DFB laser. In contrast, the
change in wavelength caused by the control current of the DFB laser is smaller than that caused by the control
temperature. Therefore, during the experiment, it is usually the case that the output wavelength is first
positioned at the absorption peak of the gas by changing the control temperature of the laser. Then, the
wavelength position is finely adjusted by regulating the current of the DFB laser, so as to meet the requirements
of the TDLAS detection technology.

In this paper, the proposed circuit controls the wavelength and the wavelength was tested by using an
infrared spectrometer as shown in Fig.7. As can be seen in Fig.7(a), when the driving current of the laser is
constant and the control temperature of the laser is changed, its central wavelength changes linearly. The
injection current of the laser is set to 70 mA, and the adjustment coefficient between the temperature and the
wavelength is approximately 0.115 nm/°C. In contrast, when the control temperature of the laser is kept
constant, the driving current is changed, and the five sets of measured data are shown in Fig.7(b). The DFB
circuit controls its current, which is increased from 40 mA to 80 mA with a step size of 10 mA. As shown in the
figure, when the temperature of the laser is constant, the current of the laser is changed, and the adjustment
coefficient between the current and the wavelength is measured to be approximately 0.014 nm/mA. Therefore,
the control circuit proposed in this paper can effectively control the temperature and current of the laser, thus
achieving effective control of its output wavelength and meeting the requirements of the detection system.
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Fig. 7 — Spectroscopy test under the condition of constant temperature (a) and constant current (b)

Response time test

Since the detection and processing speed of infrared gas detection is very fast, the response time of the
system is mainly determined by the volume of the gas chamber and the flow rate of the gas distribution. The
detection system can detect the change of the concentration in the gas chamber in real time, so the data
acquiring time of the DSP chip can be considered as the response time of the system. The calculation time of
the DSP chip is very fast and the key signal which can be represent gas concentration can be obtained instantly.
Compared to the traditional sensors, TDLAS technique has the advantage of fast response. This TDLAS based
detection system performs an average calculation on the measured gas concentration, and the obtained
average gas concentration is displayed on an LCD screen every 2 seconds. When the gas concentration in
the gas chamber is changed, the fluctuation of the gas concentration will cause the detected second harmonic
to fluctuate, as shown in Figure 8.

A gas mass flowmeter is applied in the system and it is required to manually adjust the knob to change
the concentration during the process of gas detection. By adjusting the concentration, there is a certain slope
at the rising edge of the concentration. Compared to the traditional method of gas distribution, dynamic gas
distribution is the method that has better accuracy. The specific gravities of different gases need to be
calculated and used to adjust the mass flowmeter in the experiment. When the target concentration is quickly
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reached, the gas concentration in the gas chamber fluctuates as shown in Figure 8. Continuing to adjust the
concentration when the concentration is not yet stable will cause the concentration of the gas chamber to
oscillate. By measuring the Peak-to-Peak Voltage (PPV) value of the second harmonic, real-time fluctuations
in gas concentration can be obtained.
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Fig. 8 — Response time test of the proposed detection system using 2f harmonic signal

Error test

The detection error of the detection system can be evaluated by using the dynamic gas mixing method.
The dynamic gas mixing method can keep the gas concentration in the gas chamber approximately constant,
and can change the gas concentration in the gas chamber within a short period of time. In the experiment, the
high-concentration range and the low-concentration range were tested respectively, as shown in Fig. 9. For
the experiments using high concentration of methane gas, the N2 and pure CH4 gas was mixed together after
calculation of their relative height and volume. For the low concentration experiments, the pure liquid methane
will be replaced by 1% standard gas to guarantee accuracy. In the high-concentration range, the error is
relatively small, which is because the concentration inside the gas chamber using the dynamic gas mixing
method is relatively stable, as shown in Fig. 9(a). In the low-concentration range, the error increases as shown
in Fig.9(b). By calibrating the gas concentration with the second harmonic, the detection sensitivity can be
further enhanced.
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Fig. 9 — Error test of the measured methane gas using stardard gas

Detection limit test

In combination with the WMS technology, detection sensitivity can be further improved. Through the
sine wave and square wave of the same frequency and phase generated by the DDS, the first harmonic and
the second harmonic after gas absorption can be obtained. Among them, the second harmonic can more
effectively characterize the gas concentration, and the experiment carried out is shown in Fig.10.
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In Fig.10(a), it can be seen that within the detection range, the second harmonic can be effectively
extracted and is still clearly visible at 600 ppm. In Figure (b), when the gas chamber is filled with pure nitrogen,
the fluctuation of the second harmonic can be evaluated, which is within the range of 1748 - 1754 mV. By
increasing the effective absorption optical path, the detection lower limit of the system can be further reduced.
In subsequent experiments, by using HC-PCF, the effective absorption optical path can be greatly increased,
thereby improving the detection sensitivity of the system.
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Fig. 10 — Detection limit test using 2f harmonic signal (a) and mixed stardard gas (b)

CONCLUSIONS

The proposed methane detection system involves a DFB laser, InGaAs photodiodes, HC-PCF and
updated circuits such as the DSP28346 circuit for laser controlling. By using the key components, the detection
system has the ability to perform accurate remote detection of target gas. Through spectral testing, the stability
of the laser's control temperature and driving current was verified, and the respective control coefficients were
obtained. By conducting a variety of gas detection experiments, the effectiveness and stability of the detection
system for detecting methane gas were developed. In subsequent research work, the use of HC-PCF will be
increased to further improve the detection sensitivity of the detection system. Combined with this new type of
optical fiber, the developed system can be used for large-scale methane gas monitoring in paddy fields.
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