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ABSTRACT

In this article, a near-infrared methane detection system using tunable diode laser absorption
spectroscopy technology was designed and implemented. The distributed feedback laser was
driven by a self-developed temperature and current controller to allow scanning the selected
absorption wavelength at 1654 nm. Laser temperature fluctuation was lower than 0.01%, and the
output emission wavelength was linear and stable. The emitted beam passed a reflective gas
chamber and was received by the Indium Gallium Arsenide photodiode detector. Through a data
acquisition card, a digital lock-in amplifier was developed to extract the second harmonics with
real-time monitoring and adjustment. Based on Allan deviation analysis, the limit of detection was
about 48 ppm with a path length of 30cm, at an integration time of 6s. The experimental results
revealed a maximum detection error of less than 3% at a gas concentration higher than 100 ppm.
The fluctuations rates in long-term (9 hr) stability measurements for 1 x 10> ppm and 1 x 10% ppm
methane samples were 0.8% and 0.48%, respectively, indicating good stability for the sensor. In
the control module design, compared with previous reports on methane detection systems, the
current system uses a self-developed temperature controller, a current driver and a signal proces-
sor, to allow real-time display and adjustments. The potential for adjustable wavelength scanning
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is available for multi-gas detection based on a single detection system.

Introduction

Methane is the second most important anthropogenic green-
house gas after carbon dioxide, and its levels have increased
from a pre-industrial average atmospheric mole fraction of
about 722 parts per billion (pbb) to 1833+ 1 ppb in 2014, an
increase of 9ppb compared with the previous year.!"?! As
an inflammable and explosive gas, the urgent requirements
of avoiding safety hazard in environmental science, public
safety, and industrial monitoring are becoming a driving
force for the development of real-time, efficient, and robust
methane sensor systems. Different applications have called
for the development of sensitive, accurate, robust, and
in-situ methane sensor systems.[3_4]

Existing traditional methane sensing techniques, including
electrochemical,'”’ catalyst combustion,'®”! and semicon-
ductor'®® methods, normally have some application limita-
tions such as insufficient detection accuracy, poor selectivity,
and strict requirements for application environment. Even
though detection performance can be satisfactory by applying
conventional mass spectrometry or gas chromatography,[w]
the relatively large size, long resolution time, and complicated
pretreatment limit real-time in-situ methane detection.
Compared with the traditional detection devices mentioned
above, the infrared optical detection technology!''™**! offers
desired advantages, including fast response, high precision,

and is favored in current researches. In order to achieve pre-
cise measurements of low concentrations, a high signal-to-
noise ratio (SNR) is considered a significant optimization
indicator. In the infrared optical detection technology, the
tunable diode laser absorption spectroscopy (TDLAS) tech-
nology as a non-contact detection method suitable for in-situ
detection is effective for trace gas detection.'*'® Kinds of
laser sources, such as fiber laser and diode laser,'>'® are
applied to the in-situ environment gas concentration detec-
tions with the application of fiber laser technology.!”!
Generally, detection performance is limited by the laser driv-
ing circuit, selected absorption length and matched signal
processing system.'®) Therefore, the newly developed sensor
focused on improving (1) the temperature control perform-
ance, (2) second-order harmonic extraction performance, and
(3) application ability in in-situ environments. In addition, a
multi-pass gas chamber and a dual-channel detection method
were adopted to effectively enhance light absorption efficiency
and suppress environmental influences.!”’

First, for the selection of absorption lines, most gas mole-
cules, such as methane carbon dioxide and water, have strong
absorption in the mid-infrared spectral range. Theoretically,
detection performance using quantum cascade lasers (QCLs)
in the 4—12 um spectral range,’” and that of interband cas-
cade lasers (ICLs) in the 2.5—6um range[zl] can achieve
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Figure 1. Structure of the methane detection system. Methane detection system based on tunable diode laser absorption spectroscopy technology was controlled

by self-developed LabVIEW platform.

satisfactory performance. However, the high cost of lasers and
strict working conditions limit the in-situ application of sen-
sors using QCL and ICL lasers in some industrial areas such
as fine agriculture. Considering the actual application demand,
distributed feedback (DFB) lasers using the WMS technology
is recommended to overcome the abovementioned drawbacks.

