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Abstract: For highly sensitive and accurate acetylene (C2H2) detection, a near-infrared (NIR) 
off-axis integrated-cavity output spectroscopy (OA-ICOS) sensor system based on an ultra-
compact cage-based absorption cell was proposed. The absorption cell with dimensions of 10 
cm × 8 cm × 6 cm realized a dense-pattern and an easily-aligned stable optical system. The 
OA-ICOS sensor system employed a 6cm-long optical cavity that was formed by two mirrors 
with a reflectivity of 99.35% and provided an effective absorption path length of ∼9.28 m. 
The performance of the C2H2 sensor system based on two measurement schemes, i.e. laser 
direct absorption spectroscopy (LDAS) and wavelength modulation spectroscopy (WMS) is 
reported. A NIR distributed feedback (DFB) laser was employed for targeting a C2H2 
absorption line at 6523.88 cm−1. An Allan deviation analysis yielded a detection sensitivity of 
760 parts-per-billion in volume (ppbv) for an averaging time of 304 s using the LDAS-based 
OA-ICOS. A detection sensitivity of 85 ppbv for an averaging time of 250 s was obtained 
using the WMS-based OA-ICOS, which was further improved by a factor of ~9 compared to 
the result obtained with the LDAS method. The proposed sensor system has the advantages of 
reduced size and cost with acceptable detection sensitivity, which is suitable for applications 
in trace gas sensing in harsh environments and weight-limited balloon-embedded 
observations. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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quantum cascade. 
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1. Introduction 

Acetylene (C2H2) is colorless, inflammable and explosive at ambient temperatures and 
pressure and is widely used as a fuel and a basic raw material in organic synthesis in the 
industrial applications. Therefore, accurate measurements and monitoring of C2H2 in the 
industrial field is extremely important to ensure high quality of petrochemical materials and 
products [1–4]. To achieve a high detection sensitivity, a high-finesse cavity based absorption 
spectroscopy technique can be used for increasing the effective absorption path length while 
retaining a relatively small sample volume [5,6]. In particular, cavity ring-down spectroscopy 
(CRDS) [7,8], cavity-enhanced absorption spectroscopy (CEAS) [9–13] and off-axis 
integrated-cavity output spectroscopy (OA-ICOS) [14,15] are effective spectroscopic 
techniques developed in the past decade and allow a considerable improvement in detection 
sensitivity. These techniques offer different advantages and disadvantages in terms of 
selectivity, portability, sensitivity and cost. 

Among these techniques for high sensitive measurements, OA-ICOS offers robustness, 
low maintenance, simple operation as well as a real-time monitoring capability. For these 
reasons this technique becomes widely used in trace gas sensing. In 2001, Paul et al. [16] 
reported the first OA-ICOS set-up using a single-mode continuous-wave laser for the 
detection of molecular oxygen (O2). A noise equivalent absorption sensitivity (NEAS) of 1.8 
× 10−10 cm−1 Hz-1/2 was observed in a 10 s averaging time. In 2002, a DFB diode laser-based 
OA-ICOS instrument was reported for sensitive CO measurements. A minimum detectable 
absorption of 3.1 × 10−11 cm−1 Hz-1/2 for an effective optical path of 4.2 km was obtained in a 
50 s integration time [17]. In 2007, an improved OA-ICOS instrument in conjunction with a 
WMS technique was developed using a DFB diode laser for CO2 detection. A minimum 
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detectable absorption of 3.6 ppmv Hz-1/2 was achieved [18]. Recently, new methods have 
been reported to improve the OA-ICOS performance. Centeno et al. [19] added another 
highly-reflective mirror with a small entrance hole in front of the cavity to re-inject the 
reflected light into the cavity, enhancing the detection sensitivity of the system by a factor of 
4. A detection limit of 2.5 ppbv was achieved for ethylene (C2H4) detection in a 2 min 
averaging time, which is equal to a NEAS of 2.5 × 10−9 cm−1 Hz-1/2. 

