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Abstract
A parts-per-billion in volume (ppbv) level mid-infrared methane (CH4) sensor system was demonstrated using second-har-
monic wavelength modulation spectroscopy (2f-WMS). A 3291 nm interband cascade laser (ICL) and a multi-pass gas cell 
(MPGC) with a 16 m optical path length were adopted in the reported sensor system. Two digital lock-in amplifier (DLIA) 
schemes, a digital signal processor (DSP)-based DLIA and a LabVIEW-based DLIA, were used for harmonic signal extrac-
tion. A limit of detection (LoD) of ~ 13.07 ppbv with an averaging time of 2 s was achieved using the DSP-based DLIA and 
a LoD of ~ 5.84 ppbv was obtained using the LabVIEW-based DLIA with the same averaging time. A rise time of 0→2 
parts-per-million in volume (ppmv) and fall time of 2→0 ppmv were observed. Outdoor atmospheric CH4 concentration 
measurements were carried out to evaluate the sensor performance using the two DLIA schemes.

1  Introduction

Methane (CH4) is the second anthropogenic greenhouse gas 
after carbon dioxide (CO2) and the increased emission of 
CH4 will cause further warming and a continuous change 
of the global climate system [1]. According to the World 
Metrology Organization (WMO), Greenhouse Gas Bulle-
tin, the globally atmospheric CH4 concentration reached a 
new level of 1853 ± 2 parts-per-billion in volume (ppbv) in 
2016, which is ~ 2.6 times of the pre-industrial level (~ 722 
ppbv) [2]. Furthermore, compressed natural gas (CNG) is 
widely used in daily life (e.g., cooking and automotive fuel) 
and this CNG leakage leads to a further increase of global 
atmospheric CH4 concentration levels [3, 4]. In addition, 

monitoring of CH4 is useful in studying the carbon cycle and 
analyzing the sources and sinks of CH4 [5]. Consequently, 
measurements and quantification of CH4 with high accu-
racy, fast response, and a low limit of detection (LoD) are 
required.

By targeting an absorption line using a single-mode 
semiconductor laser, a trace gas species can be detected 
selectively in real time with high detection sensitivity using 
tunable laser absorption spectroscopy (TLAS). TLAS is an 
effective method for CH4 detection [6, 7]. TLAS and wave-
length modulation spectroscopy (WMS) decrease back-
ground noise and improve the signal-to-noise ratio (SNR) 
by encoding and detecting the absorption signal at a high 
frequency [8–13]. The WMS technique measures CH4 
absorbance with fast response and provides parts-per-million 
in volume (ppmv) to ppbv detection limits [6, 14], depend-
ing on the spectroscopic properties of the target gas and the 
optical path length. In this work, a WMS-based sensor for 
atmospheric CH4 detection was developed using a continu-
ous-wave (CW) interband cascade laser (ICL) operating at 
~ 3.291 µm and a 16 m multi-pass gas cell (MPGC) (physical 
size: 45 × 11 × 11 cm3, Egold Technology, Wuhan, China) 
was employed to enhance the CH4 absorption.

An important step in WMS is the extraction of the har-
monic components from the absorbance signal, which was 
performed by a commercially available lock-in amplifier 
(model SR830, Stanford Research System, USA) [15, 16] 
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and a LabVIEW-based digital lock-in amplifier (DLIA) 
[17–19]. However, due to the large size and high power 
consumption, these two lock-in amplifiers are more suitable 
for laboratory measurements. Targeting mobile and field gas 
measurements (e.g., in mining safety operation and mobile 
atmospheric gas measurements), there is demand in terms 
of size, power consumption, and reliability for infrared gas 
sensor systems, which requires miniaturization of both opti-
cal and electrical sub-systems. For example, when targeting 
field applications using compact electronics and a small-
sized gas cell, several portable CH4 sensor systems have 
been developed using non-dispersive infrared (NDIR) [20] 
and near-infrared TLAS techniques [21]. Compared to our 
previously reported LabVIEW-based DLIA platforms for 
WMS-based CH4 and ethane (C2H6) detection [17–19], in 
this work, a portable, low-power-budget, board-level DLIA 
is proposed for field application, whose data acquisition and 
orthogonal lock-in algorithm were realized by a compact 
digital signal processor (DSP) board. Measurements were 
performed to determine the sensor sensitivity, precision and 
response time using the two DLIA schemes. The sensor sys-
tem performance was also evaluated by means of outdoor 
atmospheric CH4 measurements. The measurement results 
validate the feasibility of the DSP-based miniaturized DLIA 
as well as laptop-based DLIA.

