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Abstract: A highly integrated methane-detection system was experimentally established by using a
distributed feedback laser diode and hollow-core photonic crystal fiber. The self-developed circuits
with a laser diode and essential optical devices were integrated into an instrument that generated a
modulated optical signal in a fiber-coupled gas cell that contained the hollow-core photonic crystal
fiber. The instrument could also process the return optical signal that contained the gas concentration
information. The experiments demonstrated the good performance of the developed system. In the
spectrum tests, the center wavelength of the laser diode could be tuned linearly by controlling the
laser’s working temperature and driving current. The second harmonic signal could be extracted
in order to reflect the gas concentration. According to the Allan deviation method, the low limit
of detection of the system was determined to be 29.52 ppm. In addition, a long-term stability test
demonstrated that the system has a good stable performance. The proposed system can be further
optimized in order to be applied in paddy fields to detect and monitor the methane concentration in
a large area by using the optical fibers.

Keywords: methane detection; distributed feedback laser; hollow-core photonic crystal fiber; paddy field

1. Introduction

Rice paddy fields are the most important food source in China and in many other
countries. However, paddy fields are also considered to be one of the largest methane
(CH4) emission sources in agriculture [1–3]. It is widely known that CH4 is an important
type of greenhouse gas with a global warming potential that is 28 times higher than that
of carbon dioxide [4–6]. According to recent studies, the quantification of CH4 emissions
from rice fields has increased in recent years [7,8]. Therefore, it is essential to detect and
monitor the methane concentration in paddy fields.

Traditional methods of methane detection in paddy fields include the chamber tech-
nique, the micrometeorological method, the soil profile method, and the isotope method.
The chamber technique has a good measurement accuracy and is widely applied in many
countries, but it is not efficient enough to detect and monitor the large areas of paddy fields
in real time. The rest of the methods also have drawbacks that include a low detection
accuracy, intrusive detection, and strict requirements for the experimental process [9–13].
Therefore, it is necessary to apply optimized methods to achieve a high accuracy and
real-time detection in large-area paddy fields.

The optical gas detection method has been studied worldwide in recent years. In
2021, Catia et al. proposed a new immunosensor based on a plasmonic tilted fiber Bragg
grating (TFBG) to achieve rapid and ultrasensitive cortisol detection. In 2022, Maxime et al.
proposed an electro-plasmonic biosensor to attract proteins and cells on the surface of a fiber
optic probe via controlled biomolecular migration. Compared to the traditional methods of
gas detection, this method has numerous advantages that include a high accuracy, good
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selection, non-toxicity, and non-contact measurement features. In order to detect methane in
a large area, optical fibers can also be applied in the detection system [14–19]. Hollow-core
photonic crystal fiber (HC-PCF) can be applied in signal transmission and gas absorption
because gas molecules can be diffused inside the fiber. Among the light sources of lasers,
the distributed feedback (DFB) laser diode is suitable for generating an optical signal due
to its good tunable features and fiber-coupled structure. Therefore, a methane-detection
system containing HC-PCF and a DFB laser diode can be applied to meet the requirements.

This paper proposes a highly integrated methane-detection system that involves a DFB
laser diode, HC-PCF, and other self-developed key modules. Compared to our previous
work, the hardware and software of the developed circuits were optimized, including the
laser temperature control circuit and the algorithm. The photovoltaic conversion circuit
containing InGaAs photo diodes was also redesigned to achieve a better performance and
greater cost-effectiveness. Meanwhile, the HC-PCF was applied in the system to replace the
previous optical reflective parts. By using the wavelength modulation spectroscopy (WMS)
technique, second-harmonic signals were extracted to determine the gas concentration.
The proposed system can be applied for large-area methane detection in paddy fields or in
other applications.