In order to achieve a longer absorption path, most of the reported OA-ICOS systems 
possess a relatively long (~50−100 cm) cavity length. However, a long cavity is not 
necessarily conductive to system integration and collimation of the beam within the cavity. In 
this paper, a small cavity with a short length of only 6 cm was implemented and a cage-based 
absorption cell was fabricated for realizing a more compact and simpler alignment of the OA-
ICOS sensor system. C2H2 detection experiments were carried out to validate the sensor 
performance. A DFB laser emitting at 1.532 µm was selected for targeting a C2H2 absorption 
line at 6523.88 cm−1. A LabVIEW-based data-processing system was developed, which 
consists of a scan and modulation signal generator, a signal acquisition module and a lock-in 
amplifier. Furthermore, two measurement schemes, LDAS and WMS, were applied to OA-
ICOS respectively and a performance comparison was made between these two methods. 
Such a sensor system can perform the normal operation of driving a DFB laser as well as 
extracting the C2H2 harmonic signal from the absorption spectrum employing a laptop and a 
data acquisition (DAQ) card, which can be made in a compact and inexpensive package for 
sensitive trace gas measurements in harsh environments. 

2. Sensor configuration 

2.1. OA-ICOS sensor architecture 

The architecture of the OA-ICOS is depicted in Fig. 1, which includes an electrical, an optical 
and a gas sampling system. The electrical part of the sensor system consists of a laptop, a 
DAQ card (Model USB-6211, National Instrument, USA), a laser current driver (LDC-
3724B, ILX Lightwave, USA) and a temperature controller (TED200C, Thorlabs, USA). The 
temperature of the DFB laser was set to 13.3 °C. A scan signal (2 Hz triangular-wave) was 
generated by the LabVIEW controlled DAQ card to drive the DFB laser. A WMS technique 
was used for C2H2 detection, which requires a scan and modulation signal (2 Hz triangular-
wave plus a 3 kHz sine-wave) to drive the DFB laser. Furthermore, the signal from the 
detector (PDA10CS, Thorlabs, USA) was sent to the DAQ for data acquisition triggered by 
the signal generation module. 

In the optical part, the light source used was a DFB diode laser (Corning Lasertron, USA) 
operating in the NIR at 1.532 µm. An optical isolator (IO-H-1550APC, Thorlabs, USA) was 
placed in front of the laser source to minimize the optical feedback from the cavity to the 
laser. A collimator (50-1550A-APC, Thorlabs, USA) was used to align the beam, and a round 
beam shape with a diameter of ~0.5 mm was obtained. The visible beam from the alignment 
laser (λ = 632.8 nm) were aligned collinearly with the DFB beam by means of a flip mirror 
(Newport, USA) as a guide beam to assist in the optical alignment of the sensor system. The 
combined beam was coupled into a high-finesse cavity using two plane mirrors of M1 and 
M2. The two mirrors were used to adjust the angle of the incidence beam for achieving a 
good coupling of the laser into the cavity. The optical cavity was 6 cm long consisting of two 
reflective mirrors (99.35% @ 1450-1670 nm, Layertec GmbH, Germany) with a radius of 
curvature of 20 cm. With a selected cavity length of 6 cm, more high-order modes were 
excited in the cavity, the free spectral range (FSR) decreased, and the optical noise became 
relative smaller. This results in a good cavity mode stability, an improved effective optical 
path length with a large transmission signal from the detector. The output of the cavity was 
collected by an achromatic lens (f = 6 cm) and focused on the InGaAs amplified detector. 
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In the gas sampling system, nitrogen (N2) was used as the balance gas to mix with a 1000 
ppmv C2H2 gas to obtain C2H2 samples with different concentration levels via a gas mixing 
system (Series 4000, Environics, USA). 

 

Fig. 1. Experimental setup of the OA-ICOS set-up, including an electrical system, an optical 
system as well as a gas sampling system. DFB: distributed feedback laser; FM: flip mirror; 
M1and M2: plane mirror; HR: highly-reflective mirror. 