2 � Sensor configuration and design details

2.1 � CH4 absorption line selection

Based on the high-resolution transmission (HITRAN) 
molecular absorption database [22, 23], the strongest CH4 
absorptions are located in the mid-infrared spectral region 
at 3.31 µm. Hence, with commercially available, room-tem-
perature laser sources emitting CW radiation in the 3–4 µm 
range, a wavelength of 3.291 µm is the best choice as the 
target absorption band for CH4 detection. The CH4 absorp-
tion line intensity in the range from 3.0 to 3.8 µm is shown 
in Fig. 1a. The absorption spectra of a mixture consisting of 

1.8 ppmv CH4 and a 2% H2O are depicted in Fig. 1b, where 
the pressure is 1 atm and the optical path length is 16 m. The 
3038.5 cm−1 absorption line was selected as the optimum 
target line, taking the interference of H2O on CH4 detection 
into consideration. The line strength is 2.195 cm−2 atm−1, 
the air- and self-broadening coefficients are 0.0645 and 
0.081 cm−1 atm−1, respectively, and the half width at half-
maximum (HWHM) is 0.067 cm−1 at an operating pressure 
of 1 atm and a temperature of 296 K.

2.2 � Sensor configuration based on two digital 
lock‑in amplifier schemes

The mid-infrared CH4 sensor structure is shown in Fig. 2, 
including both the optical and electrical sub-systems. In 
the optical part, a Nanoplus CW, thermoelectrically cooled 
(TEC), distributed feedback (DFB) ICL was used as the 
excitation laser source. A TEC mercury-cadmium-telluride 
(MCT) photodetector (VIGO System, model PVI-4TE-5) 
with a detectivity of ~ 1.2 × 1011 cmHz1/2/W was used to 

Fig. 1   a HITRAN-based 
absorption spectra of CH4 from 
3.0 to 3.8 µm. b HITRAN-based 
absorption spectra of CH4 (1.8 
ppmv) and H2O (2%) in a nar-
row spectral range from 3.285 
to 3.293 µm at a pressure of 
1 atm and an absorption length 
of 16 m
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Fig. 2   Schematic of a CH4 sensor system based on a CW, TEC ICL, 
where a DSP-based and a LabVIEW-based DLIA were employed for 
harmonic extraction
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measure the output laser power. A dichroic mirror (DM) was 
used to combine the mid-infrared ICL beam with a visible 
diode laser beam for achieving optimum optical alignment. 
The combined beams were directed into the MPGC using a 
CaF2 lens (Lens 1, f = 30 mm). In the electrical system, an 
integrated laser current driver (Thorlabs, LDC210C) and a 
temperature controller (Thorlabs, TED200C) were used to 
drive the ICL. For the DSP-based DLIA, two direct digi-
tal synthesizers (DDSs) are used to generate a scan signal 
as well as a modulation signal. Processed by an adder and 
signal conditioning circuit (SCC), the drive signal is sent to 
the integrated laser current driver. The MCT detector signal 
was sent to the DSP-based DLIA and the LabVIEW-based 
DLIA simultaneously for harmonic signal extraction. The 
LabVIEW-based DLIA was realized based on a data acquisi-
tion (DAQ) card (National Instrument, model USB-6211). 
Finally, the CH4 concentration levels were determined by 
means of a laptop computer.