2. Theory and System Structure
2.1. Infrared Absorption of CH4

According to the Beer–Lambert law, infrared absorption phenomenon will occur
when the particulate frequency wavelength of light radiates through the corresponding
gas [20–22]. In this study, the light source had a center wavelength at 1654 nm where there
was an absorption line of methane, as shown in Figure 1. This absorption line was located
in the near-infrared region, and the optical signal could be transmitted through fibers in
this waveband. Therefore, the remote sensing of methane could be achieved by using fibers
due the good transmission performance. In addition, H2O and CO2 could also be ignored
at this absorption line. According to the HITRAN database, the absorption intensity of such
gases is much weaker than CH4 at this absorption line [23–25]. Therefore, the accuracy of
the methene detection could be guaranteed.

Electronics 2023, 12, x FOR PEER REVIEW 2 of 14 
 

 

grating (TFBG) to achieve rapid and ultrasensitive cortisol detection. In 2022, Maxime et 

al. proposed an electro-plasmonic biosensor to attract proteins and cells on the surface of 

a fiber optic probe via controlled biomolecular migration. Compared to the traditional 

methods of gas detection, this method has numerous advantages that include a high ac-

curacy, good selection, non-toxicity, and non-contact measurement features. In order to 

detect methane in a large area, optical fibers can also be applied in the detection system 

[14–19]. Hollow-core photonic crystal fiber (HC-PCF) can be applied in signal transmis-

sion and gas absorption because gas molecules can be diffused inside the fiber. Among 

the light sources of lasers, the distributed feedback (DFB) laser diode is suitable for gen-

erating an optical signal due to its good tunable features and fiber-coupled structure. 

Therefore, a methane-detection system containing HC-PCF and a DFB laser diode can be 

applied to meet the requirements. 

This paper proposes a highly integrated methane-detection system that involves a 

DFB laser diode, HC-PCF, and other self-developed key modules. Compared to our pre-

vious work, the hardware and software of the developed circuits were optimized, includ-

ing the laser temperature control circuit and the algorithm. The photovoltaic conversion 

circuit containing InGaAs photo diodes was also redesigned to achieve a better perfor-

mance and greater cost-effectiveness. Meanwhile, the HC-PCF was applied in the system 

to replace the previous optical reflective parts. By using the wavelength modulation spec-

troscopy (WMS) technique, second-harmonic signals were extracted to determine the gas 

concentration. The proposed system can be applied for large-area methane detection in 

paddy fields or in other applications. 

2. Theory and System Structure 

2.1. Infrared Absorption of CH4 

According to the Beer–Lambert law, infrared absorption phenomenon will occur 

when the particulate frequency wavelength of light radiates through the corresponding 

gas [20–22]. In this study, the light source had a center wavelength at 1654 nm where there 

was an absorption line of methane, as shown in Figure 1. This absorption line was located 

in the near-infrared region, and the optical signal could be transmitted through fibers in 

this waveband. Therefore, the remote sensing of methane could be achieved by using fi-

bers due the good transmission performance. In addition, H2O and CO2 could also be ig-

nored at this absorption line. According to the HITRAN database, the absorption intensity 

of such gases is much weaker than CH4 at this absorption line [23–25]. Therefore, the ac-

curacy of the methene detection could be guaranteed. 

1.64 1.65 1.67 1.68 1.69

0.001

0.002

0.003

0.004

0.005

0.006

0

 

 

A
b

so
rb

an
ce

, 
-l

n
(I

/I
o

)

Wavelength (μm)

1.653 1.654 1.655

0.001

0.002

0.003

0.004

0A
b

so
rb

an
ce

, 
-l

n
(I

/I
o
）

Wavelength (μm)

 

Figure 1. Selected CH4 absorption line at 1654 nm in the near-infrared region.  Figure 1. Selected CH4 absorption line at 1654 nm in the near-infrared region.