2.2. Cage-based absorption cell architecture 

The computer aided design (CAD) image of the cage-based absorption cell is depicted in Fig. 
2(a). The dimensions and mass of the cell are 10 × 8 × 6 cm3 and 1 kg, respectively. The cage 
system with a cavity length of 6 cm consists of cage plates and cage rods, as shown in Fig. 
2(b). The cage plates served as basic building blocks for the cage system. C1, C3 and C5 were 
used to form the cage structure and ensure its stability. C2 and C4 were used to install the 
highly-reflective mirrors separated by a distance of 6 cm. The cage rod was used to connect 
cage plates and optical mounts in the cage system. A tilted window (WG10530-C, Thorlabs, 
USA) combined with a customized flange plate was placed on both sides of the cell to avoid 
interference fringes. The center position of the window should coincide with the center 
position of the cage plate to ensure alignment of the light path. A gas inlet (H1) and outlet 
(not shown in Fig. 2a) were located in front and in the rear of the cell, respectively. A sealing 
ring was placed on top of the cell. Moreover, the absorption cell can be sealed when the 
sealing ring is squeezed to deform as a result of the pressure from the lid (not shown in Fig. 
2a). Figure 2(c) shows the photograph of the fabricated and sealed absorption cell. This kind 
of cell has the advantages of dense mode pattern, easy and fast alignment, good stability, 
strong shock resistance and robustness. In addition, the cavity length can be easily adjusted 
without affecting/worsening the collimation performances. Besides, in order to maintain the 
mirror reflectivity, Teflon polytetrafluoroethylene (PTFE) filter can be used in the gas inlet to 
remove ambient impurities and aerosols, and a frequent change of the filter is needed. Also, a 
small purge flow of zero air or N2 can be injected to both sides of the cavity to keep the 
highly-reflective mirrors clean. 
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Fig. 2. (a) CAD image of the cage-based absorption cell with dimensions of length (10 cm), 
width (8 cm) and height (6 cm). (b) CAD image of the cage system with a cavity length of d = 
6 cm. (c) Photograph of the fabricated absorption gas cell. 
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Fig. 3. (a) HITRAN based absorption spectra of C2H2 (10 ppmv) and H2O (2%) in a spectral 
range from 6523.5 to 6524.4 cm−1 at a pressure of 760 Torr and an absorption length of 9.28 m. 
C2H2 and H2O lines are shown in black and red, respectively. (b) Curves of the DFB laser 
emission wavenumber as a function of the laser drive current at 13.3 °C. 

3. Results and discussion 

3.1. C2H2 line selection 

The C2H2 molecule has an overtone vibrational band near 1.53 µm. At this wavelength, the 
potential spectral interference originates mainly from water (H2O). HITRAN (high- resolution 
transmission molecular absorption database) absorption spectra of 10 ppmv C2H2 and 2% 
H2O in the spectral region from 6523.5 to 6524.4 cm−1 are depicted in Fig. 3(a). The 
simulated conditions were at a gas pressure of 760 Torr, a temperature of 300 K and an 
effective optical path length of 9.28 m. An interference-free C2H2 absorption line centered at 
1532.8 nm (6523.88 cm−1) was selected as the optimum target line. Figure 3(b) shows relation 
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curve of the DFB laser emission wavenumber versus the laser drive current at an operating 
temperature of 13.3 °C. To target the 6523.88 cm−1 C2H2 absorption line, the scan range of the 
driving current was set to 28−58 mA, corresponding to a wavenumber range of 
6523.6−6524.3 cm−1. Based on Fig. 3(a), the half width at the half-maximum (HWHM) of the 
absorption line is 0.062 cm−1. 

3.2. LDAS-based OA-ICOS sensor performances 

For targeting the C2H2 absorption line at 6523.88 cm−1, the DFB laser was operated at a 
current of 47 mA and a temperature of 13.3 °C, which provided an optical power of ~2 mW. 
The scan signal was a trigonometric signal with a frequency of 2 Hz. A peak-to-peak 
amplitude of 1.5V yielded a DFB laser current scan from 28 mA to 58 mA (20 mA/V). The 
sampling rate of the LabVIEW-based DAQ card was set to 100 kHz, resulting in 50000 data 
points per triangular period. Sync sampling was realized by using the scan signal of the laser 
as the triggering signal. The sampling time plus the data processing time is ~2 s to obtain an 
absorption signal. 

A driving current increasing linearly from 28 mA to 58 mA was applied to the laser to 
scan the selected C2H2 absorption line, as shown in Fig. 4(a). The measured cavity 
transmission power and the output voltage from the detector are shown in Fig. 4(a), where the 
cell was filled with pure N2. It can be seen that both the cavity transmission power and the 
output voltage changes linearly with the scan time, which indicates that the output voltage 
also changes linearly with the cavity transmission power. A typical C2H2 absorption signal 
acquired from a known concentration level of 550 ppmv is depicted in Fig. 4(b) together with 
a fitted baseline. In order to obtain the baseline, the absorption peak was removed from the 
absorption spectrum. Next, the remaining data points were fitted by means of a fifth order 
polynomial. The maximum absorption voltage of the detector’s response (V1) was 0.03012 V. 
The red line was the fitted background signal. The non-absorption voltage (V2) on the red line 
was 0.04881 V. The absorbance (A) can be calculated from Eq. (1) 

 1 2ln( / )A V V= −  (1) 