Secondly, a driving signal module and signal processing
module are designed and implemented, matching the wave-
length modulation spectroscopy (WMS) technology*! to
achieve satisfactory detection performance and flexible applica-
tion. Currently, traditional temperature control modules are
designed based on a simple PID controller on a DSP chip,
and there is still room for improvement in terms of perform-
ance.”” In addition, somewhat satisfactory temperature con-
trol performance (about +0.01°C fluctuation) could be
achieved at the cost of long response time (longer than
60 min)?* In this article, a Fuzzy PID controller was designed
to improve control accuracy from +0.1°C to +0.018 °C** and
decrease response time to 9s. Besides digital control, the self-
developed digital orthogonal lock-in amplifier simplifies the
complexity of input signals compared to phase-tuned-type
lock-in amplifiers. Based on a high sample frequency and a
digital low pass filter, the extraction error was less than 0.77%.

Thirdly, the control modules were designed based on the
LabVIEW platform with visible inputs and outputs to
replace detection systems with fixed parameters.'>>°!
Adjustable driving parameters and a laser with required
central wavelength have a potential to detect different gases
using the same control platform. In addition, both the hard-
ware cost and sensor size were effectively reduced.

Overall, a methane detection system based on the TDLAS-
WMS technology was implemented and experimentally
demonstrated. A control terminal designed on the LabVIEW
platform realizes the functions of both laser driving and signal
processing. The rest of this article is organized as follows. In
the Methane sensor configuration and theory section, the detec-
tion structure and theory were described, including absorption
spectroscopy selection and the modulation method. Then in
Design of the driving and signal processing circuit section,

sensor fabrication details and related experiments were pre-
sented to indicate the modulation performance, including tem-
perature control, current modulation, and harmonic signal
extraction using a digital orthogonal lock-in amplifier. Next,
in Experiment and calibration section detection performance
was evaluated based on gas experiments. Finally, the article
ends with some discussion and conclusion.

Methane sensor configuration and theory
Sensor structure

A schematic representation of the methane detection system
is shown in Fig. 1. The whole control module realized on
the LabVIEW platform could be separated into two main
parts, including DFB laser driving- and signal processing
parts. The DFB laser driving signal was generated by a
5-kHz sine wave superimposing a 10Hz saw tooth wave,
and sent to the matched self-developed hardware driving
circuit to drive the DFB laser. The emitting beam of the
laser was split by a fiber optic beam splitter (FOBS) for dif-
ferential detection. In the signal processing part, two power-
equivalent beams directly fiber-linked to the photodiode
(PD) module via an optical attenuator (OA) are received
and identified as detection and reference signals, respect-
ively. The OA is used to adjust the optical intensity of refer-
ence channel matching the detection channel. To ensure the
adjustment accuracy, the resolution of selected OA is less
than 0.2 dB. Meanwhile, the two channel signals are sampled
and transformed on the LabVIEW platform for subsequent
digital signal processing. Furthermore, the instrument based
on the LabVIEW platform has a potential to be a wireless
sensing node with an embedded microprocessor and inte-
gration of suitable wireless communication components.

Absorption spectroscopy selection

In the spectroscopy selection, the radiation beam should sat-
isty the frequency selection characteristics of the gas
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Figure 2. Absorption spectra around selected methane absorption line for
interference gas analysis. HITRAN based absorption spectra of detection gas
(100 ppm methane) and potential influential gases (2% water and 0.1% carbon
dioxide) around absorption wavelength.

molecules, and the relationship between transmitted inten-
sity I(A) and incident intensity Io(A) follow Lambert’s law as
formula I:

_ 1)

I(2)
where (v, t) is the absorption coefficient at a specific absorp-
tion wavelength A, C is the mole fraction of the detected mol-
ecule species and L is the absorption length which is equal to
two times the chamber length in the actual design.