2.2. System Structure

The experimental schematic of the proposed methane-detection system is shown in
Figure 2. There are two parts in this system, which are the self-developed instrument and
the gas cell. First, the electrical circuits, DFB laser, and partial optical parts are integrated in
this standalone instrument. Its power consumption was measured as about 7 W during
the experiments. Then, there is a hollow-core photonic crystal fiber inside the gas cell. The
optical signal is transmitted to the gas cell and is back to the instrument after absorption.
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The gas cell can be filled in standard methane gas through the gas inlet and gas outlet
terminals.
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Figure 2. Developed near-infrared methane-detection system with HC-PCF gas cell.

The self-developed instrument contains many circuits and optical parts. A digital
signal processor (DSP) is applied as the main controller to set the laser’s temperature
through a temperature controller. Meanwhile, it also controls the current modulator circuit
to drive the DFB laser. In this current modulator circuit, a digital-to-analog (DAC, AD5541)
and a direct digital synthesizer (DDS, AD9851) are applied to generate ramp wave and
sine wave signals, respectively. Under the temperature and current control, the emitting
beam of the DFB laser is split by a fiber optic beam splitter (FOBS). The two power-equaled
beams are identified as the reference signal, which is directly fiber linked to the photodiode
(PD) module via an optical attenuator (OA), and the absorbed signal, which propagates
through the gas cell and returns to the PD module. The PD module contents two of the
same InGaAs photodiodes. The photovoltaic conversion circuit is self-developed by using
amplifier circuits. The subtraction of the reference signal and the absorbed signal is then
performed and the result is sent to the DSP through an analog-to-digital (ADC) chip. Finally,
the DSP presents the relevant information on an LCD screen embedded on the front panel
of the instrument.

The comparisons of this system and our previous work [26] are listed in Table 1. The
laser temperature control programs and circuits were optimized in this paper. The stability
of this circuit has been promoted. Then, new photodiodes were applied in this system and
the active diameter became bigger than before. In the gas cell, there was an optical device
with a mirror for light reflecting in our previous work. It is replaced with HC-PCF in the
gas cell for light transmission. Additionally, the absorption length becomes 100 cm, which
is longer than the previous 40 cm one. Both of the two systems depend on gas diffusion
without the need for a gas pump in the gas cell.

Table 1. Comparison between the proposed system and the previous system.

Refs Temperature
Control Method

Active Size Diameter
of Photodiodes

Absorption
Length Gas Cell

[26] Analog PID
Control InGaAs 0.5 mm 40 cm

Open and reflective,
without the need of

gas-pump

This paper
Optimized

programs and
circuits

InGaAs 0.8 mm 100 cm HC-PCF fixed in a
gas cell

2.3. Theories and Equations

The WMS technique has been adopted in this paper. As described in many articles [27–32],
the fundamental theory of this technique has been described in detail in these articles. In this
paper, briefly, the derivation and proof of WMS technique applied in our system has been
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shown in this section. In the experiments, the DFBL has been stabilized to the absorption peak
of the CH4 molecule and a periodic sawtooth signal is generated to tune the frequency of the
laser to scan the target absorption line within a certain spectrum. The sawtooth signal can be
expressed in one period as:

usaw(t) = Asaw +
Asaw

Tsaw
(t− Tsaw), 0 ≤ t ≤ Tsaw (1)

where Asaw and Tsaw are the amplitude and the period of the sawtooth signal, respectively.
Additionally, a sinewave signal is expressed as:

usin(t) =
Asin

2
sin(ωsint) (2)

is used to modulate the laser, where Asin and ωsin are the amplitude and the angular
frequency of the sinewave signal, respectively. The total driving signal of the DFBL is:

u(t) = usaw(t) + usin (3)

Under the operation of u(t), the variation in emitting a wavelength leads to the change
in the absorption coefficient α(t), which is dependent on the emitting wavelength of DFBL,
expressed as:

α(t) =
α0

1 +
[
(υ0+δu(t)−υg)

γ

]2 (4)

where υ0 is the central emitting light wave-number of the laser (determined by its operation
temperature), υg is the central absorption wave-number of methane molecule, α0 is the
light absorption coefficient at υ0, γ is the half-width of the absorption peak at υ0, and δ is
light wavelength modulation coefficient.

