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A compact and portable quartz-enhanced photoacoustic spectroscopy gas sensor was
developed for four-component gas detection using two off-beam acoustic
microresonators The two AMRs were placed in parallel on opposing sides of a quartz
tuning fork for photoacoustic signal enhancement. Four distributed feedback (DFB) lasers
were connected to the four ends of the two off-beam AMRs using a fiber collimator for
photoacoustic signal excitation. Four-component gas sensing was achieved via time-
division multiplexing of the distributed feedback laser driver currents. The four-component
gas sensing scheme was used to detect acetylene (C2H2) at 1,532.83 nm, methane (CH4)
at 1,653.722 nm, water vapor (H2O) at 1,368.597 nm and carbon dioxide (CO2) at
1,577.787 nm for feasibility testing. Minimum detection limits of 3.6 ppmv for C2H2,
34.71 ppmv for CH4, 1.09 ppmv for H2O, and 341.18 ppmv for CO2 were obtained,
and the linear responses reached 0.9982, 0.9969, 0.99843 and 0.99591 for C2H2, CH4,
H2O and CO2, respectively, at 1.5 s intervals.
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1. INTRODUCTION

The introduction Quartz-enhanced photoacoustic spectroscopy (QEPAS) was introduced by
Kosterev et al. in 2002 [1] and offers portability, small volume and an excellent photoacoustic
response. Because of these outstanding performance characteristics [2, 3], QEPAS was widely
researched for use in trace gas detection. The developments and prospect of QEPAS gas sensing
technique were summarized and discussed by Ma et al. [4, 5]. In the past years, the performance
indexs have been greatly improved in these areas of photoacoustic spectroscopy (PAS) signal
improvement, distributed gas sensing and multi-component gas detection. To enable further
enhancement of the PAS signal and the minimum detection limit (MDL), an acoustic
microresonator (AMR) is generally used to amplify the acoustic signal [6, 7]. Normally, there
are two main types of AMR structure: the on-beam and the off-beam structures. The on-beam AMR
consists of a pair of short metal tubes that are placed on the two sides of a quartz tuning fork (QTF)
[8]. The off-beam AMR includes a relatively long tube with a small slit in its center that is placed on
one side of the QTF [9].

Kosterev et al. first introduced the QTF and a resonant sound tube to detect and improve the
acoustic signal and the normalized noise equivalent absorption (NNEA) coefficient obtained for
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methane (CH4) detection was 1.2 × 10−7 cm−1 WHz–1/2 [1].
Dong et al. optimized the on-beam AMR structure and
demonstrated a NNEA of 3.3 × 10–9 cm−1 WHz–1/2 for
acetylene (C2H2) detection [10]. Dong et al. used a single tube
to construct an on-beam AMR to improve the acoustic signal. A
NNEA of 1.21 × 10–8 cm−1 WHz–1/2 was then obtained for
carbon dioxide (CO2) detection [11]. Wang et al. proposed an
on-beam structure that was based on three AMRs to improve the
acoustic signal and obtained an MDL of 166 ppbv for water vapor
(H2O) [12]. Liu et al. optimized the off-beam AMR to realize
superior detection performance and a NNEA of 6.2 ×
10–9 cm−1 WHz–1/2 was obtained for H2O detection [13]. The
above researches could improve the PAS signal intensity
effectively by the application and optimization design of AMR
structure. The QTF structure and the PAS excitation device were
also able to be optimized for the performance improvement of
QEPAS sensor. Ma et al designed a T-shaped QTF with a prong
length of 9.4 mm and a resonance frequency of 9.38 kHz for H2O
detection based on in-plane quartz-enhanced photoacoustic
spectroscopy (IP-QEPAS), in which, the laser beam acted on
the plane of the QTF for increasing the PAS signal intensity [14].
Ma et al also reported a multi-quartz-enhanced photothermal
spectroscopy (M-QEPTS) which using multiple QTFs for
increasing signal amplitude. The M-QEPTS technology
realized a 1.51 times signal enhancement compared with the
single QTF in C2H2 detection [15].