Therefore, the absorbance was determined to be 0.48, corresponding to a light path of 9.28 m 
as compared to the simulation result on the SpectraPlot website [20]. Since the effective 
optical path of OA-ICOS is expressed as / (1 )L d R= − , the calibrated mirror reflectivity of R 

is therefore calculated as 99.35% with a cavity length d of 6 cm, which is consistent with the 
theoretical value. The absorption coefficient (α) as a function of time was calculated, as 
shown in Fig. 4(c). A Voigt line shape was fitted to the absorbance to retrieve the target gas 
concentration [21]. A C2H2 concentration value of 549 ppm was obtained, which is consistent 
with the actual concentration level. Residual between the absorption spectrum and Voigt 
fitting line is shown in Fig. 4(d). In this manner, with a fit residual of 6.4 × 10−6 cm−1 and a 
peak absorption of 5.8 × 10−4 cm−1, a signal to noise ratio (SNR) of 90 was obtained. 

                                                                                              Vol. 26, No. 20 | 1 Oct 2018 | OPTICS EXPRESS 26210 



28 32 36 40 44 48 52 56
0.00

0.02

0.04

0.06

0.08

0.10

0.00

0.02

0.04

0.06

0.08

0.10

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.0 0.1 0.2 0.3 0.4 0.5
25

30

35

40

45

50

55

60

Time (s)

Time (s)

Time (s)

(I,V
1 
)

(I,V
2 
)  

 

(b)

V
o

lt
ag

e 
(V

)

Laser current (mA)

 Absorption signal
 Linear fitting

0.0 0.1 0.2 0.3 0.4 0.5
-6

-3

0

3

6

0.0 0.50.40.30.2
 

 Residual

R
es

id
u

al
 (1

0-6
cm

-1
)

0.1

0

2

4

6

8

(a) (d)

 

 Absorption spectrum
 Voigt fitting

α
 (1

0-4
cm

-1
)

(c)

 

 

O
u

tp
u

t 
vo

lt
ag

e 
(V

)  Output voltage

C
av

it
y 

tr
a

n
sm

is
s

io
n

 p
o

w
er

 (
m

W
)

 Cavity transmission power

L
as

er
 c

u
rr

en
t 

(m
A

)

 Input current

 

Fig. 4. (a) Curves of the cavity transmission light power, the output voltage from the detector 
and the laser current versus scan time within one period. (b) C2H2 absorption spectrum around 
6523.88 cm−1 (black line) with a fitted baseline (red line). (c) Calculated absorbance as a 
function of scan time with a Voigt line shape fitting based on figure (a). (d) Residual between 
the absorbance line and the fitted Voigt line based on figure (b). 
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Fig. 5. (a) Measured maxC2H2 versus calibration time for different C2H2 concentration levels 
ranging from 0 to 300 ppmv. (b) Experimental data and fitting curve of C2H2 concentration 
versus maxC2H2. 

3.2.1. Calibration and data-fitting 

In order to calibrate the sensor, the C2H2 gas samples in the range of 0 to 300 ppmv in steps of 
50 ppmv were prepared using the gas mixing system. The amplitude of the absorption signal 
was recorded for ~3 min with no averaging for each C2H2 concentration level, as shown in 
Fig. 5(a). The measured amplitude for each concentration was averaged and plotted as a 
function of C2H2 concentration, as shown in Fig. 5(b). A linear relation (R-square value: 
0.9967) was observed between the amplitude of the absorption signal (

2 2C Hmax , in mV) and 

the C2H2 concentration (C, in ppmv), expressed as 

                                                                                              Vol. 26, No. 20 | 1 Oct 2018 | OPTICS EXPRESS 26211 



 
2 2C H31.427 max 55.226C = × −  (2) 

3.2.2. Sensor stability 

In order to obtain the detection limit of the LDAS-based OA-ICOS sensor system, the noise 
level was determined by passing pure N2 into the gas cell and subsequent monitoring of the 
detected maximal absorption amplitude. The amplitude was transformed to a C2H2 
concentration based on the relationship of Eq. (2). As shown in Fig. 6(a), the measurements 
of the C2H2 sample with zero concentration were performed over a time period of ~1 h with a 
sampling interval of ~2 s. The total variation range of the measured concentration is from ~30 
to 40 ppmv for a 1 h measurement time. An Allan-Werle analysis was utilized to assess the 
stability of the C2H2 sensor system. As shown in Fig. 6(b), the Allan deviation was plotted on 
a log-log scale versus the averaging time, which indicates a measurement precision of 11 
ppmv with an averaging time of 2 s. Furthermore, a detection limit of 760 ppbv was obtained 
with a 304 s averaging time. 
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Fig. 6. (a) C2H2 concentration measurements of the sample with zero concentration for a time 
period of ~1 hour. (b) Allan deviation plot as a function of averaging time, based on the data 
shown in Fig. 6(a). 

