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Abstract: This paper proposes the design of a highly responsive, compact, non-contact methane
telemetry sensor, employing the open-path tunable diode laser absorption spectroscopy (OP-TDLAS)
technology. The sensor uses the dual-core structure of FPGA and ARM to achieve high-speed methane
telemetry at 100 KHz repeated modulation frequency for the first time with a non-cooperate target,
and a higher gas responsive time of 1.8 ms was achieved than previously reported. Moreover, the
optical system (L x W x H:68.8 x 52 x 62.7 mm) and the electronic system (L x W:70 x 50 mm) make
the sensor more compact. Methane gas samples of varying integral concentrations were examined
at a distance of 20 m. The amplitude of the absorption peaks was subjected to a linear fit with the
standard concentration values, resulting in a robust linear correlation coefficient (R? = 0.998). Notably,
despite the compact form factor of the methane sensor, it demonstrated commendable stability in
gas concentration detection, offering a minimum detection limit of 43.14 ppm-m. Consequently, this
highly responsive and compact methane sensor, with its open-path feature, is apt for integration
into a variety of applications requiring such attributes. These include handheld telemetry devices,
Unmanned Aerial Vehicle (UAV) gas detection systems, vehicle mounted gas detection, and laser
gas radar.

Keywords: high responsiveness; miniaturization; methane telemetry; OP-TDLAS

1. Introduction

Methane, a highly flammable and explosive gas, is a significant component of natural
gas and biogas, which is commonly encountered in industrial settings such as oil fields and
mines. When the concentration of leaked methane mixed with air reaches the flammable
limit range, it can trigger safety incidents such as explosions and fires, causing severe
injuries and economic losses. Additionally, methane is a powerful greenhouse gas, with
a greenhouse effect approximately 25 times higher than that of carbon dioxide per unit
mass, and has a significant impact on the global climate. High concentrations of methane
can also contribute to air pollution, which is hazardous to human health. Therefore,
timely monitoring of methane concentrations and rapid localization of leaks are crucial
for environmental protection, air quality maintenance, industrial accident prevention, and
personal safety risk reduction [1-4].

Traditional gas concentration detection methods typically employ electrochemical
and catalytic combustion approaches, which are hampered by limitations such as poor
long-term stability, slow response times, short lifespan, and potential hazards. Unlike the
above methods, laser gas spectroscopy relies on detecting the spectral absorption lines of
gas molecules, which are highly fingerprint selective, sensitive and allow non-contact mea-
surement. Laser gas detection techniques such as photoacoustic spectroscopy, light-induced
thermoelastic spectroscopy, Raman spectroscopy, and laser absorption spectroscopy are
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currently gaining a lot of attention in the field of sensing. Ziting Lang et al. demonstrated
the heterodyne light-induced thermoelastic spectroscopy (H-LITES) technique, based on
Fabry-Pérot (F-P) phase demodulation for acetylene gas measurement, for the first time [5].
Chu Zhang et al. proposed a gas sensor based on differential quartz-enhanced photoa-
coustic spectroscopy, which showed good performance [6]. However, these gas detection
technologies often have complex system structures, high costs, and slow response times.
Their existing status as laboratory-stage technologies hinders the integration and commer-
cialization of gas sensors, consequently limiting sensor applications. In contrast, a variant
of laser absorption spectroscopy, known as tunable diode laser absorption spectroscopy
(TDLAS), has seen rapid development in gas detection methods due to its simple system
structure, high sensitivity, and minimal environmental influence. O. Witzel et al. reported
the first application of a vertical-cavity surface-emitting laser (VCSEL) for calibration- and
sampling-free, high-speed, in situ H,O concentration measurements in IC engines using
direct TDLAS [7]. Chang Liu et al. developed a fan-beam tomographic sensor using tunable
diode lasers capable of simultaneously imaging temperature and gas concentration with
high spatial and temporal resolutions [8]. Gas concentration detection based on TDLAS is
usually categorized by gas chamber type into fixed-point measurement with fixed optical
path structure and non-cooperative target gas telemetry with open optical path. The former
often requires a fixed gas chamber and a fixed reflective surface, making it challenging
to be adapted to gas telemetry, where no fixed reflective surface is required. Therefore,
the remote gas telemetry technology based on open-path TDLAS (OP-TDLAS) has been
the subject of numerous scholarly investigations because of its capability for handling a
long-distance, non-cooperative target [9-12]. Hongbin Lu et al. designed a real-time gas
concentration detection system under open optical path conditions, and the experiments
showed that gas detection performance was excellent; however, the response time was
2.79 s [13]. Haoging Yang et al. implemented a digital lock-in amplifier to extract 1f and
2f signals of wavelength modulated spectra (WMS) using FPGA, and a 2f/1f method
was adopted to eliminate the influence of ambient light to detect methane concentration;
the response time of the designed methane telemetry sensor was 2.5 s [14]. Shugian Shen
et al. proposed a modified WMS — 2f/1f method to improve the stability of the methane
telemetry system, which showed good performance with a response time of 0.57 s at a
distance of 10 m [15]. However, these gas telemetry sensors implement WMS and lock-in
amplifiers to optimize gas sensitivity, leading to disadvantages such as slow response
speed, large sensor size, and high cost [16,17]. These factors make it challenging for these
sensors to adapt to the field of high-speed gas measurements for purposes such as UAV
gas detection, vehicle-mounted detection, and handheld telemetry devices. In contrast,
direct absorption spectroscopy (DAS) facilitates faster scanning of gas absorption peaks,
enabling high-speed responsiveness in gas sensors. Mohsin Raza et al. used a DAS tech-
nique to achieve MHz scanning of a distributed feedback (DFB) laser at 2.3 um for CO
gas measurement [18]. However, their related experiments were conducted under fixed
reflector conditions and the system components were relatively large in size, lacking sensor
integration and practical application. Therefore, it is important to conduct research on
compact gas sensors with high-speed scanning characteristics and open optical paths for
practical applications.