2.3 � Design details of the DLIAs

The principle of an orthogonal lock-in amplifier was 
described in Refs [24, 25]. The input of the DLIA is given 
by s(t) = A sin (�t + �) + n(t), where A is the amplitude of 
the input signal and n(t) is the signal channel noise. There 
are two orthogonal reference signals, i.e., r1(t) = B sin (�t) 
and r2(t) = −B cos (�t) , where B is the amplitude of the ref-
erence signal. Upon multiplication and low-pass filtering, 
two orthogonal components I = AB

2
cos � and Q = −

AB

2
sin � 

are obtained to represent the gas concentration.

2.3.1 � DSP‑based DLIA

The DSP-based orthogonal DLIA is shown in Fig. 3. The 
DSP was commercially available from Texas Instrument 
as model TMS320F28335. An analog-to-digital convertor 
(ADC) module (model # AD7902) was used for data sam-
pling, which consists of a dual pseudo differential 16-bit, 1 
MSPS convertor with low-power consumption of ~ 12 mW. 
After ADC processing, the sampled signal was sent to the 

DSP for multiplication and filtering by an orthogonal lock-
in amplifier algorithm shown in the green region of Fig. 2. 
The 2f signal was extracted and displayed on a liquid crystal 
display (LCD) screen. To reduce the electrical power con-
sumption, the power tree of the DLIA was optimized for 
in-situ measurements. The supply currents of the + 12 and 
− 12 V power rail were measured using a digital multi-meter 
to be 275 and 26 mA, respectively, resulting in a total power 
consumption of 3.612 W.

2.3.2 � LabVIEW‑based DLIA

The schematic of the LabVIEW-based DLIA is shown in 
Fig. 2. The ADC module of the DAQ card has a resolu-
tion of 16 bits and a sampling frequency of 250 k sps (sam-
ples per second). The input voltage range of the DAQ is 
− 10 to + 10 V. After ADC processing, the sampled signal 
was multiplied by two frequency-doubled, orthogonal sig-
nals synchronized by the modulation signal. With low-pass 
filtering (LPF), biased adding operation (Bias) and square 
operation, two orthogonal components (I and Q) were 
obtained. Then, using a second adding operation between 
the two components and a square root (sqrt) operation, the 
2f signal was acquired. Without bias, the obtained 2f signal 
is completely above the zero baseline, whose waveform is 
not the same as that of the commercial lock-in amplifier 
(e.g. SR830). Upon adding a bias to the two components 
(I and Q), the baseline of the 2f signal is not zero and the 
obtained 2f signal is on both sides of the non-zero baseline. 
Then, using a baseline fitting and elimination, the baseline 
becomes zero, and the finally obtained 2f signal will be on 
both sides of the zero baselines, whose waveform is the same 
as that of the commercial lock-in amplifier (SR830).

2.4 � Modulation depth optimization

In the case of simultaneous detection using the DSP-base 
and LabVIEW-based DLIA, the normalized amplitude of 
the 2f signal was recorded at different modulation ampli-
tudes at a pressure of 1 atm, as depicted in Fig. 4. If the 

Fig. 3   a Photograph of the 
DSP-based DLIA board. b Pho-
tograph of the DSP-based DLIA 
board with a LCD indicating the 
2f signal
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modulation coefficient is chosen to have a theoretical value 
of 2.2 [26, 27], the normalized 2f signal amplitude is ~ 0.7 
times of the maximum 2f signal. The maximum 2f signal of 
the DSP-based DLIA is achieved at a modulation depth of 
0.2549 cm−1 leading to a modulation amplitude of ~ 320 mV. 
The maximum 2f signal of the LabVIEW-based DLIA is 
achieved at a modulation depth of 0.3187 cm−1, correspond-
ing to a modulation amplitude of ~ 400 mV. Therefore, the 
modulation amplitude was set to ~ 320 mV to enable design 
consistency of the sensor system for the two DLIA schemes, 
leading to a modulation coefficient of ~ 3.8.