In addition, the increase of laser power also enhance the PAS
signal intensity. Ma et al. used an erbium doped fiber amplifier
(EDFA) to improve the PAS signal intensity in hydrogen cyanide
detection based on QEPAS sensor [16]. The experimental results
showed that a MDL of 29 ppb and NNEA coefficient of 1.08 ×
10–8 cm−1 WHz–1/2 were achieved. Moreover, the signal
processing methods were applied in the QEPAS gas detection
for signal-to-noize ratio (SNR) improvement. Ma et al developed
the QEAPS sensor by adding H2O in the CH4 for increasing the
relaxation rate and applying the wavelet filtering for SNR
improvement [17]. In the distributed gas sensing, Ma et al
realized the long distance distributed gas sensing based on the
micro-nano fiber evanescent wave and EDFA. In the 3 km single
mode fiber, three gas detection points were tested in C2H2

detection and the MDLs of the three detection points were 30,
51, and 13 ppm, respectively [18].

With the increasing variety of gases to be detected, the single-
component gas QEPAS sensor is unable to meet the requirements
of many application fields, including production safety, electrical
power security, environmental monitoring, the food industry,
and medical diagnostics. The single-component gas QEPAS
sensor is costly and inconvenient to install in multi-
component gas detection applications. Therefore, the multi-
component gas QEPAS sensor has been studied extensively for
detection of gases including H2O, C2H2, CO, CO2, CH4, NH3 and
H2S. Kosterev et al. realized H2S, CO2 and CH4 gas detection
using their QEPAS sensor [19]. Dong et al. detected CH4 and
NH3 using a compact QEPAS gas sensor in combination with a
control electronics unit, an acoustic detection module, and a
switching module [20]. Wang et al. used a two-component
QEPAS gas sensor to detect C2H2 and CH4 via time-division

multiplexing (TDM) of the distributed feedback (DFB) laser
driver currents [21]. Wu et al. detected H2O and C2H2

successfully via frequency division multiplexing of the
fundamental frequency and the first overtone of the QTF [22].
Zhang et al. used three QTFs with different response frequencies
to design a multi-gas QEPAS sensor for H2O, CH4, and C2H2

detection [23]. Ma et al. detected CO and N2O at 2,176.3 and
2,169.6 cm−1, respectively, using a DFB quantum cascade laser
with a 4.61 µm central wavelength based on the QEPAS system
[24]. Wu et al. demonstrated use of a DFB laser operating at
1,582 nm for detection of NH3 and H2S by controlling the
operating wavelength of the DFB laser to be located at the two
interference-free absorption lines of 6,322.45 and 6,328.88 cm−1

[25]. Ren et al. used a novel compact multipass gas cell to realize
dual-species monitoring of CH4 and N2O [26]. Ramya et al. used
a super-continuum light source that covered the spectral range
from 1.6 to 2.0 μm to detect CH4, CO2, and H2O via the
broadband PAS technique [27]. In above researches, the kinds
of gas detection were not so many. If you are trying to detect a lot
of gases, the gas detection devices are very complicated.

In this paper, we introduced a four-component QEPAS sensor
based on an in-house-constructed QTF photo-acoustic gas cell
consisting of two off-beam AMRs and only one QTF. The four
DFB lasers were connected to the four fiber collimators, which
were then responsible for laser beam alignment to the two AMRs.
Using this structure, the laser power injected into the
photoacoustic gas cell was higher than that obtained when
using the 1 × 4 fiber coupler to input the laser beams, thus
guaranteeing a superior MDL. The four component gases were
detected by TDM of the DFB laser drive currents. Realization of

FIGURE 1 | QEPAS spectrophone structure based on two off-beam
AMRs. (A) Off-beam AMR structure parameters. (B) QTF dimensional
parameters. (C) Complete QEPAS spectrophone structure.
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TDM of the DFB laser drive currents has lower costs and is more
convenient than TDM of the photoswitch. Additionally, only one
lock-in amplifier was used in the entire QEPAS sensor, thus
simplifying the sensor structure and reducing the overall cost.
C2H2, CH4, H2O and CO2 were selected as sample gases for gas
sensor performance testing. The experiments showed that the
QEPAS sensor provided a remarkable linear response and MDLs
for C2H2 at 1,532.83 nm, CH4 at 1,653.722 nm, H2O at
1,368.597 nm and CO2 at 1,577.787 nm.