In order to solve these problems, we present the design of a highly responsive, compact
methane telemetry sensor based on OP-TDLAS. The sensor adopts a dual-core structure of
ARM and FPGA, realizing a scanning frequency of 100 KHz for the first time with a non-
cooperate target, with a response time of 1.8 ms, far exceeding what has been previously
reported. This means that it enables high-speed measurement of methane and rapid
location of leakage points. The DAS method not only results in a compact-sized sensor,
but also significantly reduces the computational complexity. The experiments validate
the sensor’s advantages, including its high response speed, strong linearity, and robust
stability. Therefore, it is well-suited for applications that demand stringent requirements in
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terms of dimension, cost, response speed, and stability. These applications include UAV
gas detection, vehicle-mounted detection systems, and handheld telemetry devices.

2. Materials and Methods
2.1. Principle of Direct Absorption Spectroscopy

When a laser beam of length L passes through a uniform gas to be measured, its
transmitted light intensity can be expressed by the Lambert-Beer law [19-21], Equation (1):

It(U) = I()(Z})e_‘x(v) — IO<U)e*PS(T)(P(U)CL (1)

where o(v) is the gas absorption coefficient; Iy(v) is the initial light intensity of the laser;
Ii(v) is the transmitted intensity after passing through the gas; P(atm) is the gas pressure;
S(T) (cm~2-atm ™) is the temperature-dependent absorption intensity of the gas molecules;
C is the gas concentration; L (cm) is the optical path length of gas; and ¢(v) is the line-
shape function of the gas, under standard conditions of gas temperature and pressure. The
line-shape function ¢ (v) [22-24] can be expressed as a Lorentz function as follows:

o 1 Ya
(p(?)) - E(U—Ua)z—l— (%)2 (2)

2
TYa

where v, is the full width at half maximum of the absorption line, which is related to the
temperature T and the pressure P; v, is the center frequency of the laser; and ¢(v) is a
normalized function whose integral over the entire frequency domain satisfies:

(P(Ua) = 3)

+o0
/ p(v)dv=1 (4)
The gas concentration C can be obtained from Equations (1) and (4):
_ Ii(v) +oo I (v)
ce M@ _ Jow M) )
PS(T)p(v)L PS(T)L
According to Equations (1)—(3), the gas concentration C can also be expressed as:
_ I (va)

In In(va) (6)

€= PS(T)¢(v,)L

Therefore, based on the above analysis, the gas concentration can be solved by both
Equations (5) and (6). In the experiment, the modulation frequency of the laser is in a finite
spectral range, so Equation (6) is used for the calculation of the gas concentration.