Without absorption, the light intensity received by the NIR detector belonging to the
reference channel is:

Ir(t) = nI0[1 + mu(t)] (5)

where m, n, and I0 are the light modulation coefficient, attenuation coefficient of OA, and
the central emitting light intensity, respectively. According to Beer–Lambert law, the light
intensity received by the NIR detector belonging to the detection channel can be expressed
as follows:

It(t) = I0[1 + mu(t)]exp[−α(t)LC]≈ I0[1 + mu(t)][1− α(t)LC] (6)

where L is the optical path length of the open reflective sensing probe, and C is the CH4
concentration. After optical-to-electrical conversion and amplification, two electric signals
are obtained and can be written as:

ut(t) = KtDt
oe I0[1 + mu(t)][1− α(t)LC] (7)

ur(t) = KrDr
oenI0[1 + mu(t)] (8)

where Kt and Dt
oe are the amplifying factor and optical-to-electrical conversion coefficient

for the detection channel, respectively, and Kr, Dr
oe are those for the reference channel.

Then, through the subtraction circuit, the differential signal of the absorption signal and
the reference signal can be obtained:

ud(t) = ur(t)− ut(t) = I0[1 + mu(t)]
[
KrDr

oen− KtDt
oe + KtDt

oeα(t)LC
]

(9)

By tuning the value of n of OA, we can obtain KrDr
oen = KtDt

oe. In this case, we obtain:

ud(t) = I0[1 + mu(t)]
[
KtDt

oeα(t)LC
]
. (10)
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Then, we can use the self-developed orthogonal lock-in amplifier to extract the 1f
and the 2f harmonic signals from ud(t). For the 1f harmonic signal, its two orthogonal
components can be written as:

A1 f ,⊥(t) =
∫ t

t−Tint 1
ud(τ)sin(ωsinτ)dτ)

A1 f ,‖(t) =
∫ t

t−Tint 1
ud(τ)cos(ωsinτ)dτ)

(11)

where Tint 1 is the integral time, determined by the cutoff frequency of the related low-pass
filter. So, the 1f signal can be expressed as:

A1 f (t) =

√(
A1 f ,⊥

)2
+
(

A1 f ,‖

)2
(12)

Similarly, the 2f harmonic signal can be achieved as:

A2 f (t) =

√(
A2 f ,⊥

)2
+
(

A2 f ,‖

)2
(13)

where

A2 f ,⊥(t) =
∫ t

t−Tint 2

ud(τ)sin(2ωsinτ)dτ, A2 f ,‖(t) =
∫ t

t−Tint 2

ud(τ)cos(2ωsinτ)dτ (14)

and Tint 2 is the integral time, determined by the cutoff frequency of the related low-pass
filter. Define the amplitudes of the 1f and 2f harmonic signals as:

Amp
[

A1 f (t)]= max[A1 f (t)]−min[A1 f (t)
]

(15)

Amp
[

A2 f (t)]= max[A2 f (t)]−min[A2 f (t)
]

(16)

Generally, the amplitude of the 1f signal is proportional to the mean optical power
and that of the 2f signal is determined by both the gas concentration and mean optical
power. In order to reduce the effect of the laser current’s variation, the ratio between
Amp

[
A2 f (t)

]
and Amp

[
A1 f (t)

]
is usually used to characterize the concentration, which

can be expressed as:
Amp

[
A2 f (t)

]
Amp

[
A1 f (t)

] = F(C) (17)

where the expression of F can be achieved through a calibration experiment. In the following
experiment, the frequencies of the sawtooth signal and sinewave signal are set to be
Tsaw = 10 Hz and Tsin = 5 kHz.