For the calibration data set, the standard deviation of the 3min’s concentration 
measurements on a 50 ppm sample in Fig. 5(a) is ~10.7 ppmv, which is nearly the same as the 
Allan deviation value (11 ppmv) obtain from Fig. 6(b). Based on Figs. 4(c) and 4(d), the 
detection limit estimated from the Voigt fit residual is approximately 550/90 = 6.1 ppmv. The 
difference is probably caused by optical noise, including cavity mode noise caused by 
mechanical vibration and instability of the laser power in long-term tests. The optical noise 
may have some impact on the quality of the measurement, but we can minimize such effect 
by eliminating the background signal, reducing the mechanical vibration, and averaging the 
spectral signals. 

3.3. WMS-based OA-ICOS sensor performances 

In the WMS scheme, data sampling and processing were realized on a LabVIEW-based 
platform. The DAQ card with a resolution of 16 bits and a maximum sampling rate of 250 
ksps was used for signal acquisition and then the obtained signal was sent to the LabVIEW-
based lock-in amplifier for 2f signal extraction. Detailed structure of the lock-in amplifier can 
be found in [23]. The sampling rate of the DAQ card was set to 100 kHz. The low-pass filter 
is a key module of the lock-in amplifier, which has three main parameters, i.e. filter type, 
filter order and cut-off frequency. There are two types of low-pass filters available, i.e. 
Butterworth and Chebyshev. The Butterworth type is preferred due to a more stable 
amplitude-frequency characteristic in the passband. A higher order filter is more helpful in 
denoising but causes a larger delay. The cut-off frequency mainly influences the smoothness 
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of the 2f signal waveform. In this work, through optimization, the used low-pass filter is a 
second-order Butterworth filter with a cut-off frequency of 20 Hz. 

3.3.1. Modulation depth optimization 

In order to improve the detection sensitivity, wavelength modulation and second harmonic 
(2f) detection was applied to the C2H2 sensor system. In WMS, an appropriate selection of the 
modulation amplitude is required to maximize the 2f signal amplitude. The optimized 
modulation depth is 2.2 times of the HWHM of the absorption line [22,23]. In this work, the 
modulation depth was experimentally optimized for a gas pressure of 760 Torr. The measured 
amplitude of the 2f signal for a 350 ppmv C2H2 sample at different modulation amplitude 
were recorded, as depicted in Fig. 7. The maximum 2f signal amplitude of C2H2 is achieved at 
a modulation depth of 0.13 cm−1 and an amplitude of ~0.3 V. Thus a modulation amplitude of 
0.3 V was selected for the sensor system, leading to a modulation coefficient of 2.1. 

0.10 0.15 0.20 0.25 0.30 0.35 0.40

0.4

0.6

0.8

1.0

1.2

1.4

M
o

d
u

la
ti

o
n

 d
ep

th
 (c

m
-1

)

 C2H2 @ 350 ppmv

 
Modulation amplitude (V)

2f
 s

ig
n

al
 a

m
p

li
tu

d
e 

(m
V

)

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

 

 

Fig. 7. Measured amplitude of the 2f signal and the modulation depth as a function of 
modulation amplitude of the sinewave signal. 

3.3.2. Calibration and data-fitting 

For targeting the C2H2 absorption line at 6523.88 cm−1, the DFB laser was operated at a 
temperature of 13.3 °C. The scan signal was a triangular ramp with a frequency of 2 Hz and 
an amplitude of 1.3 V. The sine-wave modulation signal possessed a frequency of 3 kHz and 
an amplitude of 0.3 V. The sampling time plus the data processing time is ~2 s to obtain a 2f 
signal. Sync sampling was realized by using the scan signal of the laser as a trigger signal. 

With the optimized sensor parameters, C2H2 sensor calibration was carried out by using 
diluted standard C2H2 gas with nine different concentration levels in the range of 0 to 400 
ppmv in a step of 50 ppmv. The maximum amplitude of the 2f absorption signal was recorded 
for ~3 min with no averaging for each C2H2 concentration level, as shown in Fig. 8(a). The 
measured amplitude for each concentration was averaged and plotted as a function of C2H2 
concentration, as shown in Fig. 8(b). A linear relation (R-square value: 0.9983) was observed 
between the 2f signal amplitude (max(2f), in mV) and the concentration (C, in ppmv), 
expressed as 

 317.482 max(2 ) 30.723C f= × −  (3) 
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Fig. 8. (a) Measured 2f amplitude, max(2f), versus calibration time for different C2H2 
concentration levels ranging from 0 to 400 ppmv. (b) Experimental data and fitting curve of 
the C2H2 concentration versus max (2f). 