2.2. The Selection of CHy4 Absorption Lines

For methane telemetry sensors, the methane gas absorption lines need to be se-
lected to minimize interference from other gas absorption spectra. Based on the HITRAN
database [25-28], it is known that H,O and CO, in atmospheric gases are the main in-
terfering factors for CH, detection errors. Figure 1 displays the integrated concentration
values of three gases within the wave number range of 6000-6100 cm !, when T = 298.15 K,
P =1atm, and L = 100 cm. In this context, the integral concentrations of HyO and CO,
amount to 100,000 ppm-m, whereas the integral concentration of CHy is 100 ppm-m. There-
fore, it can be seen from the figure that both interfering gases have little effect on the
absorption interference of methane in this band. Moreover, for CHs molecules, there are
three strong absorption peaks in the 6040-6080 cm~! band with the center wave numbers
of 6047 cm !, 6057 cm !, and 6077 cm L. Theoretically, lasers with the center wave number
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in this band could be used, but in practical applications, the laser with wave numbers
of 6057 cm~! and 6077 cm™~! have secondary absorption peaks at high concentrations,
resulting in methane concentration detection errors. Hence, the DFB laser with a center
wave number of 6047 cm ™! (1653.7 nm) was selected as the light source of the methane
telemetry sensor in this paper.

=] 00ppm-m CH,
====100,000ppm-m CO,
=—=100,000ppm-m H,O

6020 6040 6060 6080 6100
Wavenumber(cm™)

Figure 1. Gas absorption coefficients of HyO, CO,, and CHy in the spectral range of 60006100 cm !
from the HITRAN database.

2.3. Experimental Configuration

The methane telemetry sensor is mainly composed of two parts, an optical system and
an electronic system, and its overall block diagram is shown in Figure 2. The optical system
mainly contains the DFB laser, collimator, and photodiode. The DFB laser (EP-1654-DM,
Eblana Photonics, Dublin, Ireland) operates at a central wavelength of 1653.7 nm and is
set at an operating temperature of 30 °C. The output light from the laser is passed through
a collimator (ACL108U, Thorlabs Inc., Newton, NJ, USA) to produce a collimated laser
beam, serving as the gas absorption source. At the signal receiving end, an InGaAs PIN
infrared photodiode (G12181-005K, Hamamatssu Photonics K.K., Shizuoka, Japan) and
an optical lens (D = 30 mm, f = 50 mm) are used with a pre-amplifier circuit to convert
the optical signal containing gas concentration information into an electrical signal for
subsequent circuit processing. Furthermore, due to the presence of optical noise from
the surrounding environment along with the effective optical signal, a narrow bandpass
filter is integrated. This filter is employed to eliminate extraneous light that falls outside
the desired target wavelength range. Its purpose is to minimize optical noise, thereby
enhancing the telemetry system’s signal-to-noise ratio. Simultaneously, a green laser with a
wavelength of 520 nm functions as the indicator light source for the entire system. This
green laser aids in pinpointing the exact location of the testing point. The configuration of
the actual optical system is depicted in Figure 3a.
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Figure 2. Overall block diagram of the methane telemetry sensor, including the optical and electronic
systems.
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Figure 3. (a) Optical system and dimensions of the methane telemetry sensor. (b) Appearance of
the electronic system of the methane telemetry sensor. (c) Reflected wave image with concentration
information.

The electronic system is composed of the main control circuit, the laser driver circuit,
the TEC temperature control circuit, and the optical signal amplifier circuit, as shown
in Figure 3b below. In order to achieve higher response speed and increased scanning
frequency of the DFB laser, the main control system uses the dual-core architecture of FPGA
(GWIN-LV9QN48C6I5) and ARM (STM32G431CBU6). FPGA generates a 100 KHz high
frequency sawtooth signal by controlling a high-speed DAC (AD9760) driver circuit to scan
the methane gas absorption line. Because the laser is a current-controlled device, so the
modulated drive of the laser is realized through a voltage-controlled constant current source
circuit with a current range from 95 to 135 mA. The temperature control circuit achieves
negative feedback adjustment of temperature through proportional-integral-derivative
control (PID), so the working temperature of the laser can realize fast and long-term stable
maintenance at the center wavelength, and the temperature control accuracy can reach
£0.1 °C. The reflected light passes through the pre-amplifier circuit to realize photoelectric
conversion. In order to obtain an effective signal with a higher signal-to-noise ratio, its
electrical signal is passed through a second-order bandpass filter circuit to remove noise
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0.18