3. Materials and Methods

Compared to our previous work, several key modules, including electrical and optical
parts, have been optimized and are proposed in this section. First, for the DFB laser diode,
its temperature control circuit has been optimized both in the hardware and algorithm.
Then, the photovoltaic conversion circuit with new InGaAs photo diodes are proposed.
Finally, the hollow-core photonic crystal fiber is introduced to this detection system. Its
features and experiment results are proposed as well.

3.1. Developed Instrument

The self-developed instrument is proposed in the previous section and the internal
key modules is shown in Figure 2. This instrument contains a DFB laser which can be
tuned to scan across the absorption line at 1654 nm by controlling its temperature and
injection current. The laser’s temperature can be set in the control program of the DSP
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chip and DAC circuit. The temperature control circuit is performed by the AND8831 chip
with a peripheral circuit. This controller chip is a highly accurate thermoelectric cooler
(TEC) controller. It sets the direction and value of the driving current of the TEC module
embedded in the DFB laser in order to increase and decrease its temperature according to
the Peltier effect [33–35]. By changing the TEC module which is embedded in the DFB laser,
the temperature control circuit is able to increase or decrease the heat of the laser diode.

Temperature control for the DFB laser is crucial. First, the center wavelength of
the DFB laser is different when temperature varies. The center wavelength of the DFB
laser is determined by the refractive index of the grating reflection region inside the DFB
laser. Additionally, the refractive index of the grating reflection region is controlled by the
temperature. In this way, it is necessary to control the laser’s temperature in order to tune
the center wavelength. In addition, the laser’s temperature also needs to be controlled to
protect the laser from damage of heat accumulate after long time working or large current
injection. In this way, it is necessary to control the laser’s working temperature. In order to
control the laser’s temperature accurately, there is a thermistor embedded in the laser to
reflect the value of the laser’s temperature. Additionally, a TEC module is also embedded in
the laser to heat or cool the laser diode. Therefore, the relationship between the thermistor
and temperature needs to be obtained to achieve accurate temperature control.

The relationship between the laser’s temperature and the NTC resistance inside the
DFB laser is shown in Equation (18). In this equation, RTH is the value of the resistance
at temperature T2 and R is the value of the resistance at room temperature, expressed
as T1. The value of B, which is 3930 K, is a kelvin temperature and is provided by the
laser’s supply company. In the temperature control program, all of the temperature values
are expressed in centigrade temperature. In this way, the kelvin temperature needs to be
converted as shown in Equation (19). Meanwhile, the relationship between the resistance
and temperature was also obtained by using the R-T conversion table of the thermistor
inside the laser. The relationship is shown in Figure 3 in this way from 10 ◦C to 60
◦C. By using the software of Origin, the relationship equation is obtained as shown in
Equation (20). These equations are applied in the program to control the laser’s temperature
through analog and digital circuits. The performance of the laser’s temperature control
was evaluated by experiments of spectral tests, which are shown in the next section, and
the results demonstrate a good performance.

RTH = R× EXP
[

B×
(

1
T1
− 1

T2

)]
(18)

t = T − 273.15 (19)

R = 31.07534× EXP(−0.04925× T) + 0.95597 (20)
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3.2. Photovoltaic Conversion

The photovoltaic conversion circuit has been optimized in the paper compared to
our previous work. First, there were two photodiodes which were supplied by JUDSON
company (Type J22-18I-500U) in the system to perform photovoltaic conversion. The active
size diameter of each photodiode is 0.5 mm and the peak responsivity is 0.9 A/W. In this
paper, the two photodiodes were replaced by two InGaAs photodiodes supplied by a local
brand. The cost decreases about 91% and the performance are almost the same. The active
size diameter is bigger than before, which is 0.8 mm. There is only one drawback of the
new photodiodes, which is the dark current. It is still acceptable because the difference is
only 0.5 nA between the new photodiodes and the old ones. The common input noise of
the two channels can be eliminated by the difference circuit.

