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Compact hollow waveguide mid-infrared gas
sensor for simultaneous measurements of
ambient CO, and water vapor

Tao Wu, Weiping Kong, Mengyu Wang, Qiang Wu, Weidong Chen, Chenwen Ye, Rongjing Hu,
Xingdao He

Abstract—A compact, sensitive and stable hollow waveguide
(HWG) mid-infrared gas sensor, based on gas absorption lines
using wavelength modulation spectroscopy with a second
harmonic (WMS-2f) detection scheme, was developed for
simultaneous measurements of ambient CO, and water vapor.
Optimization of the laser modulation parameters and pressure
parameter in the HWG are performed to improve the strength of
the WMS-2f signal and hence the detection limit, where 14.5-time
for CO, and 8.5-time for water vapor improvement in system
detection limit is achieved compared to those working at 1atm. The
stability of the sensor has been improved significantly by
optimizing environmental disturbances, incoupling alignment of
the HWG and laser scanning frequency. An Allan variance
analysis shows detection limit of the developed sensor of ~ 3 ppmv
for CO, and 0.018 % for water vapor, which correspond to an
absorbance of 2.4x107° and 2.7x10°°, with a stability time of 160 s,
respectively. Ambient CO, and water vapor measurement have
been performed in two days in winter and spring separately. The
measurement precision is further improved by applying a Kalman
adaptive filter. The HWG gas sensor demonstrates the ability in
environmental monitoring and the potential to be used in other
areas, such as industrial production and biomedical diagnosis.

Index Terms—Hollow waveguide, wavelength modulation
absorption spectroscopy, carbon dioxide, water vapor.

I. INTRODUCTION

Carbon dioxide (CO,) and water vapor (H,0) are important
atmospheric species, which both regulate the global
temperature change [1] and the growth of the biospheric
vegetation. Measurements of the changes in concentration of
CO, and H,0 across the time and space scales play an important
role in the modeling of the carbon cycle and the water cycle in
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the atmosphere [2,3]. Among numerous trace gas detection
techniques, technique based on laser absorption spectroscopy [4]
is well established for trace gas detection due to its long-term
stability, portability, high sensitivity and selectivity. In order to
improve the measurement sensitivity of laser absorption
spectroscopy technique, folding the optical path within the
sample cell is usually used, including White cell [5], Herriott
cell [6] and high finesse optical cavity [7]. However, these cells
have a large volume (>100ml) [8], a high cost and a large
physical size. Especially, large volume will lead to a low
sampling rate and a high sampling gases and standard gases
consumption, which limits its application in the situation of
requiring simultaneously high sampling rate and high sample
refreshing rate, as well as measurement a small amount of gas
sample (e.g. <10 ml).

The HWG was first proposed by Garmire et al. [9] in 1976. It
has been continuously evolved and spread to numerous
applications [10-17], and is generally defined as a capillary tube
whose core is air and surrounding has a refractive index higher
than 1.0. In order to reduce the light propagation loss, the HWG
is usually coated with a metallic layer of Ag on the inner wall of
the silica glass tubing [18] and then a dielectric layer of Agl
over the metal film [19]. The transmission range of the HWG is
usually from 2.6 to 10.6 um, which is the wavelength region of
interest by a lot of applications in trace gas detection. The
hollow waveguide (HWG), serving as light guides and gas
transmission cell simultaneously, are an elegant alternative to
address both requirements, hence has been regarded as a
valuable gas absorption cell for TDLAS based measurements.
Compared with traditional folded gas cell, a HWG cell has a low
internal volume (several milliliters) and the extended optical
path (several meters) with low cost [15], which causes faster
response times (several seconds) [16] and high sensitivity.
Furthermore, the HWG can be coiled into relatively small
spaces to save gas cell space [20]. Due to the light weight and
compact size of the HWG itself, the use of HWG as the gas cell
of the spectroscopic system can effectively reduce the weight
and size of the entire measurement system. These advantages
make the HWG applied in compact, low-cost, sensitive, and
accurate sensor suitable for environmental monitoring,
industrial production and biomedical diagnosis.
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However, the small physical size of the HWG renders it
susceptible to unwanted mechanical vibrations and temperature
fluctuations. Further, many fiber mode-dependent physical
effects may result in fiber noise. These reasons all lead to
instability of the HWG sensor, especially for long term
operation. In order to solve this problem, Fetzer et al [21]
mounted the HWG with a steel chassis to reduce its mechanical
vibration and used a 5 degrees of freedom mechanical device to
mode-match the laser beam to the input of the waveguide to
reduce the system signal drift. In order to reduce background
noise, Chen et al [22] added a 200 Hz vibration to the HWG
fiber and optimized the vibration amplitude to achieve an
optimal sensor baseline, which hence increased the sensor
sensitivity. So far, only a few studies [21-22] have investigated
the system drift uncompensated by intensity fluctuations of the
HWG based sensor, and no real-time measurements of
atmospheric gases by the HWG based sensor has been reported.