3 � Sensor performance using a DSP‑based 
DLIA

3.1 � Experimental details

The mid-infrared CH4 sensor system based on the DSP-
based DLIA was operated at a drive current and temperature 
of 52 mA and 15 °C, respectively. The pressure inside the 
MPGC was set to 1 atm and the gas sample was pumped into 
the gas cell using an oil-free vacuum pump (KNF Neuberger 
Inc., model N 813.5 ANE/AF). A triangular scan signal with 
a frequency of 5 Hz and a peak-to-peak amplitude of 2 V 
was used. The modulation signal was a sinusoidal signal of 
2 kHz with an optimized amplitude of 320 mV. The sam-
pling rate of the 16 bit ADC module was set to 80 kHz. By 
averaging the sampled absorption data in each modulation 
period, one 2f spectral point was obtained. Therefore, each 
triangular period (including two CH4 absorption spectra) 
contains 400 data points for a 2f signal. Data sampling was 
triggered by a synchronized signal from the DSP to realize 
synchronization with the scan signal. The extracted 2f signal 
was displayed on the LCD screen and sent to the laptop by 

a USB port for post data analysis. The dynamic current was 
measured using a digital multi-meter for power consumption 
evaluation of the DSP-based DLIA. CH4 sensor calibration 
was carried out using diluted standard CH4 gas samples with 
seven concentration levels of 0, 0.2, 0.5, 1, 2, 5, and 10 
ppmv. Furthermore, the LoD and dynamic response of the 
DSP-based DLIA sensor system are used to demonstrate the 
sensor performance.

3.2 � Results and discussion

Using nitrogen (N2) as the balance gas, CH4 samples with 
different concentration levels from 0 to 10 ppmv were pre-
pared. The obtained 2f waveforms are shown in Fig. 5. The 
amplitude of the 2f signal, defined by max[A2f (t)], increases 
as the concentration level increases due to the larger absorp-
tion at the peak absorption wavelength. The calibration was 
carried out by pumping different gas samples into the MPGC 
and measuring the amplitude of the 2f signal. Each sample 
was tested for ~ 6 min. The measured data of max[A2f(t)] for 
each concentration were averaged and plotted as a function 
of CH4 concentration, as shown in Fig. 6a. A linear relation 
between max[A2f(t)] and C was shown in Fig. 6b. The fitting 
curve is given by:

where C is in ppmv and max[A2f(t)] is in mV. The fitting 
curve indicates a good linear relationship (R2 99.64%) 
between max[A2f(t)] and C. Equation (1) was used to deter-
mine the CH4 concentration levels based on the measured 
amplitude of the 2f absorbance signal.

A long-term stability and precision of the CH4 sensor 
were measured by monitoring a 0 ppmv CH4 sample (pure 
N2) for ~ 2 h. Figure 7a exhibits the measured concentration 
versus time t and Fig. 7b shows the Allan–Werle deviation 
as a function of the averaging time τ. The Allan deviation 
is ~ 13.07 ppbv for a 2 s averaging time and shows an opti-
mum averaging time of 516 s corresponding to a minimum 

(1)C = 0.00949 ×max[A2f (t)] − 0.19927,
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detection sensitivity of ~ 1.07 ppbv. At short averaging 
times, the sensor was mainly dominated by White-Gaussian 
noise. The Allan deviation decreases by increasing the aver-
aging time, which is proportional to sqrt (1/τ) shown by 
the dark yellow solid line. However, at long averaging time, 
sensor drift starts to occur and the Allan deviation increases.

A‘Y’ gas connector with two entrance ports and one exit 
port was used to illustrate the dynamic response of the DSP-
based DLIA sensor. One of the entrance ports was connected 
to a pure N2 cylinder and the other one was connected to a 
standard 2 ppmv CH4 cylinder. Two needle valves were used 
at the two entrance ports to switch the two input cylinders 
either to “on” or “off”. The exit port was connected to the 
MPGC. The test result is shown in Fig. 8. With a gas flow 
rate of ~ 500 mL min−1, a 10–90% rise time of ~ 22–35 s 
was obtained for the two concentration changes. Then, with 
pure N2 as the diluting gas, the mass flow controller (MFC) 
was set to “Purge”. In this case, a 90–10% fall time of 7 s 
(in the insert in Fig. 8) was determined by means of the gas 
purge operation.