The circuit of photovoltaic conversion has been optimized as well to ensure a good
stability. Two accurate amplifiers, which are AD810, are applied in this circuit to perform
a photovoltaic conversion with the two InGaAs photodiodes. The optimized circuit has
been tested to evaluate the performance, as shown in Figure 4a. The programed optical
signal with frequencies of 1 kHz and 2 kHz was converted by this circuit to an electrical
signal in order to be processed in the following circuits. It can be seen in Figure 4a that the
oscilloscope shows the obtained signal of the photovoltaic conversion circuit.
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Figure 4. Performance test of the optimized photovoltaic conversion circuit with two InGaAs
photodiodes (a) and the schematic of the photovoltaic conversion and signal processing (b).

There are two optical channels in the system. One is the absorption signal, which
contains gas concentration information, the other is the adjustable reference channel, which
contains an optical part to the weakened reference signal to the power level of the absorption
signal. The difference in the two signals can be obtained by using a subtracter circuit. Then,
the difference signal, which is an analog signal, is converted to a digital signal by using an
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analog–digital converter circuit. Then, the converted digital signal can be processed and
be stored by the main controller chip (TMS320F28335). The main controller chip can be
programed by using Code Composer Studio, which was provided by Texas Instrument.
There is another pulse signal generated by the laser-driving module to the main controller
chip. The frequency of this signal is equal to the laser modulation signal in order to
extract the harmonic signals which contains information of the gas concentration. In this
system, the frequency of this modulation is set as 5 kHz. There are also several peripheries’
circuits, including the screen, keys, and the serial interface connected to the main controller
chip. In the future, software based on LabVIEW will be developed in order to achieve a
more convenient and clearer interface. Additionally, the essential data can be displayed
and stored on a PC as well. The current process of a photovoltaic conversion and signal
processing schematic is shown in Figure 4b.

3.3. Hollow-Core Photonic Crystal Fiber

The HC-PCF is applied in this system for optical signal transmission and gas absorp-
tion. Its effective spectrum scope is 1490–1680 nm. Due to the center wavelength of the
DFB laser diode being 1654 nm, the fiber is suitable for the system. The separation distance
of the holes on this fiber is about 3.8 µm and the transmission loss of the optical signal
is 25 dB/km. Over 95% of the optical power is located in the core, which can be filled
with trace gas. Additionally, the bend loss can be negligible. The core diameter is 10 µm
and the diameter of the PCF region is 70 µm. The cladding pitch, cladding diameter, and
coating diameter are 3.8 µm, 120 µm, and 220 µm, respectively. The coating material is
single layer acrylate.

The fiber is fixed in the gas cell as shown in Figure 2. It is connected to a fiber terminal
device which is also linked to the common single-mode optical fiber outside of the gas cell.
The optical signal loss caused by this connection is about −0.8 dB by the experiments. In
this way, the common single-mode optical fiber links the proposed instrument and the gas
cell together in the laboratory. The simulation experiment was carried out to evaluate the
performance of this optical structure, including the optical power loss in numerous nodes
as shown in Figure 5a. It can be seen that most of the optical power can be maintained in
the fiber. However, on the other side, the diffusion speed of methane from the gas cell to
the HC-PCF is slow, as shown in Figure 5b. The gas concentration is balanced in a period
of 70 min by using the dynamic gas supplementation method of standard gas. In order
to decrease the diffusion time, the fiber can drill small holes by using special devices. In
this way, the optical power loss needs to be tested to satisfy the system requirement of the
signal strength.
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4. Results and Discussion
4.1. Spectrum Tests

The DFB laser diode needs to be controlled accurately in order to guarantee that
the center wavelength can meet the requirements of the detection system. Therefore, its
working temperature and current must be tested corresponding to the center wavelength.
One the one hand, a laser’s working temperature determines the wavelength significantly.
Meanwhile, the stability of the temperature is also very important to the laser to avoid
wavelength shifting. One the other hand, the driving current can also shift the center
wavelength in a small scope. Therefore, the laser’s working temperature is set at first and
then the current is determined by spectrum tests.