In the present work, a stable and sensitive HWG gas sensor
was developed for simultaneous measurement of atmospheric
CO, and water vapor absorption. The laser modulation
parameters (modulation amplitude, modulation frequency,
reference phase, time constant of lock-in amplifier) and the gas
pressure in the HWG were optimized to achieve the maximum
strength of the WMS-2f signal. Environmental disturbing
(mechanical vibrations and temperature fluctuations), the
influence of incoupling and outcoupling alignment of the HWG
sensor, and the effect of laser scanning frequency are taken into
account to improve the stability of the HWG sensor. The
detection limit and system stabilization time of HWG gas sensor
are comparable with those previously reported values. Finally,
the hollow waveguide gas sensor was used to measure
atmospheric CO, and water vapor simultaneously in the
real-time and the measurement precision was improved greatly
by applying a Kalman adaptive filter.

Il. EXPERIMENTAL SECTION

A. Selection of absorption lines

Measurements of ambient CO, and water vapor require
simultaneously probing of the absorption lines of CO,and H,O
within laser wavelength scanning range. It is demanded that the
selected absorption lines are free from interference from other
species and possess large absorption intensity at the same time.
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Fig. 1 Absorption spectra of 400 ppmv CO2 and 1.2 % H,0 at a pressure of 165
torr with a light path length of 80 centimeter.

Figure 1 depicts the absorption spectral simulation of CO,
and H,O at typical ambient mixing ratios (400 ppmv CO, and
1.2 % H,0) at a pressure of 165 torr near 2.73 wm using the data
from the HITRAN database [23]. The absorption peak of CO, at
3663.85 cm™ and the absorption peak of water vapor at 3663.04
cm™ were selected.

B. Experimental set-up

1) Optical platform and waveguide coupling system

A three-dimensional (3D) view of the HWG-based gas sensor
is shown in Fig. 2. The optical head of the sensor (including
laser, detector, mirrors and mounts) is fixed on the optical
breadboard with a physical size of 45>30x12 cm®, power
supplies and controllers are housed around the optical head. A
2.73 um DFB laser diode (Nanoplus GmbH, Germany) with a
spectral tuning range from 3658cm™ to 3670cm™ and a
maximum output power of 11.2 mW is used to probe CO, and
H,O vapor absorption lines. The DFB laser is packaged in a
TO5 cube, assembled with a thermoelectric cooler (TEC), and
equipped with a collimating lens. The laser beam is coupled into
the HWG gas sensor with two mirrors. To reduce the
interference resulting from indoor air, the distance between
laser and HWG gas cell is shortened as possible. The
custom-made HWG gas cell is formed by a HWG (Polymicro,
HWEAC10001600, USA) with an effective length of 80 cm and
two customized mounts, which are connected together by
silicon glue. A Calcium Fluoride (CaF,) wedged window is
sealed on the mount via an O-ring to prevent leakage of the gas
from the HWG. The volume of the custom-made HWG gas cell
is 0.78 cm®. Light beam exiting the HWG is detected by a
thermoelectrically cooled HgCdTe photovoltaic detector
(VIGO system, PVI-ATE-10.6, Poland).
2) Laser control and data acquisition system

Laser diode is operated with a laser controller (ILX
Lightwave, LDC-3724C, USA). A sine wave (4 kHz) provided
by a lock-in amplifier (Stanford Research System, SR830, USA)
and a sawtooth wave (30 Hz) generated by a function generator
are summed by an analog adder as laser drive signal sent to the
current modulation port of the laser controller. The signal
output of the detector is delivered to lock-in amplifier for obtain
the WMS-2f signals. The in-phase signal of the lock-in
amplifier is acquired by a data acquisition card (ADIink,
DAQ-2010, China) and stored by a Labwindows program
installed in a computer. The data acquisition card is triggered by
the function generator to synchronize the entire signal
processing system.
3) Gas delivery system