Fig. 6   a Measured max[A2f(t)] 
(mV) as a function of the 
calibration time t with the 
DSP-based DLIA for seven 
CH4 concentration levels of 0, 
0.2, 0.5, 1, 2, 5, and 10 ppmv. 
b Experimental data dots and 
fitting curve of CH4 concentra-
tion as a function of max[A2f(t)] 
(mV)
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4 � Sensor performances using 
the LabVIEW‑based DLIA

4.1 � Experimental details

The ICL driver current, laser temperature, and the pressure 
in the MPGC were the same as those used in the DSP-based 
DLIA scheme. The LabVIEW-based DLIA platform shares 
the same scan and modulation signal from the DSP-based 
DLIA board. The sampling rate of the DAQ card was set 
to 200 kHz. As a result, each triangular period (5 Hz) con-
tains 40,000 data points. Data sampling was triggered by a 

synchronized trigger signal from the DSP board, as depicted 
in Fig. 2. The data of max[A2f(t)] were recorded by a laptop 
for subsequent processing and analyzing. To compare with 
the DSP-based DLIA scheme, the LabVIEW-based DLIA 
CH4 sensor calibration was carried out using the same 
diluted standard CH4 gas samples as those described in the 
previous Sect. 3.

4.2 � Results and discussion

Figure 9 shows the measured 2f waveforms for seven dif-
ferent CH4 concentration levels 0, 0.2, 0.5, 1, 2, 5, and 10 
ppmv. Figure 10a shows a time series of the 2f signal ampli-
tude measurements at the seven different CH4 concentra-
tions. For each CH4 concentration level, a measurement last-
ing ~ 6 min was taken. The measured 2f signal amplitudes for 
each concentration were averaged and plotted in Fig. 10b. A 
linear relation is found between them, which is represented 
by the following fitting curve as:

where C is in ppmv and max[A2f(t)] is in mV. The CH4 con-
centration can be determined by max[A2f(t)]. The fitting 
curve indicates a good linear relationship with an R2 value 
of 99.92%.

A CH4 concentration measurement of the sample with 
zero concentration (pure N2) was performed for a time 
period of ~ 2 h using the LabVIEW-based DLIA. The total 

(2)C = 0.17793 ×max[A2f (t)] − 0.1681,
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variation range of the measured concentration is ~ ± 27 
ppbv for an observation time of ~ 120 min, as shown in 
Fig. 11a. Allan–Werle deviation was plotted on a log–log 
scale versus the averaging time, τ, as shown in Fig. 11b. 
The plot indicates a measurement precision of ~ 5.84 ppbv 
with a 2 s averaging time. The Allan–Werle plot shows an 
optimum averaging time of ~ 250 s, corresponding to a 
precision of ~ 0.72 ppbv. However, as the averaging time 
continues to increase, the Allan–Werle deviation increases 
again, which shows that sensor system drift becomes a 
dominant factor and decreases the sensor stability. The 
dark yellow solid line, which is proportional to sqrt(1/τ), 
indicates that the theoretically expected behavior of the 
sensor system is a White-Gaussian noise dominated region 
prior to when sensor system drifts start to occur.

The dynamic performance of the LabVIEW-based 
DLIA sensor was measured, as shown in Fig. 12. The 
measurement procedure was the same as that used in 
Sect. 3.2. Dynamic measurements of the sensor system 
indicate a 10–90% rise time of ~ 30 to 40 s and a 90–10% 
fall time of ∼ 6 s under a “Purge” operation, which are 
almost the same as when compared with the DSP-based 
DLIA system.

5 � Comparison and atmospheric CH4 
measurements

5.1 � Inter‑comparison of the two DLIA schemes

Atmospheric CH4 concentration measurements were real-
ized using the two lock-in schemes and the same optical part. 
The performance comparison of the two sensor systems is 
listed in Table 1. The DSP-based DLIA for CH4 concentra-
tion measurements is easy to use due to its compact size 
and low-power consumption. The LabVIEW-based DLIA 
technique, which requires a laptop to perform signal process-
ing, is more complex and costly than the DSP-based DLIA 
method. However, because of a high sampling rate and effec-
tive data processing ability, the sensor will be more sensi-
tive using the LabVIEW-based DLIA. A similar response 
behavior was found for the two schemes, with a rise time of 
~ 30 s and a fall time of < 10 s for the gas test conditions. 
Hence, the two detection schemes can be applied in different 
applications, depending upon the requirement of the sensor 
system performance.