2. QEPAS SPECTROPHONE STRUCTURE
BASED ON TWO OFF-BEAM AMRS

The two off-beam ARMs and a bare QTF were used to construct
the QEPAS spectrophone structure, for which detailed
structural parameters are shown in Figure 1. The two off-
beam ARMs are placed on two sides of the QTF and are
located 0.7 mm from the top of the QTF; the detailed
structural dimensions are shown in Figure 1A. The off-beam
AMR structures are made from aluminum metal and have
length, width, and height of 7.6, 3, and 1.5 mm, respectively.
The resonant cavity with the diameter of 0.5 mm and length of
7.6 mm is located 0.8 and 2.1 mm from the top and the side of
the AMR, respectively, for acoustic signal enhancement. At the
center of the resonant cavity, there is a 0.5 mm-diameter hole
connected to the resonant cavity to transmit the acoustic signal
to the QTF. A traditional QTF is used to detect the acoustic
signal; the dimensional parameters of the QTF are provided in
detail in Figure 1B. The two QTF prongs both have a length,
width and height of 0.6, 0.3, and 4 mm, respectively. Figure 1C
shows the complete QEPAS spectrophone structure based on
two off-beam AMRs. The two off-beam AMRs (AMR1 and
AMR2) are located on two sides of the QTF, with their central
holes focused on the gap between the two QTF prongs. The
external structure of the spectrophone for gas input and output
is made from aluminum metal.

3. TDM OF DFB LASER DRIVE CURRENTS

In the proposed scheme, four DFB lasers with center wavelengths
that were located at the absorption lines of C2H2, CH4, H2O and
CO2 were selected to test the feasibility of the four-component
QEPAS gas sensor. Four-component gas detection was achieved
via TDM, which was implemented by controlling the DFB laser
current driver using a relay module with four channels. The drive
currents of the DFB lasers were provided by an ARM7 processor,
which generated a sawtooth wave, and a signal generator, which
produced a high-frequency sine wave. The combined signal
formed from the sawtooth wave and the high-frequency sine
wave was provided by an adder device that was switched to each
DFB laser via the relay module for four-component gas detection.
The detailed drive currents for each DFB laser are shown in
Figure 2. The drive current was transmitted first to the C2H2

laser, second to the CH4 laser, third to the H2O laser, and finally
to the CO2 laser at 1.5 s intervals by the relay module. Therefore,
the second harmonic (2f) PAS signals were acquired first for
C2H2, second for CH4, third for H2O, and finally for CO2.

4. EXPERIMENTAL SETUP

C2H2, CH4, H2O and CO2 were chosen as the four component
gases to test the feasibility and performance of the proposed
QEPAS sensor in the experiments. According to the HITRAN
2008molecular spectroscopic database, the four component gases
of C2H2, CH4, H2O and CO2 have apparent laser absorption at
1,532.83, 1653.722, 1368.597 and 1,577.787 nm, respectively. The
four DFB lasers with 14-pin butterfly-packages were used for
C2H2, CH4, H2O and CO2 gas detection in the experiments and
their center wavelengths were 1,532.8, 1653.7, 1368.1 and
1,577.2 nm, respectively. For ease of description, the four DFB
lasers for C2H2, CH4, H2O and CO2 detection are called DFB-1,
DFB-2, DFB-3 and DFB-4, respectively, in this paper. The
experimental setup is shown in detail in Figure 3. An ARM7

FIGURE 2 | TDM of DFB laser drive currents.
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processor (LPC1758, NXP, The Netherlands) and a signal
generator (FY2300A, Feel Tech, China) were used to generate
a sawtooth wave (cycle: 1.5 s) and a high-frequency sine wave
(frequency: 16.378 kHz). The sawtooth wave and the high-
frequency sine wave were combined using an adder device and
were then transmitted to the relay module for drive current TDM
for the four DFB lasers at 1.5 s intervals. On the basis of this
current driver, temperature drivers provided by four
thermoelectric cooler controllers (LTC1923, Linear
Technology, USA) were also added to guarantee that the four
lasers could operate normally. The four optical fiber isolators
were connected between the DFB lasers and the optical fiber
collimators to align the laser beams to the spectrophone structure
to protect the lasers from damage being caused by an opposing
laser beam. The two off-beam AMRs (designated AMR1 and
AMR2) were placed on the two sides of the QTF to enhance the
PAS signal and inject the four laser beams. The QTF was then
responsible for detection of the PAS signal and conversion of this
signal into an electrical current. The PAS electric current was then
translated into a voltage using an in-house-constructed pre-
amplifier which based on the CA3140, for the next processing
step. Finally, a lock-in amplifier (MFLI, Zurich Instruments,
Switzerland) was used to detect the PAS voltage and transfer it
to a computer to perform the gas concentration calculations.