As shown in Fig. 2, the CO, samples with different
concentrations are prepared by a dynamic dilution of a 4000
ppmv CO, standard mixture to pure nitrogen. A variety of CO,
concentrations are produced by adjusting the flow rates of two
MFCs (MKS Instruments GV50A, USA). The water vapor
concentration is calibrated using a dew point generator (DPG,
LI-COR, LI-610, USA). A tee-split (‘Bypass’ in Fig. 2) was
used in the outlet of DPG to avoid over-pressurization of the
DPG. The ambient air is sampled through a 4-meter long PFA



tube with a PTFE filter, and a cut-off valve is used to control the
on and off of the sampling. The pressure in the HWG gas cell is
controlled by a pressure controller (MKS Instruments, 640B,

USA), the third MFC (MKS Instruments GV50A, USA) and a
diaphragm pump.

—_

Labwindows!

DAC

Fig. 2 3D view of the developed HWG-based gas sensor for carbon dioxide and water vapor detection. The sensor consists of three sections, including optical
configuration (red line, left-to-right), laser control and data acquisition system (green arrow), and flow handling system (blue line, left-to-right). DPG: dew point
generator, MFC: mass flow controller, LD: laser diode, LC: laser controller, FG: function generator, PC: pressure controller, LIA: lock-in amplifier, DAC: data

acquisition
C. Optimization of system parameters

According to the WMS principle, the values of the 2f signal
are related to modulation parameters (amplitude, frequency and
phase) of the laser and the gas pressure inside the HWG. In the
experiment, diluted sample gases for CO, with a mixing ratio of
4000 ppmv and water vapor with a concentration of 2.3% are
filled into the HWG gas cell, respectively. To initially optimize
the modulation parameters, we increased the modulation
amplitude from 0.02 V to 0.36 V with a step of 0.02 V. In
addition, we also controlled the pressure value from 100 Torr to
400 Torr. The 2f peak height with different modulation
amplitudes and pressure values for both CO, and water vapor
are shown in Fig. 3. There are two opposing effects of
increasing pressure on the 2f absorption signal amplitude:
decreasing absorption peak intensity due to pressure-induced
spectral line broadening and improving absorber number
density. In our case, at pressure range of 100-300 Torr
(Lorentzian regime) the 2f signal intensity become almost
constant due to the canceling of two opposing terms with
pressure, while at high pressure (>300 Torr), the 2f signal

amplitude decreases with pressure.
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Fig. 3 Relationship between the 2f signal amplitude versus modulation
amplitude for CO; (a) and water vapor (b).

As depicted in Fig.3 (a) and Fig.3 (b), for CO, and H,0, it is
obvious that the maximum value of 2f signal peak located at the
point where the modulation amplitude was 0.22 V and the
pressure value was 165 Torr. It is worth stressing that
modulation frequency and reference phase are also optimized.
The optimal modulation frequency and reference phase are
4kHz and 209Yespectively.

Most of the current spectrum measurement systems are using
HWG as the gas cell working at standard atmospheric pressure
[5, 9, 11, 22]. Investigation of the HWG gas sensor detection
sensitivity at a pressure of 165 Torr and 760 Torr was carried
out, 4000 ppmv CO, standard gas and 2.3% water vapor was
respectively sent to the HWG gas sensor. The pressure in the
HWG cell is set for 165 Torr and 760 Torr respectively and the
2f signals were recorded with an averaging time of 28 s. As
shown in Fig.4 (a), the standard deviations of the 2f signals for a
CO, standard gas at pressure of 165 Torr and 760 Torr are
1.15%10°* and 1.5810%, which leads to signal to noise ratios of
about 547.6 and 37.8, respectively, thus the corresponding
minimum detectable concentrations are 7.3 ppmv and 105.8
ppmv. Therefore, the HWG gas sensor for CO, at 165 Torr has a



14.5-time improvement compared to a pressure of 760 Torr.
The standard deviations of 2f signals for water vapor at a
pressure of 165 Torr and 760 Torr are 0.74x10 and 1.14x10°
shown in Fig.4 (b), which leads to SNR of about 183.8 and 20.9,
respectively, the corresponding minimum  detectable
concentrations are 0.013% and 0.11%. Therefore, the HWG gas
sensor for water vapor at 165 Torr has 8.5-time improvement, as
compared to the working of 760 Torr.
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Fig. 4 The 2f signal of the HWG gas sensor at the pressure of 165 Torr and 760
Torr at the same CO; (a) and water vapor (b) concentration.