5.2 � Comparison with other reported CH4 sensor 
systems

As a comparison, the performances of several reported CH4 
sensor systems based on WMS technique and different infra-
red lasers (mid-infrared quantum cascade laser (QCL), mid-
infrared ICL and near-infrared distributed feedback diode 
laser (DFB-DL)) are listed in Table 2. Various DLIAs were 
used in the sensor systems, involving the commercial prod-
ucts (Signal Recovery 7265, Stanford SR830), the LabVIEW 
platform on a laptop, as well as compact board-level elec-
tronics. Compared with the systems based on commercial 
and laptop DLIA, the proposed sensor system using a board-
level DLIA possesses a similar ppbv-level high detection 
sensitivity but with a reduced sensor size, power consump-
tion, and cost.

5.3 � Atmospheric CH4 measurements

The performance of the CH4 sensor system based on the two 
DLIA schemes was evaluated by performing atmospheric 
CH4 concentration measurements. Using a sample line, the 
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Fig. 12   Dynamic response by varying CH4 concentration between 
0 and 2 ppmv with the LabVIEW-based DLIA. Rise: pumping a 
standard 2 ppmv CH4 sample into the MPGC with a gas flow rate of 
500 mL min−1; Fall: the MFC was set to “Purge” pumping pure N2 
into the MPGC

Table 1   Inter-comparison of the 
CH4 sensor system performance 
obtained with two different 
DLIA schemes

DLIA scheme Allan deviation Response time Power con-
sumption (W)

Size

DSP-based 13.1 ppbv (@ 2 s)
1.1 ppbv (@ 516 s)

Rise ~ 30 s
Fall ~ < 10 s

3.6 10.0 × 6.1 × 3.0 cm3

LabVIEW-based 5.8 ppbv (@ 2 s)
0.7 ppbv (@ 250 s)

Rise ~ 30 s
Fall ~ < 10 s

45.3 16.9 × 9.4 × 3.1 cm3

+ a laptop
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outdoor air was pumped into the MPGC and continuous out-
door CH4 concentration measurements were conducted. A 
photograph of the two DLIA platforms is shown in Fig. 13a 
and the measured concentrations are plotted in Fig. 13b. 
Fluctuations in the CH4 concentration levels were observed 
during ~ 15 h atmospheric monitoring of CH4. When using 
the DSP-based DLIA, the measured concentrations show an 
average value of ~ 1.670 ppmv ± 88.8 ppbv (1σ). In compari-
son, an average value of ~ 1.671 ppmv ± 83.7 ppbv (1σ) was 
obtained with the LabVIEW-based DLIA. The measurement 
results verified that the reported sensor system can be used 
effectively to monitor atmospheric CH4 concentration levels.

6 � Conclusions

A CW, TEC, DFB ICL-based ppbv-level mid-infrared sensor 
was developed for atmospheric CH4 detection using a CH4 
absorption line located at 3038.5 cm−1 and a MPGC with a 
16 m optical path length. Two signal processing schemes, 
a DSP-based DLIA and a LabVIEW-based DLIA, were 
employed to assess the CH4 sensor performance. The sen-
sor shows a measurement precision of ~ 13.07 and ~ 5.84 
ppbv with a ~ 2 s averaging time, respectively, when using 
the DSP-based and the LabVIEW-based DLIA, Dynamic 
measurements of the two schemes were carried out. Out-
door atmospheric CH4 measurements were conducted to 
evaluate the long-term sensor performance. Compared to 
the LabVIEW-based DLIA scheme, the DSP-based DLIA 
shows the merits of compact size, low cost, and low-power 

consumption, which is suitable for portable infrared gas 
sensing applications.
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