5. EXPERIMENTAL RESULTS

To test the feasibility of the four-component QEPAS sensor, C2H2

at 2000 ppmv, CH4 at 8,000 ppmv, H2O at 1,500 ppmv and CO2

at 60,000 ppmv were detected using the experimental platform
and the parameters shown in Figure 3 at normal atmospheric
pressure and at room temperature (27°C). The 2f PAS signals and
the noise values of the four component gases acquired by TDM of

the drive currents at 1.5 s intervals are shown in Figure 4. The 2f
PAS signals for C2H2, CH4, H2O and CO2 were 0.105, 0.0726,
0.148 and 0.0051 V, respectively. The noise values (i.e., the
standard deviations) of the four components gases were also
calculated based on the deviation of the 2f PAS signal from the gas
absorption line, as shown in Figure 4. The noise values for C2H2,
CH4, H2O and CO2 were 0.189, 0.315, 0.108 and 0.029 mV,
respectively. Based on the 2f PAS signals and the noise values
of the four component gases, MDLs of 3.6 ppmv for C2H2,
34.71 ppmv for CH4, 1.09 ppmv for H2O, and 341.18 ppmv for
CO2 were obtained.

Furthermore, the linearity of the results for C2H2, CH4, H2O
and CO2 were alsomeasured using the experimental platform and
the parameters shown in Figure 3 at normal atmospheric

FIGURE 3 | Experimental setup.

FIGURE 4 | PAS signals and noises of C2H2, CH4, H2O and CO2.
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pressure and room temperature (27°C) to evaluate the
performance of the gas sensor in greater detail. The gas
concentrations of C2H2, CH4 and CO2 were generated using a
gas mixing plant (MFC-08, Beijing Builder Electronic
Technology, Beijing, China), and the H2O gas concentration
was generated using an in-house-constructed dew-point
generator. The 2f PAS signals are described as a function of
the gas concentration in Figure 5. The fitting curves in Figure 5
show that the R-square values of C2H2, CH4, H2O and CO2 are
0.9982 (Figure 5A), 0.9969 (Figure 5B), 0.99843 (Figure 5C) and
0.99591 (Figure 5D) within the gas concentration ranges of
500–3,000 ppmv, 2000–12,000 ppmv, 500–3,000 ppmv and
40,000–1,40,000 ppmv, respectively. The experimental results
showed that the four-component QEPAS sensor had excellent
linear responses to the different gas concentrations. In
conclusion, the four-component QEPAS sensor proposed in
this paper to detect C2H2, CH4, H2O and CO2 is feasible and
provides reasonable detection performance.

6. CONCLUSION

In this paper, a four-component QEPAS gas sensor was
developed based on TDM of the DFB laser drive currents.
Two off-beam AMRs were placed in parallel on two opposing
sides of the QTF for photoacoustic signal enhancement and
injection of the four DFB laser beams. Four optical fiber
collimators were connected between the DFB lasers and the

two AMRs to align the laser beams to the spectrophone
structure and thus excite the photoacoustic signal. TDM of the
DFB laser drive currents is more convenient and can be
performed at lower cost than TDM of the photoswitch. In
addition, the four DFB laser beams are injected into the
spectrophone structure through the two off-beam AMRs and
the four optical fiber collimators rather than via a 1 × 4 fiber
coupler. Therefore, the injected laser power is superior to that
achieved in the gas sensor with the 1 × 4 fiber coupler. Four
component gases comprising C2H2, CH4, H2O and CO2 were
used in the experiments to test the feasibility and the performance
of the four-component QEPAS gas sensor. The experimental
results showed that MDLs of 3.6 ppmv for C2H2, 34.71 ppmv for
CH4, 1.09 ppmv for H2O, and 341.18 ppmv for CO2 were
obtained at the 1,532.83, 1653.722, 1368.597 and 1,577.787 nm
absorption lines, respectively. In addition, the linear responses
reached 0.9982, 0.9969, 0.99843 and 0.99591 for C2H2, CH4, H2O
and CO2, respectively, at 1.5 s intervals. In conclusion, the four-
component QEPAS gas sensor proposed in this paper is capable
of detecting four component gases and will aid in promoting the
development of multi-component gas detection.
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