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Abstract: An optical multi-component gas detection system based on the conjugated interferometer
(CI) is proposed and experimentally demonstrated. It can realize the concentration detection of
mixture gas in the environment. The CI can transform the absorption spectrum of the target gases to a
conjugated emission spectrum, when combining the CI with the broadband light source, the spectrum
of output light matches well with the absorption spectrum of target gases. The CI design for different
target gases can be achieved by replacing the kind of target absorbing gas in the CI filter. The
traditional fiber gas sensor system requires multiple light sources for detection when there are several
kinds of gases, and this problem has been solved by using the CI filter combined with the broadband
light source. The experimental results show that the system can detect the concentration of
multi-component gases, which are mixed with C,H, and NH;. Experimental results also show a good
concentration sensing linearity.
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1. Introduction

The multi-component gas detection has played a
significant role in many fields, such as in the
atmospheric condition detection, the safe operation
of the transformer, industrial process control, and
medical diagnosis [1-3]. The optical gas detection
technology based on Beer-Lambert’s law is widely
applied in detecting different kind of gases such as
carbon dioxide, methane,

carbon monoxide,

hydrogen, and acetylene. Tunable diode laser

absorption spectroscopy (TDLAS) is one of the most
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commonly used gas detection methods with high
sensitivity. The system based on the distributed
feedback (DFB) laser [4—5] has narrow line-widths
whose wavelength can be precisely tuned to match a
gas absorption line, giving high spectral power
density. However, DFB
disadvantages, for example, they are generally

lasers have several
expensive and gas specific. Hence, a separate DFB
laser is often required for each gas absorption line of
Besides, it
multiple-component gas due to the wide distribution

interest. cannot be applied in

of gas absorption lines.
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The selection of a light source plays a vitally
important role in the spectrum absorption gas sensor
system. Worldwide researchers have proposed

various methods to solve this problem. The
bandwidth of a broadband source is typically 20nm
— 100nm and can cover absorption lines of multiple
types of gases, such as C,H,, CO, CO,, H,S, and
NHj;, which have absorption lines in the range of
1510nm to 1590 nm. For its stable performance,

long service life, easy operation, and wide range, the

broadband source is widely used in the gas detection.

Broadband sources combined with optical filters to
choose the gas absorption lines provide a good
choose for the gas detection system. Applications of
a broadband light source with filters of the gas
sensor have been reported of which some are based
on the fiber Bragg grating (FBG) [6], Fabry-Perot
etalon [7-9], and the filter plate [10, 11]. In addition,
using the method of the comb filter [12], the
broadband light source can accurately match a
Fiber
interferometers have been reported using as a filter,

plurality of CH,; gas absorption lines.
for example, the filters based on the Michelson
interferometer principle [12] and Mach-Zehnder
interference [13] principle combining with the FBG
or other optical devices to achieve quality
narrowband transmission filter can be used in the
vicinity of the gas absorption 1 550 nm. Spectral
matching with the gas absorption lines is the most
challenging part of the filter approach.

Recently,
detection method based on the conjugated
interferometer (CI) filter [14], which transforms

the absorption spectrum of the sample gas to a

we have proposed single gas

conjugated emission spectrum. Here, a comb light
source which emits light at gas absorption lines is
produced. However, for the previous case, the CI
filter essentially acts as a single gas. In the present
study, based on the broadband light source, the CI
filter can be designed as the output of the
wavelength light source matching the absorption
lines of the multi-target gases so as to be used in
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the multi-gases detection system. By changing the
gases in the CI filter, it can produce the optical
output corresponding to multiple gases, and the
to their

absorption lines of the gases, which greatly

output exactly corresponds intrinsic

improves the low sensibility caused by the
broadband light source. It provides a solution to the
simplicity of gas selection in the light source. In the
paper, the experimental results show that the system
can detect multi-component gases concentrations,
which are mixed with C,H, and NHj;, and achieve a
good concentration sensing linearity.

2. Principle of conjugated interferometer

2.1 Design of conjugated interferometer

The CI is the key component of the gas sensing
system. As shown in Figs. 1(a) and 1(b), the light
source of the multi-component gas detection system
consists of a broadband light source cascade CI filter.
The CI includes two collimators and a sandwiched
etalon. The etalon has two units: reference cell and
absorption cell. The absorption cell is filled with the
high concentration absorptive multi-gases for target
gases wavelength, and the reference cell contains
gas which is non-absorptive for target gases and its
refractive index is closed to absorptive gas. We
choose NH; and C,H, for garget gases in the paper.