from the signal. The signal acquisition circuit uses an ADC (AD9214-65) driver circuit
to sample and quantize the filtered signal. Its reflected wave signal with concentration
information is shown in Figure 3c, and the concentration signal waveform can be clearly
seen, with a laser scanning frequency of 100 KHz. Then, the FPGA bulffers the data from
the ADC chip using first-in—first-out (FIFO) and sends the raw data to the STM32 processor
via a serial peripheral interface (SPI). As the ADC collects data even after the analog filter
circuit, it is always accompanied by electronic noise and ADC sampling error, which can
increase the error of concentration. Thus, the STM32 uses average filtering on the collected
data to eliminate high frequency noise on the data. The unabsorbed portion of the data is
then used to fit the background baseline to derive the gas absorption coefficient curve and
calculate methane concentration. Finally, the STM32 sends the concentration value to a PC
for display via universal asynchronous receiver transmitter (UART) communication.

3. Results
3.1. The Calibration Experiments of Methane Telemetry Sensors

In order to evaluate the linear performance of the methane telemetry sensor, calibration
experiments were performed. Using an accurate gas flow meter, gas bags with different
CHj concentrations were proportioned for calibration experiments using a mixture of CHy
and Nj The thickness of the gas bag was 15 cm, so the effective absorption length of gas
was 0.15 m. The gas sample to be measured was selected from seven different integral
concentrations of gas bags, including pure N, 450 ppm-m, 1500 ppm-m, 2550 ppm-m,
3600 ppm-m, 4500 ppm-m, and 7500 ppm-m for calibration experiments at a distance of
20 m. The gas bag was fixed to the wall, using the wall as a reflective surface, where the
N, was used as a background signal for reference to ensure the accuracy of the methane
absorption signal. Figure 4a shows the gas absorption signal for different integral concen-
trations, obtained by fitting a straight line to the data of the unabsorbed part using the
least squares method for a single cycle at the laser scanning frequency of 100 KHz. Ampy,
is used to represent the amplitude of the absorption peak of the gas absorption signal.
The linear relationship between the amplitude of the absorption signal Amp,,., and the
standard concentration for different integral concentrations is shown in Figure 4b. A linear
fit using the experimental data can be expressed as:

C=5.08 x 10* Ampp., — 57.88(ppm-m) @)
8000
(a (b) ®  Experimental data
- = Linear fitting
R*™=0.998

=N
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Figure 4. (a) Gas absorption signal after subtracting background baseline for different methane
concentrations. (b) Linear correlation of methane gas concentration with Ampp.p.
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The linear correlation coefficient between Ampy., and gas concentration is R* = 0.998,
signifying a strong linear correlation between the amplitude of the absorption signal from
this methane telemetry sensor and the methane gas concentration. This correlation validates
the method’s accuracy in calculating the concentration.

3.2. Stability and Minimum Limit Experiments

In order to test the concentration stability and minimum detection limit of this methane
telemetry sensor, a long-term monitoring experiment was conducted on a methane gas bag
with an integrated concentration of 450 ppm-m fixed to a wall at a distance of 20 m. Since
the modulation frequency of the laser was 100 KHz, so the amount of detection data per
unit time was large. For conducting long-term stability experiments more accurately, the
UART communication rate of STM32 was modified so that it output a concentration value
in 1 s and the continuous monitoring time was 2100 s. The results are shown in Figure 5. It
can be seen that the gas concentration fluctuated in the range of —15 ppm-m to 20.3 ppm-m,
indicating that this methane telemetry sensor has excellent long-term stability and can
be used for long-term monitoring of methane concentration. As shown in Figure 6, the
amplitude of the absorbed signal Ampy,.;, is 0.012 and the value of 1-o for the unabsorbed
part of the background noise was 1.15 x 10~3. Therefore, the signal-to-noise ratio of 10.43
for this methane sensor can be obtained from the ratio of the amplitude of the absorbed
signal to the 1-o background noise. Therefore, the minimum detection limit of the sensor
was 43.14 ppm-m.

