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Abstract: The performance of an erbium-doped fiber ring laser based intra-cavity absorption gas
sensor was evaluated with performance enhanced techniques. A multi-line wavelength sweep technique
and a weighted averaging technique were proposed for better gas detection. By selecting appropriate
system parameters, 6 strong absorption lines near 1 530 nm of C,H> were obtained with good spectrum
resolution in one scanning period. One group with higher absorption coefficients was used for relatively
low gas concentration detection and the other with lower absorption coefficients was used for relatively
high gas concentration. Both the groups can be used for medium gas concentration detection. For various
concentration cases, by choosing proper absorption lines and performing weighted averaging, detection
accuracy can be obtained over an extended detection range. The minimum detection limit could be very
low after optimization.
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In the past twenty years, optical fiber gas sensors based on absorption of light within the range of 1 300 nm-
1 800 nm have attracted great research interests. Numerous mechanisms were demonstrated with desirable features, such
as high Signal-to-Noise Ratio(SNR), high sensitivity, fast response, compact size, immunity to electromagnetic

U1 With these advantages, fiber gas sensors have been successfully used for detecting

interference and ete
methane(CHa), acetylene(C2H2) and ammonia(NHs) in plenty of applications.

To get high detection sensitivity, one of the appropriate schemes is the Intra-Cavity Absorption spectroscopy Gas
Sensor(ICAGS). It offers a simple and robust setup, formed by placing a gas cell into the laser cavity. The greatest
advantage of ICAGS is, the laser beam transmits through the gas cell thousands of times, which effectively increases the
absorption length with compact configuration and enhances the detection sensitivity. Hence even for trace gas, the
sensitivity and detection limit are satisfactory.

By now, researchers have done lots of work about analyzing and enhancing the sensitivity and other performances of the
ICAGS. In 2004, Y ZHANG et al reported an optical fiber gas sensor based on Erbium Doped Fiber(EDF) with 90 times
enhanced sensitivity'". In 2008, K LIU et al proposed an ICAGS using wavelength sweep technique and wavelength
modulation technique, with an improved detection limit of 75 ppm">. M LI et al analyzed the effects of the pump power,
cavity loss, EDF dopant concentration and EDF length on the performance of the ICAGS and provided several selecting
methods of system parameters'~'*. Other researches also conducted work which helps for investigating, designing and
optimizing an ICAGS for different usages"” '*.For the above work, the sensitivity was greatly enhanced, while the
experiments were always conducted in a narrow concentration range. One existing problem is how to get stable, precise
results with high sensitivity in a wide range. In this paper, we will introduce our work on ICAGS with performance

enhanced techniques for accurate gas detection results in an extended concentration range.

1 System configuration

The experimental ICAGS had a hardware part and a software part as shown in Fig.1. The hardware part contained an
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Erbium Doped Fiber Amplifier(EDFA), an optical
isolator, a variable attenuator, a Fabry—Perot Tunable
Filter(F=P TF), a 50:50 optical coupler, a FBG and the

electronic components. The EDFA was used to produce

gain for a lasing operation, the isolator was applied to

ensure one-direction operation and avoid hole burning,

the variable attenuator was used to adjust the output

isolator

detector DAQ&
power. By varying the driving voltage on the TF, the control

operating wavelength of the ICAGS was selected and
the absorption spectrum of C.H, could be scanned. @ tunable
filter

Because there existed a nonlinearity of the F-P TF, a

variable
attenuator

compensation method was applied. The output was Fig.1 Configuration of the EDF based ICAGS
proportional to the gas concentration which was

detected by a Photo Detector(PD) and then transformed into an electrical signal. The electrical signal was amplified by the
pre-processing circuit and collected by a DAQ card. The DAQ card was also applied to provide an analogue driving signal
to control the tuning voltage on the F—P TF. By applying I/0 synchronization techniques in the LabVIEW program that
was controlling the DAQ, one-to-one correspondence between the transmission wavelength and the detected absorption
signal can be realized.