Mechanical vibrations and temperature fluctuations may
cause drift of the HWG sensor. In order to reduce mechanical
vibration induced instability to the system, the HWG is fixed on
the test optical bench by tape, which has a suspension system to
eliminate vibrations induced by the surrounding environment.
The HWG sensor with all components is packaged in a housing,
which is temperature stabilized in order to reduce ambient
temperature effect. The coupling style between the laser and the
HWG is available by using a focusing lens or in a direct
coupling configuration. Because an additional focusing lens
may produce possible optical interference by parallel optical
surfaces and make the HWG sensor more complicated, direct
coupling configuration is employed here. The laser beam is
coupled into the HWG gas sensor with two mirrors which
possess a 4 degrees of freedom mechanical device adjusting the
collimating laser coupled into the center of the HWG with a
small acceptance angle to reduce the number of excited modes
and corresponding fiber model noise. An aperture diaphragm is
placed between the laser and the HWG to modulate the laser
spot size. The stability of the system for the directing coupling
mode was investigated. CO, sample with concentration of 2000
ppmv was continuously supplied to the HWG cell, while gas

pressure in the HWG cell was adjusted at a value of 165 Torr.
Specifically, the aperture size of the diaphragm was
successively set to 0.7 mm, 1 mm, 1.5 mm, 2 mm, 2.3 mm.
Figure 5 shows the Allan variance for WMS-2f signals obtained
with different aperture sizes of the aperture diaphragm. It is
obvious that decreasing of the laser spot diameter results in
increasing of the system stability time and reducing the Allan
variance values, which is corresponding to available
measurement sensitivity. However, the smaller aperture results
in a smaller SNR, which is not conducive to improve the
detection sensitivity. Hence, the aperture of diaphragm is set to
1 mm. Apart from that, the influences of in-coupling (position of
the laser related to the HWG) and out-coupling (position of the
detector related to the HWG) on system stability are also
investigated [24]. The laser was placed at the central position
for long stability time. The distance between the output of HWG
and the detector was also optimized by the Allan variance
analysis for WMS-2f signals.
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Fig. 5 The Allan variance for WMS-2f signals obtained with different aperture
sizes of the aperture diaphragm.

The laser scanning frequency is found to affect the stability of
the HWG sensor. In order to investigate its impact on the 2f
signal drift, the scanning frequency was increased from 10 Hz to
50 Hz by an incremental margin of 10 Hz each time and the
concentration of CO, in the HWG gas cell remains at 769.2
ppmv. As shown in Fig. 6, the 2f signal amplitude fluctuation
with time for different scanning frequencies was obtained
during 20 minutes successive measurements with 2 s intervals.
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Fig. 6 2f signal amplitude fluctuations with time for different scanning
frequencies.
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Though a faster scan allows for the averaging of more spectra in
the same acquisition time, periodic fluctuation for WMS-2f
peak with the ramp frequency higher than 30Hz was observed.
The scanning frequency of 30 Hz is best for small drift with a
standard deviation (SD) of 0.0072.

D. Calibration

We controlled the pressure inside the HWG gas cell to be 165
Torr. The flow rate of the MFC2 was adjusted by a proportional
value from 0-124 ml/min with a total flow rate of 130 ml/min
and thus the CO, concentration ranges from 0 to 3815.3 ppmv.
The spectra were recorded 10 times at each concentration with
an average measurement time of 2 s. It is noted that although the
theoretical acquisition time is 0.03 s for one spectrum, the actual
measurement time is as long as 0.2 s which includes the
acquisition time, data processing time and storage time. The
change of water vapor concentration is realized by adjusting the
operating temperature of the dew point generator. Water vapor
flow is filled into the HWG gas cell by MFC3. The dew point
temperature was set from 2 <€ to 16<€, which causes a water
vapor concentration ranging from 0.7% to 1.8%. The
calibration of the CO, and water vapor samples was performed
independently. The background signals of the CO, and water
vapor samples were measured with pure nitrogen flowing
through the cell. A plot of the background subtracted 2f signal
intensity versus different concentrations of CO, and water vapor
was respectively shown in Fig. 7 (a) and Fig. 8 (a). The 2f signal
amplitudes of 10 recorded spectra at each concentration were
averaged and the results are respectively plotted in Fig. 7 (b)
and Fig. 8 (b) for CO, and water vapor. There are excellent
linear relationships between the measured amplitudes of 2f
signals and the CO,/water vapor concentrations, which are used
for CO, and water vapor measurement calibrations.
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I1l. SENSOR PERFORMANCE