According to the theoretical analysis above, a suitable
absorption wavelength for detecting methane should be
selected before driving circuit implementation. Considering
the trade-off between cost and measurement performance,
an absorption peak at a wavelength of 1.65 um was selected.
Based on the high-resolution molecular spectroscopic data-
base (HITRAN type of 2012), the absorption spectra of
100 ppm methane, water, and carbon dioxide derived at
latm gas pressure and unit optical path length are depicted
in Fig. 2. An obvious methane absorption spectrum peaking
at about 1.6537 um could be scanned by the selected DFB
laser. Water and carbon dioxide are two potential influential
gas components in the application environment. At the
same concentration, the absorption strengths of carbon
dioxide and water at ~1.6538 um were at least four times
weaker compared with methane absorption intensity.
However, when environmental humidity was increased to
2%, interference from water became prominent as shown in
Fig. 2. Therefore, in the gas cell, a water-proof coverage and
an inside water trap based on calcium sulfate were used to
minimize the effect of water on methane detection.
Considering the application requirement and spectra lines,
the scan band used in the TDLAS technology was from
1.6535 to 1.6541 pm.

(2, t)

[_a(;“a t)LC] (1)

= exp

Wavelength modulation

In near-infrared range, the detecting gas has an insufficient
absorptive strength which limits the detection sensitivity and
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lower limit of detection. In order to improve the performance
of detection system, a WMS is used to reduce the 1/f noise.

In the implementation process, the DFB laser is tuned
with a high-frequency sine wave signal with an angular fre-
quency of g, superimposed on a repetitive ramp waveform
with a frequency of Fyup. The frequency of g, is 5KHz as
a carrier which is generated by a DDS chip (AD9852). In
addition, a square wave is generated synchronously and
transmitted to the signal processing terminal as a reference
signal which has the same frequency and phase as the driv-
ing signal ®gy,. The frequency of Fy,, is 10Hz which is
used to scan the selected absorption line. Based on the dif-
ference between the periodicity of modulation signal and the
randomness of noise, the harmonics signal is able to be
extracted by the cross correlation calculation which is used
to measure the gas concentration.!””! The modulation signal
is represented in formula 2.

u(t) = osin (@ in t) + bFramp (t—Framp) + ¢ (2)

In this equation, a and b are constant amplitude factor, ¢
is the DC offset.

The laser current is modulated and this results an inten-
sity response as shown above in formula 3:

(1) = 1o [ 1+ g (1) + m p i (1)] 3)

The factor is the light modulation coefficient and is the
average intensity at center frequency. The ,,,,(t) and
Wen (t) Hgn(t) are the ramp signal and the sine signal,
respectively.

Digitial orthogonal lock-in amplifier

In view of the requirement of weak signal detection, the dif-
ferential detection technology is used to further improve the
signal to noise ratio. The output beam after absorption is
separated by a splitter to detection signal and reference sig-
nal with same amplitude coefficient. The detection signal
and reference signal are transmitted through the absorption
chamber and attenuated directly, respectively. After the
optical-to-electrical conversion, the signal is sampled by a
DAQ and the digital output is transmitted as the input to a
self-developed digital orthogonal lock-in amplifier based on
LabVIEW. Based on a relative lower priority thread in ker-
nel, the extracted first harmonic and second harmonic are
used to match the absorption peak and calculated measuring
gas concentration, respectively.

Open reflective gas cell

In the optical part, two FC/APC fiber interfaces connectors
are used as the input and output for receiving the incident
light beam. The self-developed cylindrical gas cell owns a
compact structure with a 15cm length and 3 cm diameter.
This simple optical structure effectively decreases the cost
and ensures the flexibility for special application in harsh
environment. The mirror is located at the bottom to double



4 J. N. WANG ET AL.

(@ 21.01f b) _
|'|||L"'|*'|||‘| 1 I‘ "| | || Y H |||, ,- I || || | |‘ I~,| ” d ( ) 21 01
21.00 i fll i ey u Ll |~»t5 .h.a,“.nn i uh § p
_ 20.99 - % 21.00
O 20.01} S . o
® 20.00 1 £ 20.99
2 19.99 2
© 0 20 40 60 80 100
g 19'U1f T [ oo | . Samples
£ 19.00 J AN it o M e
F ! I I | I A
F 18.99 $ 007
18.01F _ o b %
18.00 f [/ 1\ A b P A (g g 0.06 "
17.99 F i ' w
17.98 : ' . ' : : 0.05'
0 200 400 600 800 18 19 20 21
Time (min) Temperature(C)

Figure 3. Temperature control performance test. Temperature stability test in 15 hr at range (a) from 18°C to 21°C; (b) temperature fluctuation at 21°C in detail

and (c) error of measured temperatures.

the path length by reflecting the input optical beam and the
output signal is received as a detection signal.