540
‘E -
510
) L
=
50 L M
£450
§420 | Min:435.00ppm-m
3 L
+390
S L
360 1 I 1 I 1 I 1 I 1 I 1 I 1
0 300 600 900 1200 1500 1800 2100
Time(s)
Figure 5. Long-term stability monitoring of the methane telemetry sensor at concentration of
450 ppm-m.
0.012 - -
+4,450ppm'm
= i &° %
~0.006 |- L
E“ . 23 ;:- f'-
z slislof__ T
[ tr ¢ e G N2 L -
e wreslelh L° a0, 00
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Lo Sagb et | 1 ] ] M|
0 100 200 300
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Figure 6. Gas absorption signal for CHy concentration of 450 ppm-m.
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3.3. Response Time Experiment

To verify the dynamic performance of this methane telemetry sensor, a related respon-
siveness experiment was conducted using a response time test system (Dalian Aike Science
& Technic Development T Co., Ltd., Dalian, China) as shown in Figure 7a below. The gas
bag containing the integrated concentration of 3600 ppm-m methane gas was placed in the
gas chamber box shown in Figure 7b with a wooden board inside as a reflective surface,
which controlled the exposed width of the gas bag, so the exposed width of the gas bag
was set to 20 cm. Due to the divergence of the laser beam with increasing distance, which
can impact the accuracy of the concentration responsivity experiment, the gas chamber was
positioned 6 m away. This ensures that the laser beam spot remains small enough to cover
the 20 cm wide gas bag. Then, the methane telemetry sensor was mounted on the rotating
platform of the response test system, as shown in Figure 7c, with the platform rotation
speed set to 12 r/min. This resulted in an angular speed of 0.47t rad/s for the methane
telemetry sensor. It was calculated that the time for the laser light source to pass through
the 20 cm wide gas bag was 25 ms, and it took 5 s for one full rotation. The number of
rotations was set to 3, making the total measurement time for this experiment 15 s. The
response time measurement result is shown in Figure 8a. The response time of the methane
telemetry sensor was defined as the time it takes to rise from 10% to 90% of the target
concentration, as shown in the red marked area of Figure 8a, its enlarged view is shown in
Figure 8b. The average value obtained from three measurements was 1.8 ms. Hence, this
methane telemetry sensor demonstrated excellent dynamic responsiveness.

Figure 7. (a) Responsiveness experimental test system. (b) Air box with controllable air bag width.
(c) Rotating platform of the responsiveness test system.
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Figure 8. (a) Dynamic responsiveness experiment of methane telemetry sensor. (b) Single transition
from 10% to 90% for dynamic responsiveness experiment.
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4. Conclusions

In this paper, a highly responsive, compact, non-contact methane telemetry sensor
was designed and implemented based on OP-TDLAS. The sensor is compact in size; the
dimensions of its optical system are L x W x H: 68.8 x 52 x 62.7 mm, and the dimensions
of its circuit system are L x W: 70 x 50 mm. It employs a dual-core architecture comprising
FPGA and ARM. The FPGA is responsible for generating sawtooth wave modulation of
the DFB laser at a frequency of 100 KHz and facilitates rapid data acquisition from the
photoelectric conversion circuit. On the other hand, the ARM processor ensures precise
temperature control of the laser, maintaining accuracy within £0.1 °C, and conducts
the computation of gas concentration. Fitting the standard gas concentration to the gas
absorption signal amplitude demonstrates a strong linear correlation, with a correlation
coefficient (R?) of 0.998. Long-term concentration monitoring experiments reveal the
sensor’s superb stability, with a minimum detection limit of 43.14 ppm-m. Responsiveness
experiments indicate a swift response time of 1.8 ms, allowing the sensor to rapidly respond
to changes in gas concentration. Therefore, the methane telemetry sensor, with its high
responsiveness, compact size, and open-circuit design, shows promising potential for wide-
ranging applications such as in handheld telemetry devices, UAV gas detection systems,
vehicle-mounted gas detection, and laser gas radar, amongst others.
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