The light from a broadband source is split into
two parts by etalon and injected into two units. The
amplitude powers can be expressed as

L(A) =, rI(A) x[1-a(A)] (1)

L(A) =y, 1=n1(4) 2

where [;(4) and (1) are the amplitude powers of

the absorption and reference units, 7, is the
insertion loss, 7 is the splitting ratio of gas etalon,
1(A) is the incident light intensity, and o(A1) is the gas
absorption coefficient.
The output light intensity of the CI filter at the
optical spectrum analyzer (OSA) is
1,(2) = 0, [1} + 2 + 24D, (A)co &gl (3)

where Ag is the phase difference between the two
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units, and 7, is the coupling coefficient from the etalon to the other fiber coupled collimator.

Reference cell

Absorption cell

e
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Fig. 1 Gas conjugated interferometer: (a) plan view of CI, (b) top view of CI, and (c) working principle of CI.

If = 50%, (3) can be simplified as follows:
1, (D) =11, {1 —%a(/l) +[1—a(4)]cos A(p}l(/‘t).
4)

From (4), we can find that the transmission light
intensity /, depends on the gas absorption coefficient
o and the phase @. When the phase different ¢ = 7,
(4) becomes

1,(A) = %au)mmlw L6

The important role of the phase difference can be
expressed as

Ap = %(AnL / cosf) (6)

where A n is the refractive index difference of the
gases filled in two air cells, and @ is the incident
angle. As shown in Fig. 1(c), the optical path
difference AL in two gas cells is resulted from
different refractive indexes and the shift of the
rotation angle 6. Different values of An correspond
to different output values of AL, which also results
in a change in ¢ accordingly. In this essay, the =
phase shift condition can be achieved by altering the

optical path difference (OPD) of the reference cell
and absorption cell (AL). From (6), we can find that
when AL = (4/2)- 2n+1),(mn=0,1, 2,>*), the x
phase shift condition is achieved. In order to make
the absorption peak of the measuring spectral range
flip at the same time, we must make the interference
period greater, AL smaller, and the refractive indexes
of two air cells as close as possible. Our targets
gases are C,H, and NH;, whose gas refractive
indexes are 1.00051 and 1.000376. Then we choose
CH, with a refractive index of 1.000444, which has
the most similar refractive index but at the same
time whose absorption peak would not overlap with
the target gas.

2.2 Achievement of multi-component optical
output

The  performance of the  conjugated
interferometer depends on the Ag@, o, and the
splitting ratio. We simulate and compare their effects
around two assumed gas absorption lines at 1529nm
and 1531 nm. The results are shown in Fig.2. In the

design and adjustment of the CI, controlling the
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parameter A to interval (0.9z, 1.1x) and the
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splitting ratio to (0.3, 0.5) is better.
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Fig.2 Simulation transmission spectra of CI: (a) phase difference and (b) splitting ratio changes.

In a gas CI, we can simultaneously filter
multi-component gases, so that among the outputs of
the light source, we can obtain various light outputs
of multi-component corresponding to gas absorption
lines. As shown in Fig.3, we use acetylene (C,H,)
and ammonia (NH3) as absorptive gases, which have
absorptions in the wavelength range of 1510nm —
1535nm and methane (CH4) as the reference gas
which has no absorption in the range of 1510nm —
1535nm. By adjusting the incident € to change the
OPD, the 7 phase shift condition is achieved. The
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gas absorption curve of the target gas is obtained by
collecting the spectrum through the OSA. Figure 3
shows the transmission of the CI, and Figs.3(a) and
3(b) show two target gases absorption peaks in the
range of 1527 nm — 1532 nm and 1511 nm -
1516 nm. In these ranges, two target gases have
some strong absorption peaks and do not affect each
other. Figures 3(c) and 3(d) show the wavelength
peaks of the CI match well with two target gases
absorption lines throughout the wavelength ranges
of 1527nm—1532nmand 1511 nm—1516nm.
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Fig.3 Analysis of the CI filter: (a) absorption of C,H; and NH; (1527 nm — 1532nm), (b) absorption of C,H, and NH; (1512nm —
1516nm), (c) CI filter output (1 527 nm — 1532 nm), and (d) CI filter output (1 512nm — 1 516 nm).
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Figure 4(a) shows the CI transmission spectrum
range of 1510nm — 1535nm. The wavelength peaks
of the CI match well with the gas absorption lines at
the wavelength of 1510nm — 1535nm from Hitran
database [15]. Only light close to the gas absorption
lines can effectively pass the CI. The background
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Optical power (dBm)
&
I
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1512 1516 1520 1524 1528 1532
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(a)

light, detection

sensitivity, is minimized with our CI. After that, we

which wusually limits the gas
test the stability of the CI at room temperature and
record the output spectrum of the CI 2 hours by
every 10min. As shown in Fig.4(b), the CI has a
good stability.