Design of the driving and signal processing circuit
Temperature controller

To drive the DFB laser in scanning the measuring absorp-
tion spectra, the temperature and driving current are the
two main regulatory parameters. In the modulation process,
the temperature is preferred for locking the center wave-
length. The integrated DFB laser used in this design was a
14 pin butterfly-packaged with a thermoelectric cooler
(TEC) module. In order to set up a closed-loop temperature
regulation, a fuzzy PID control on the LabVIEW platform
was designed and implemented. Through a DAQ and a
DAC, the direct output to the TEC control pin is an analog
voltage value. What’s more, an inside-packaged thermistor
with negative temperature coefficient (NTC) can achieve
voltage value sampling. In the design of the fuzzy PID con-
troller, a manual PID control and a fuzzy PID control are
optional for different control requirements.

Considering the significance of temperature control,
experiments were carried out to evaluate control perform-
ance parameters, including stability and precision. An exter-
nal analog to digital converter was used to sample the
feedback temperature value. The temperature was set from
18°C to 21°C simulating the actual modulation temperature
with 1°C increase per step. The experimental results are
shown in Fig. 3, lasting about 15 hours. Fig. 3a shows the
temperature measurement results in different settings, and
detailed fluctuations are shown in Fig. 3b. The fluctuations
of four measurement temperature points were all less than
0.01% as shown in Fig. 3c, ensuring the performance of
wavelength scanning. In addition, the response time taken
during the temperature changing from an initial temperature
to the of target temperature (fluctuation is less than 5%) was
shorter than 9s.
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Figure 4. Emission spectra results under different temperature. Emission spec-
tra with the temperature increasing by two degree from 18 to 26 degrees under
45 mA driving current.

The DFB laser has a center wavelength about 1.654 pm
indicating a suitable temperature and current modulation
are required to target the selected methane absorption line.
In the actual design and implementation, the temperature
control performance of this laser is able to be guaranteed
when the operation temperature is between 16 °C and 30°C
without any air or water cooling devices. The output spectra
were assessed wusing a Fourier Transform Infrared
Spectrometer (Thermo Scientific, NICOLET 6700 FT-IR), as
shown in Fig. 4. The injected current is locked at 45mA,
the temperature tuning coefficient is about 0.115nm
per degree.

Current modulation

In the emission spectra modulation strategy, the center
wavelength is roughly positioned around the selected
absorption line through temperature control. In this case,
taking consideration of both ambient temperature and con-
trol stability the temperature is locked at 18°C. With a



constant temperature, an increasing driving current moves
the emitting spectrum of laser to higher wavelength. The
current tuning coefficient is not a constant value under dif-
ferent temperature and the average value is about 0.0173 nm
per micro ampere from 18°C to 26 °C. The emission wave-
number can be tuned from 1.6536 to 1.6552 um for different
temperatures and driving currents as shown in Fig. 5a. As
the repeatability test, the current and temperature are kept
constant as 40mA and 18°C focusing on the selected
absorption wavelength. The intensity error was kept record-
ing during 100min and 10 peak errors in each 10min are
extracted as shown in Fig. 5b. The largest intensity ampli-
tude error is 0.079, indicating a less than 0.1% amplitude
fluctuation.

2f harmonic signals extraction

Experiments were carried out to derive the extraction per-
formance of the orthogonal lock-in amplifier. During the
experiment, the gas sample was continuously pumped into
the chamber with a certain gas flow. An exhaust pipe was
installed on the other side of the chamber to eliminate
excess gas and maintain constant pressure. Three gas sam-
ples with a concentration of 100 ppm, 0.8% and 4% are pre-
pared. To ensure result accuracy, the gas samples used for
gas distribution were 5000 ppm methane with 2% uncer-
tainty and 99.999% pure N,. In order to avoid operation
errors caused by the external pressure difference, dynamic
gas distribution was used instead of static injection distribu-
tion. The different concentrations of methane samples
required were obtained by mixing the two standard gas sam-
ples mentioned above through a mass flow meter (MT50-
3G). The peak to peak voltage amplitude of second-order
harmonic signal shown in Fig. 6a and the extraction error
(relative to the mean value) are shown in Fig. 6b. The
results demonstrate that the developed orthogonal lock-in
amplifier can effectively extract the desired signal and the
relative extraction errors are 0.77%, 0.56%, and 0.55% for
100 ppm, 0.8% and 4%, respectively. This suggests a desired
stability of the orthogonal lock-in amplifier and this
performance could be further improved by increasing the
integration time.