The system stability and noise feature of the HWG gas sensor
have been analyzed by Allan variance [25] (as shown in Fig. 9),
based on a long time-series respective measurement of CO, and
water vapor data with constant concentrations of 1200ppmv for
CO, and 1.6% for H,O. The results show that the detection
sensitivity of the HWG gas sensor for CO, and water vapor are
about 26.9 ppmv and 0.14 % respectively at an average time of
1s. The detection limit of 3.0 ppmv and 0.018 % can be
achieved with a stability time t of 160s, corresponding to an
absorbance of 2.4x10° and 2.7x10°. The decreasing red line
72 represents the theoretically expected behavior of the system
dominated by white noise. When the average time is smaller
than 1oy, the Allan variance will decrease as the average time
increases, following the red line t™2% Table 1 shows the
minimum detectable absorbance and related sytem parameters
of reported HWG gas sensor. Direct absorption spectroscopy
(DAS) has been used widely for absolute measurement by
integrating the spectral absorbance without calibration.
However, the WMS-2f enable effectively suppresses the 1/f
noise by using a higher modulation frequency (~kHz) and hence
minimum detectable absorbance using WMS is usually lower
than that using DAS. Wavelength Modulation Spectroscopy
with second harmonic normalized by the first harmonic
(WMS-2f/1f) avoids the effect of laser intensity variation.
Compared to the minimum detectable absorbance (order of 107°)



and system stabilization time (160s), the developed HWG gas
sensor can achieve a relatively good performance in terms of
stability and sensitivity and is ideal for atmospheric gas
detection. Detection limit of the HWG based sensor may be
improved significantly by increasing the length of optical path
via increasing length of the HWG or placing two dielectric
mirrors with modest reflectivity at the two ends of the HWG to
build a multi pass cavity.
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Fig. 9 The Allan variance plot of CO; (red line) and water vapor (pink line). The
Y2 (black line) indicates that the Allan variance is only affected by white
noise.

TABLE |
Detection limit and reported system parameters of HWG gas sensor
. Stabiliz
Referenc  Waveleng Method Optical ation Absorbance
e th length .
time
[5] 3.37 um WMS 5m 1255 1.1<10°
2f/1f (CH3SCH3)
[9] 7.82 um DAS 5m 300s 6.3x105
(CHy)
[11] 326pum  WMS2f  33m 245 5x107
(C2oHa)
[14] 3337nm  WMS 2f 5m 164 s 7.4x10°®
(CH3SCH3)
[15] 3392nm  WMS 2f 5m 295s 3.6x10°
(CH3SH)
[16] 3392 nm WMS 75cm 9s 5.2x10°®
2f/1f (CHq)
[17] 2003 nm DAS 12 cm 3s 1.2x10°
(COy)
[18] 3393 nm DAS 5m 1.84s  1.34x10%(C
HaSH)
[22] 23um  WMS 2f 3m 100s  order of 10°°
(CO) .
Our 2(4(1;610)
present  2.73um  WMS2f  80cm 160s 2.
work 2.7X10
(H20)

To evaluate the response time of the HWG gas sensor, the
dynamic measurements of about 30 minutes with an average
time of 1 s for different diluted CO, concentrations are shown in
Fig. 10. The time interval between each CO, concentration
value applied to the HWG gas sensor is about 4 mins, in which
the total flow rate is set to be 130 ml/min and the CO,
concentrations range from 0 to 3150 ppmv. The 10-90 %
response time t, and the 0-10 % delay time t4 of the HWG gas
sensor those are shown in the inserts in Fig. 10. The response

time t; in rising and falling process are about 12 s and 9 s,
respectively, while the delay time tyis around 3 s.
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Fig. 10 Response time of the HWG gas sensor.