The CH4 DFB laser was tested by using Fourier transform infrared spectroscopy
(NICOLET 6700 FT-IR), which was provided by the Thermo Scientific company, as shown
in Figure 6. It can be seen that the center wavelength of the DFB laser can be controlled
linearly by changing the temperature while the current is stable, depicted in Figure 6a. The
laser driving current is set as 70 mA and the coefficient is about 0.115 nm/◦C. It also can be
seen that the optical power slightly decreases while the temperature increases. The unit of
the wavenumber, which is the reciprocal of the wavelength, is adopted in the software of
the spectrometer. It is adopted for the X-axis in the software as shown in the figure. Then,
the current increases while the laser’s working temperature is stable; the results are shown
in Figure 6b. There are five sets of spectrum tests, the temperature was set from 18 to 26 ◦C,
and the step was 2 ◦C. Then, the current increases from 40 mA to 80 mA. It can be seen
that the center wavelength increases linearly as well in this range. The coefficient is about
0.014 nm/mA at 25 ◦C through tests and a calculation. Therefore, the temperature can
determine the wavelength greater than the current’s effort. The spectrum tests also prove
the stability and effectiveness of the self-developed circuits.
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4.2. Calibration Tests

The calibration of the developed system is very important for several reasons. First,
the relationship of the gas concentration and the key electrical signal, which is the 2nd
harmonic signal in this system, can be obtained. In this way, the unknown concentration
can be calculated by using the corresponding electrical signal. Then, the dynamic gas
supply system can be tested during the calibration tests. In this system, highly pure N2 gas
and standard methane gas were mixed by using special instruments. The stability of the
gas supply system was tested by monitoring the stability of the obtained harmonic signals.
Finally, the relationship equation was obtained and has been programed on the DSP chip.
Therefore, a further calculation and analysis can be performed based on the experiments
and simulations.
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The calibration tests were carried out to match the harmonic signal and the standard
gas concentration as shown in Figure 7. The total calibration scope is from 0 to 100%
of the methane concentration. It can be seen in the figure that there are a linear zone
and a nonlinear zone in the whole scope. In the calibration process, the detection error
was measured in different concentration scopes. In the low concentration scope from
0 ppm to 1000 ppm, the average system error is about 2.3%. This is caused by numerous
reasons, including the gas flow, sampling accuracy, and system noise. The relative error
becomes smaller in the high concentration scope. The relative error decreases to 1% and
it is even lower when it is measured in the concentration scope from 1 × 104 ppm to
2 × 104 ppm. In the low concentration scope, the relationship between the harmonic signal
and the standard gas concentration is linear, as shown in Figure 7b. Additionally, the curve
becomes nonlinear when the concentration increases, as shown in Figure 7a. In this way, the
relationship can be obtained by using the software of Origin and the equation is shown in
the figure. This equation can be applied in the following experiments in order to determine
the gas concentration by using the detected harmonic signals.
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4.3. Stablity Tests

The stability tests were carried out to investigate the performance of the detection
system after calibration. Standard methane gas of 2 × 104 ppm was supplied to the system
for the stability tests. In 1000 s, the 2nd harmonic signal was obtained 1000 times and the
results are shown in Figure 8a. It can be seen that the voltage is fluctuated in the range
from −3.8 to + 4.8 mV. According to the relationship equation in this zone, the slope of the
function can be obtained as 0.4801 mv/10 ppm, so the following equation can be obtained
as shown in Equation (21). In this equation, the fluctuation in the gas can be calculated by
the obtained harmonic signal.