Control platform based on LabVIEW

The self-developed laser driving module and digital orthog-
onal lock-in amplifier based on LabVIEW platform is
applied to driving the laser and receiving the original
detected data. Other than some necessary hardware compo-
nents such as a the DAQ, the digital driving and controlling
modules effectively optimized the sensor size. Compared
with the reported temperature control realized by hardware
PID,'”1! errors caused by temperature drift of hardware
device and related complex feedback compensation circuit
can be avoided. The fuzzy PID algorithm is realized to
enhance the laser control performance, such as response
time, temperature stability, and so on. Compared with trad-
itional signal processing modules realized by the
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Figure 5. Emission spectra performance test for optimized driving condition
selection. (a) Center wavelength versus the laser temperature and injection
current. (b) Intensity error at 40 mA and 18 °C.
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Figure 6. Function verification of self-developed lock-in amplifier harmonic
extraction ability. (a) Extracted 2f harmonic signals results and (b) detection
errors under 4%, 0.8% and 100 ppm methane.

microprocessor-like DSP chip, the self-developed control
module on LabVIEW platform saves the hardware cost and
enhances the flexibility of this system according to the
online control board with adjustable parameters, like filter
bandwidth, calibration parameters, and sampling frequency.
With another laser with different central wavelength, this
digital control platform can be used to measure some other
gas component.

Besides the driving and real-time feedback, both first-
order and second-order harmonic signals are extracted using
the self-developed orthogonal lock-in amplifier. These func-
tions are realized as a calculation daemon using a relative
lower priority thread in kernel. The first-order harmonic
signal is extracted and used to automatically calibrate
the central wavelength drift caused by application environ-
mental influence. The second-order harmonic signal is
extracted and converted to the concentration value directly
using the fitting formula. In addition, an internal additional
display module is added in the background program to
observe the real-time voltage of extracted second-order har-
monic signal.
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Experiment and calibration
Calibration and data fitting

In the data sampling of DAQ, the reference and detection
signals after absorption in 30cm gas cell were sampled,
respectively. The differential 2f harmonic signal, which
includes gas concentration information, was observed from
the display module as shown in Fig. 7. The measured wave-
forms of absorption and reference signals are represented by
red and black points, respectively. When the ramp wave
scanned across the methane absorption spectrum, an obvi-
ously reduced section was observed, because of the absorp-
tion effect. For easy observation, this experiment was carried
out using 12% methane, and the output voltage was
directly measured from the detector without any sig-
nal processing.

Besides the rough assessment of different gas concentra-
tion measurement results, the amplitude of the 2f harmonic
signal was directly proportional to gas concentration, which
is in accordance with the TDLAS theory. In order to deter-
mine the relationship between the measured amplitude of
extracted 2f harmonic signal and gas concentration, experi-
ments under different gas concentrations were carried out.
In accordance with Beer-Lambert law, the experimental
results should show an exponential relationship. However,
in the low concentration region, a linear fitting can be
applied as shown in Fig. 8a. The voltage signal is the output
through amplifier of the difference between reference and
absorption signal. During the experiment, each sample was
held for more than 10 min, and the average value was used
to set up the calibration formula, shown in Fig. 8b.
According to the experimental results, the maximum detec-
tion error was less than 3% at gas concentration higher than
100 ppm. With further decrease of gas concentration, the
detection error sharply increased. The relationship between
the extracted voltage signal and gas concentration can be
expressed as formula 4.

Cera = (Vo — 1.19183)/0.08637 (4)
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Table 1. Comparison with reported methane detection system based on quantum cascade lasers and interband cascade lasers.

Refs Source Absorption length(m) Center wavelength (um) Limit of detection (ppm) Cost
[28] QCL 76 7.5 40 ppb High
[29] ICL 16 33 44ppb High
This article DFB laser 0.3 1.65 48 ppm Low

Table 2. Comparison with reported methane detection system based on similar design structure.