IV. REAL-TIME ATMOSPHERE MEASUREMENTS

Successive measurements of ambient CO, and water vapor
were made at Nanchang Hangkong University. The HWG gas
sensor was deployed in laboratory. The ambient air was filtered
by a PTFE filter and then sampled through a 4-meter long PFA
tube. Experiments covered two seasons: the winter of 2018
(black points) and the spring of 2019 (blue points). Each
measurement time was 5.5 hours with an interval of 1 s, as
shown in Fig. 11. To further improve the detection sensitivity
and the measurement precision, Kalman filtering [26] was
applied in this work. Kalman filtering is an adaptive filtering
technique which uses a recursive procedure for “true value” 3

prediction based on the previously determined “true value” 5AH
and the measured value z, , as expressed by the following
equation;

5Ak = Sk-l +Ky (Zk _Sk—l) 1)

Ky is the Kalman gain, which is related to the measurement noise
(¢%) and the true concentration variability (¢%,). The filter

tuning parameter p is defined as O'V2 / szv . With a smaller p, the

filtering is less efficient in removing the shot-to-shot real-time
noise; conversely, when p is too large, the filtered result will lag
behind the true variation in concentration [27].

In this work, ¢, was determined by the standard deviation of
the first 10 measurements. The value of p was set from 10 to
3000. Considering the improved precision and appropriate time
response, the p value of 600 was selected. The red line and the
pink line in Fig. 11 show the Kalman filtering results. Compared
to the concentration of CO, in spring, the winter concentration
was higher due to the increased fossil fuel combustion caused by
winter heating and weakening of plant photosynthesis. We
select the smallest changes of CO, and H,O concentrations
around 5h for comparison of measurement precision between 1s
raw data and the Kalman filter. The standard deviations of CO,
and water vapor measurement data in the blue box of Fig. 10
were calculated and shown in Fig. 11. The 1 second raw
measured concentrations yielded a 1 ¢ precision of 26.54 ppmv
for CO, and 0.058% for water vapor, respectively. The



measurement precision of CO, and water vapor of the Kalman
filter results were 9.22 ppmv and 0.027 %, improved by almost
2.9 times for CO, and 2.1 times for water vapor respectively.
The Kalman filtering technique can efficiently reduce the

Hour of day in winter

shot-to-shot real-time noise and improve the measurement
precision without affecting the time resolution and can improve
the quality of the system real-time measurement results.

Hour of day in spring
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Fig. 11 Time series of atmospheric CO, and water vapor in two days in winter and spring with 1s measurement data and Kalman filter results. The standard
deviations of CO, and water vapor measurement data in the blue box were shown. The measurement precision of the Kalman filter results were improved by almost
2.9 times and 2.1 times than those in 1s measurement data for CO, and water vapor respectively.

V. CONCLUSION

In this paper, an ultra-stable and high sensitivity HWG gas
sensor is reported for the simultaneous measurements of CO,
and water vapor in ambient air by a comprehensive study and
optimization of different parameters in the system. The laser
wavelength modulation parameters and gas pressure in the
HWG were optimized to improve the strength of the WMS-2f
signal, and hence the detection limit, where 14.5-time for CO,
and 8.5-time for water vapor improvement in system detection
limit were achieved compared to that working at atmospheric
pressure. The influence of different parameters, including light
coupling style and the scanning frequency of the laser were
investigated. Our study showed that light coupling plays an
important role to the stability of the HWG based sensor system.
The scanning frequency is also found to affect the stability of
the HWG sensor. After parameter optimization, the developed
HWG gas sensor achieves a relatively good performance in
terms of stability time (160s) and sensitivity (3 ppmv for CO,
and 0.018 % for water vapor), which is important for real-time
atmospheric gas detection. Ambient CO, and water vapor has
been simultaneously measured by the developed HWG gas
sensor for two days in winter and spring separately. A
measurement precision with an average time of 1s by applying a
Kalman adaptive filter obtains a 2.9-time improvement for CO,
and 2.1-time improvement for water vapor compared to raw

measurements. In summary, this work demonstrates the ability
of HWG gas sensor for environmental monitoring and potential
to be used in other areas, such as industrial production and
biomedical diagnostics.
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