∆C =
∆Amp[A2 f (t)]

(0.4081 mV/10 ppm)
, C = 2× 104 ppm (21)
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The fluctuation in the gas concentration is shown in Figure 8b. It can be seen that the
fluctuation scope is from −92 to +118 ppm at the standard gas of 2 × 104 ppm. Therefore,
the maximum fluctuation value can be calculated as 0.59%, which is acceptable for the
system. The experiment results suggest the good stability performance of the developed
detection system.

4.4. Standard Gas Tests

Based on the calibration tests, the relationship between the gas concentration and
harmonic signals can be obtained. During the experiments, the standard methane gas and
the pure nitrogen gas were mixed by using the mass flowmeter, precision gas valve, and
seal tubes. The mass flowmeter needs to be warmed up before the detection experiments
in order to ensure the accuracy of the mixed gas. The nitrogen gas was firstly applied to
wash the gas cell and lined tubes. Then, the mixed gas was piped to the gas cell and some
of the mixed gas diffuses into the HC-PCF through litter holes. The harmonic signal was
maintained to a certain value while the gas concentration became stable in the gas cell.

In the concentration range from 0 to 104 ppm, the relationship can be expressed
in Equation (22). In this equation, C is the gas concentration. In the experiment, the
gas concentration decreases and the harmonic signals were measured continually. The
relationship between the gas concentration and the harmonic signal is in agreement with
this equation in this range.

Amp[A2 f (t)] = 1749.07 + 0.04081C(mV), 0 ppm ≤ C ≤ 104 ppm (22)

The gas concentration decreases continually by using the dynamic gas supply method
and the 2nd harmonic signal curve is obtained at 600 ppm, as shown in Figure 9. It can be
seen that the noise becomes large but the harmonic signal can be extracted as well. In order
to evaluate the detection performance of the system, the gas cell was filled in pure N2 gas
and the standard deviation was calculated as 31.2 ppm.

4.5. Allan Deviation

The Allan deviation test was carried out to evaluate the detection limit of the system
as shown in Figure 10. The environmental factors were measured with the experimental
parameters in order to grantee the repeatability of the developed detection system. The
room temperature was 22 ◦C at 1 atm of standard atmosphere pressure. The driving current
of the DFB laser is from 40 to 80 mA. The laser’s working temperature was set as 22 ◦C by
using the developed temperature control circuit. The integral time is 1~700 s. The Allan
deviation is 29.52 ppm at the integral time of 1 s. This result is very close to the 31.2 ppm
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which was obtained by the standard deviation. The low detection limit is about 5 ppm
while the integral time is 40~70 s. During the experiments, the center wavelength of the
DFB laser diode scans across the absorption line at 10 Hz and the modulation sine signal is
5 kHz. Average harmonic results were obtained every 10 s. The main noise of the system
is determined as the temperature shifts of the system and environmental noise. The low
detection limit can be further enhanced while the environmental noise is low. The Allan
deviation results proves the accuracy and effectiveness of the developed system.
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5. Conclusions

The integrated methane-detection system is proposed in this paper. This system
involves a distributed feedback laser, two InGaAs photodiodes, hollow-core photonic
crystal fiber, and essential self-developed circuits, including a laser temperature control
circuit and photovoltaic conversion circuit. The electrical parts and most optical parts
are integrated in one instrument with screen and keys for the operation. This standalone
instrument can also process the return optical signal which contains gas concentration
information. The experiments demonstrate the good performance of the developed system.
In the spectrum tests, the center wavelength of the laser diode can be tuned linearly by
controlling the laser’s working temperature and driving current. The second harmonic
signal can be extracted in order to reflect the gas concentration. According to the Allan
Deviation method, the low limit of detection of the system is determined as 29.52 ppm. The
stability tests show that the fluctuation of the system is about 0.59%, which demonstrates
that the system has a good stability performance. The proposed system can be further



Electronics 2023, 12, 838 13 of 14

optimized in order to be applied in the paddy field to detect and monitor the methane
concentration in a large area by using the optical fibers.
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