Refs. Temperature control method and accuracy Signal process method Absorption length
[23] PID based on digital signal processer +0.1°C, 66 Phase-tuned Lock-in amplifier 20cm (no reflective cell)
This article Fuzzy PID based on LabVIEW +0.018°C, 95 Orthogonal Lock-in amplifier 30cm (single reflective cell)

Limit of detection

To assess the lower limit of detection, firstly the gas chamber
was cleaned with pure nitrogen. Then, the methane mass
flow was increased to 50 ppm and the gas flow was main-
tained at a small value after obtaining a stable record. During
a period of 80min, the sampled amplitude frequency of the
extracted 2f signal was 10Hz, and measured results are
shown in Fig. 9a. The fluctuation range for sampled 2f signal
voltage was +3mv. Based on the experimental results, Allan
deviation was calculated to analyze the stability and theoret-
ical detection limit of the detection system. Allan deviation
was plotted on a log-log scale versus averaging time T as
shown in Fig. 9b. The plot indicated a measurement precision
of ~48 ppm with a ~6s averaging time. The white noise was
effectively suppressed at an integration time of 6s.
Meanwhile, the slope of Allan deviation was negative. With
increasing averaging time, a measurement precision of
~17ppm and a ~58s averaging time were obtained at the
intersection point of positive and negative slop; the main
noise came from the temperature drift of the detection sys-
tem. According to the above analysis, a relatively long inte-
gration time surely improves detection performance but
yields a slower response. In in-situ application, the integration
time can be adjusted through the control board of the
LabVIEW platform to achieve optimal detection performance.

Detection stability

In stability experiments, the gas sample distributed by mass
flow kept flushing with a low flow rate to ensure stable and
accurate methane concentration in the chamber. As examples,
low (1 x 10° ppm) and relatively high (1 x 10* ppm) concentra-
tions were distributed, and data were recorded until stable
reading. The experiments lasted for more than 12hr. Because
of system noise and interference, there were acceptable fluctua-
tions of about 0.8% and 048% on 1x 10°ppm and
1 x 10* ppm, as shown in Fig. 10, respectively.

Comparison and discussion

As exhibited in Table 1, the design structure and performance
of this near-infrared detection sensor based on modulated
DEFB laser are compared with those of currently reported MIR
detection devices using ICL and QCL. In the research of Qu
et al.”® and Song et al,* a strong absorption line in MIR
range and long light path using a commercial Herriott cell

effectively increases the detection performance. However, the
strict working condition and high cost of those two sensors
limit the actual application. Compared with the sensors devel-
oped based on QCL and ICL, the sensor developed in this art-
icle has a relatively low cost and simple structure. The size of
developed gas cell is effectively decreased compared with the
commercial one, such as 45 x 11 x 11cm>.*”) In addition, the
remote distributed detection which enhances the application
ability in different conditions is realized.

As a comparison, the performances of this sensor and
those reported with same DFB laser and TDLAS technology
are listed in Table 2. The improvements of this sensor focus
mainly on the high-robust temperature control and orthog-
onal lock-in amplifier. Firstly, in the temperature control, a
fuzzy PID controller based on LabVIEW platform improves
the control accuracy from * 0.1°C to *0.018°C. What’s
more, the fuzzy controller effectively decreases the response
time from 66s to 9s. Secondly, the developed orthogonal
lock-in amplifier is confirmed to be more convenient and
efficient than a phase-tuned-type lock-in amplifier.!*”!

Conclusion

In this article, a low-cost, high-reliability methane-sensing
system was designed and implemented. The DFB laser is
modulated by a self-developed temperature controller and
current modulator realized on the LabVIEW platform to
scan across the related absorption spectrum. Experimental
results indicated a satisfactory temperature fluctuation range
of less than 0.01%. The laser’s emitting wavelength varied
linearly with temperature and injection current, and good
operation stability for the laser was observed. A digital lock-
in amplifier designed on the LabVIEW platform realized 2f
harmonic signal extraction with an extraction error below
0.77%. According to gas experiments, the relative detection
error was less than 3%. Allan deviation analysis revealed a
lower limit of detection of about 48 ppm at 6s integration
time. Long-term stability experiments showed a fluctuation
range of less than 0.8%. Besides improvement in cost-effect-
ive performance of this self-developed methane sensor, the
driving module and signal processing module with real-time
adjustment function achieved on the LabVIEW platform sig-
nificantly improve the flexibility and scope of application.
Furthermore, an embedded system can be used to replace
the PC to achieve miniaturization.
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