3.3.3. Sensor stability 

In order to obtain the detection limit of the WMS-based OA-ICOS sensor system, the noise 
level was determined by passing pure N2 into the gas cell and subsequent monitoring of the 
detected maximal absorption amplitude. The amplitude was transformed to C2H2 
concentration based on the relationship of Eq. (3). As shown in Fig. 9(a), the entire 
measurements of the C2H2 sample with zero concentration were performed over a time period 
of ~1 h with a sampling interval of ~2 s. The total variation range of the measured 
concentration is from −3 to 4 ppmv for 1 h measurement time. An Allen-Werle analysis was 
utilized to assess the stability of the C2H2 sensor. As shown in Fig. 9(b), the Allan deviation 
was plotted on a log-log scale versus the averaging time, which indicates a measurement 
precision of 1.2 ppmv with an averaging time of 2 s. Furthermore, a detection limit of 85 
ppbv was obtained with a 250 s averaging time. 
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Fig. 9. (a) C2H2 concentration measurements of N2 for a time period of ~1 hour. (b) Allan 
deviation plot as a function of averaging time, based on the data shown in Fig. 9(a). 

3.3.4. SNR level estimation 

A 2f measurement of C2H2 with a concentration level of 550 ppmv was performed to evaluate 
the performance of the developed C2H2 sensor system. Figure 10 shows the acquired 2f signal 
without average with a peak-to-peak amplitude of 0.00183 V. According to the calibrated 
curve shown in Fig. 8(b), the corresponding C2H2 concentration level is 550 ppmv, which is 
consistent with the injected C2H2 concentration. The noise level was determined by the 
standard deviation of the non-absorption wing of the 2f signal, which was 2.08 × 10−6 V (1σ), 
corresponding to a SNR of ∼880 of the WMS-based sensor system. 
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Fig. 10. The obtained 2f absorption spectrum of C2H2 at a concentration level of 550 ppmv at a 
pressure of 760 Torr. 

3.4. Performance comparison 

A performance comparison between the LDAS-based and the WMS-based OA-ICOS is 
implemented and demonstrated in Table 1. Using the LDAS method, the achieved SNR is 90 
when the 1σ limit of detection (LoD) is 760 ppbv for a 304 s averaging time. Using the WMS 
method, the achieved SNR is 880 when the LoD (1σ) is 85 ppbv in a 250 s averaging time. 
Compared to the results obtained with LDAS under the same experimental condition, the 
SNR is improved by a factor of ∼10 while the LoD is about 9 times better by using WMS. 

Table 1. Performance comparison between the LDAS-based and WMS-based OA-ICOS 
sensor systems 

Experimental method SNR LoD (1σ) (ppbv) Averaging time (s) 
LDAS 90 760 304 
WMS 880 85 250 

The advantage of WMS is that the obtained 2f signal amplitude is proportional to gas 
concentration, and the 1/f laser excess noise and baseline slope can be suppressed by selecting 
the optimum modulation depth. Therefore, a better SNR and LoD can be achieved, which 
illustrates good performances of the WMS based OA-ICOS sensor system. Further 
improvements in sensitivity can be made by using highly-reflective mirrors, increasing the 
effective mirror diameter and reducing low-frequency noise. 

4. Conclusions 

An OA-ICOS sensor system was developed by using a compact cage-based absorption cell. 
The low cost and robust cell was designed and fabricated to realize a ~9.28 m effective 
optical path length with a small cavity length of 6 cm, which is less sensitive to harsh 
environmental contamination and requires less maintenance. Experiments were carried out to 
obtain the performance of the sensor system using diluted C2H2 samples. LDAS and WMS 
techniques were adopted in the OA-ICOS sensor system for performance evaluation. 
Compared with LDAS, an enhancement factor of ~10 in SNR as well as a factor of ~9 in LoD 
were achieved by using WMS. A SNR of 880 and a LoD (1σ) of 85 ppbv in an averaging 
time of 250 s was obtained for the WMS based sensor system. The demonstrated OA-ICOS 
sensor system provides a compact, robust, low maintenance and cost-effective tool for trace 
gas sensing without decay in detection sensitivity, selectivity and reliability. 
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