In the ICAGS, the gas cell is the place allowing for the gas absorption of the light. A pair of pig-tailed
Gradient-index(GRIN) lenses and a steel tube with two openings on the side were used to form the gas cell in our ICAGS.
Two GRIN lenses were fixed on a 4-axis adjustable platform with the gas cell between them. By adjusting the platform, the
coupling losses of the GRIN lenses could be minimized. The loss of the gas cell was tested to be less than 10 dB with a

length of about 10 ¢cm. There were two narrow openings on the steel tube so that the gas can diffuse inside and outside.
2 Experimental results and analyses

Based on the system configuration shown in Fig.1, the gas detection was conducted. The software program generated a
saw-tooth driving signal which was amplified to tune the F-P TF and to scan over the operation wavelength range of the
ICAGS. The gas absorption lines of interest were recorded over each scan. The output power of the ICAGS corresponding
to varying driving voltage was collected by the PD in this process. The driving voltage—output power relationship was
translated as the wavelength—output power relationship. Therefore the wavelength, the shape and the amplitude of the
absorption lines were obtained. Because the light intensity of the absorption lines is proportional to the gas concentration,

by comparing the differences of the signal attenuations, the

1.6

gas concentration can be calculated. no acetylene

—_
kN

Here we proposed an improved multi-line wavelength

sweep technique. The driving voltage of the TF was varied 1.2f

. . >
from 8.8 V t0 9.75 V with a scanning step equal to 0.001 7 V. 3 10} line 2:1 529.77 nm

. Lo & line 4:1 530.98 nm
One scan period was about 40 s across the absorption lines. Z s
. E .

In that voltage range, the absorption spectrum of 21.2% 3

. 3 0.6 i .
C:H: and spectrum with no C.H. at room temperature and © 15131238'““

i in Fi 0.4}

one atmospheric pressure are shown in Fig.2. When the A line 3:1 530.37 nm
concentration of C.Ha was 21.2%, 6 absorption lines were 0_2.1“101:1529'18 nm

observed in one scan, the values of each absorption line fine 5:1531.59 nm

varies due to the absorption of C;H»,. The variation of each 89 90 91 92 93 94 95 96 97

. . . . . - driving voltage of TF/V
line is different because of different absorption coefficient Fig.2 Absorption spectra of 21.2% CaHy and no CaHa in the gas cell
(see Table.1). When there was no C;H, no absorption with the driving voltage of F-P TF varying from 8.8 V t0 9.75 V

happened in the gas cell.
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At room temperature and one atmospheric
pressure, the shape of the absorption line
can be assumed as a Lorentzian profile. The
collected data of the ICAGS were discrete

points and required further signal processing.

A series of experimental points near one

single detected absorption line were selected

Tablel Absorption lines and absorption coefficients near 1530 nm

absorption line

central wavelength/nm

absorption coefficient/(cm™/(molecule-cm™))

line 1 1529.18
line 2 1529.77
line 3 1530.37
line 4 1530.98
line 5 1531.59
line 6 1532.20

1.144 x 10
3.977 x 107!
1.211x 107
4.002x 10!
1.165x 107
3.693x 102!

and processed by Lorentzian curve fitting. The position of the fitted Lorentzian profile peak was used as the absorption

central wavelength and its value was taken as 7 (/7 and £ are the signal powers with and without gas absorption according

to Lambert—Beer's law). Then several background signals of the two arms of the absorption profile were selected and fitted

by a polynomial profile. By calculating the value of the fitted polynomial function at the central wavelength of the fitted

Lorentzian profile, & can be obtained. The data processing procedure and the parameters of the absorption line of 42.2%

C.H; are shown in Fig.3.

When the C,H: concentration is 92.6% and 5.5%, respectively, the absorption spectra are shown in Fig.4. We can see

when the gas concentration was 92.6%, Line
1, Line 3 and Line 5 were saturated due to
their high absorption coefficients. In this
case, it was better to choose the signals of
Line 2, Line 4 and Line 6 which were more
precise. When the gas concentration was
5.5%, the signals of Line 2, Line 4 and Line
6 were very weak and had greater
fluctuations which made them not suitable
for use. However, the signals of Line 1, Line
3 and Line 5 were still strong. Therefore, we
say for a relatively high gas concentration,
Line 2, Line 4 and Line 6 have higher

priority because they are not easy to saturate.
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While for a relatively low gas concentration, Line 1, Line 3 and Line 5 are better because they have stronger signal

attenuation compared with that of the other 3 lines. When the gas concentration is medium, all the 6 lines can be used.
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Fig.4 Absorption spectra of (a) 92.6% and (b) 5.5% C,H,

The gas absorption attenuation is assumed as101g

IO

0

and the results of Line 1, Line 3 and Line 5 are shown in

Fig.5 (a)”. When the C.H: concentration is lower than 13%, the relationship between the gas concentration and the
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absorption attenuation exhibits good linearity and Table2 Parameters of the linear fitting Line 1,Line 3 and Line 5
. o . . . 1

the linear curve fitting parameters are given in slope/(dB/percent) intercept o S B
Table 2. With the gas concentration higher than line 1 31.29 -1.00 0.046 4
13%, the relationship between the gas concentration fine 3 30.17 091 00453
line 5 39.36 -1.27 0.057 8

and the absorption attenuation are not linear. That is

caused by the absorption saturation. When the gas

concentration is high while the pump power is not enough strong, the intra-cavity gain cannot compensate the total loss
including the loss induced by absorption and the inherit cavity loss fully. To increase the saturated concentration, the
pump power can be set to a higher value to get enough gain.

The relationships between the signal absorption attenuation and the CoH, concentration of Line 2, Line 4 and Line 6 are
shown in Fig.5 (b). With the concentration varying from 7.6% to 36%, this relationship exhibits good linearity and the
linear fitting parameters are given in Table 3. With the concentration higher than 40%, however, the relationship between
the gas concentration and the absorption attenuation are not linear any longer due to the saturated absorption. For a

higher saturated threshold, the pump power should be

increased and the cavity loss should be made lower. Table3 Parameters of the linear fitted Line 2,Line 4 and Line 6
L 4 . . slope . general

Basically, the saturated concentrations of Line 1, Line 3 percentdB TSP g /B
and Line 5 are lower than those of Line 2, Line 4 and Line line 2 8.860 0 -0.2590 0.060 0
6 because of the relatively high absorption coefficients of line 4 10.1300 -0.3600 0.079 6
line 6 14.150 0 —0.495 0 0.093 8

the former 3 lines.

Based on the multi-line wavelength sweep technique,
absorption lines with higher absorption coefficient can be used for low concentration detection and lines with lower
absorption coefficients can be used for high concentration detection. Hence, the absorption saturation can be avoided to a
certain extent and the results are more reliable. The detection range is extended as well compared with that using only one

absorption line.
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Fig.5 Absorption attenuation versus C;H, concentration

Moreover, different from a single-pass absorption gas sensor, the relationship between the signal attenuation induced by
absorption versus gas concentration is not linear all the time. The pump power, cavity loss and other ICAGS parameters
all affect this relationship. Lines with higher absorption coefficients saturate at lower C2H. concentrations. One of the
simplest and most effective methods to reduce the effects of the saturation is to increase the pump power or decrease the
cavity loss of the ICAGS.

To calculate the gas concentration of C.H., instead of normally averaging the calculated results of 6 absorption lines, a
weighted averaging method was designed. That is, in a certain concentration range, the absorption lines with lower
relative errors or absolute errors have greater averaging weight and vice versa. The case when Line 3 and Line 4 are
selected for calculation is taken as an example, we set the weighted averaging function of the two lines to calculate the

C.H: concentration as below:
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M.C,+M,C
Cavg: 373 44 (1)
M, +M,
M,=1LM, =0, (c<22%
b, =0, (o <22%) @

M, =0,M, =1, (c=22%)

It always chooses the line with relatively lower o )
Table4 Standard deviations between the calculated and real concentrations

errors. For this case, when the gas concentration is

. . ) line 3 line 4 normal averaging nght.(:d
lower than 22%, the concentration of Line 3 with 1 averaging
. . . genera
relatively lower relative and absolute errors is deviation 0.031'6 0.0179 0.0181 0.0157
. . o mean squared
chosen; when the concentration is above 22%, the error 0.021 9 0.005 6 0.007 2 0.005 4

concentration of Line 4 is chosen which has
relatively lower errors in this range. The general deviations of the calculated and real concentrations using single Line 3,
single Line 4, normal averaging method and weighted averaging method are listed in Table4. We can see by applying the
weighted averaging method, the calculation accuracy can be improved effectively. In particular, with proper weighted
averaging factors the detection limit can be lower than 1 500 ppm.

Therefore, based on the improved multi-line wavelength sweep technique, if 6 absorption lines with good resolution in
one scan are applied, the detectable concentration range can be further extended. With a weighted averaging method, the
detection accuracy can be improved over that using a single line or a normal averaging method. To further enhance the

performance of the ICAGS, higher pump power or lower cavity loss can be introduced.
3 Conclusions

In this paper, the performance of the ICAGS in gas sensing was experimentally evaluated. The curve fitting method for
absorption lines recognition and the calculation of the absorption signal were proposed. An improved multi-line
wavelength sweep technique was applied in the ICAGS and 6 absorption lines obtained in one scan were divided into two
groups. According to their absorption coefficients, the ones with higher absorption coefficients were suitable for relatively
low concentration usage and the ones with lower absorption coefficients were suitable for relatively high concentration
usage. Based on the relative and absolute errors at different C.H. concentration, a weighted averaging method of these
lines was proposed with improved detection accuracy. This method also extends the concentration detection range of the

ICAGS compared with conventional gas sensors. The minimum detection limit was lower than 1 500 ppm.
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