30 Time (min)
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ds
X

1512 1516 1520 1524 1528
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Fig. 4 Gas conjugated interferometer: (a) spectrum of CI and (b) stability of conjugated interferometer.

3. Optical gas sensor
multi-component gas

system for

We used C,H, and NH; gases as sample gases to
test the multi-component gas concentration detection
detection

system. The multi-gas system was

analyzed by qualitative and quantitative analysis.

3.1 Multi-gases qualitative experiment

The gas cell with a long-length of 1 m was
connected to the CI filter to verify the feasibility of
gas concentration detection. The results are shown in
Fig.5, when the different concentrations of NH; and
C,H,, respectively were filled in the gas cell, using
the OSA on the spectrum acquisition. Due to the fact
that the CI output contained the spectrum absorption
information of C,H, and NHj, when there was only
one type of gas in the testing gas cell, for instance,
under the condition that one of the testing gases was
C,H, gas, the output would be acetylene gas
concentration information. When the optical signal
contained the C,H, gas concentration subtracting the
initial signal, the insertion loss of testing gas was

negligible, since the NH; concentration did not
change, the acquired signal would contain the C,H,
but the NH;

information

concentration information only,

absorption  spectrum would be

eliminated.

prowtnl () “ )

source

| Absorption cell |

CI filter l OSA
Fig. 5 Schematic of multi-gas basis verification test.
The two gases were analyzed by the above
mentioned treatment method. Respectively, the
1 000 ppm and 2 000 ppm concentrations of C,H,,
and the 0.5% and 1% concentrations of NH; were
filled into the detected gas cell. The four signals
were collected from the OSA subtracting the initial
signal, respectively. The results obtained are shown
in Figs.6 and 7. The concentration information of
the corresponding gas matches well with the
absorption spectrum information, and with an
increase in the concentration, the absorption is
stronger, which is consistent with the theory

deduction.
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Fig. 6 Comparison of NHj; of different concentrations after data process: (a) 0.5% NH; (1 510nm-1535nm), (b) 1% NH; (1510nm
—1535nm), (c) 0.5% NH; (1511nm — 1516nm), and (d) 1% NH; (1511 nm — 1516 nm).
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Fig.7 Comparison of C,H, of different concentrations after data process: (a) 1000 ppm C,H, (1510nm — 1535nm), (b) 2000 ppm
C,H, (1510nm — 1535 nm), (c) 1000 ppm C,H, (1527 nm — 1532 nm), and (d) 2000 ppm C,H, (1527 nm — 1532 nm).
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3.2 Multi-gas experiment

The schematic setup of the sensor prototype and
its testing system are shown in Fig.8. The system
selected a broadband light source with a wavelength
range of 1510 nm — 1540 nm and a 1-m-length
detection gas cell, and the optic propagation loss in
the entire cell was less than 0.5dB. The light output
of the CI was divided into two beams by a 90:10
coupler. The light beam with 10% power was
detected by photo detector 1 (PD1) and served as a
reference to compensate the source power
fluctuation. Another light beam with 90% power
passed the detection gas cell and an isolator, and
then got detected by PD2. Data were recorded with a

16-bit data acquisition card.

Broadband Reﬁren ce cell
source Absoxpuou cdl pr—

Data
acquistion
card

IMixedgzs meter ” Gas treatment

Fig. 8 Schematic of multiple gases detection system.

A reference channel was used to compensate for
changes in the emission of the source, which were
assumed to affect the reference and test channel
wavelengths in the equal proportion. This
relationship tended to result from the influence of
the optoelectronic devices (such as coupler and PD).
Thus, before the experiment, we should set a zero
value calibration in the system to maintain that the
concentration of the target gas was 0 (filled with
pure N,) in the test cell, so there was a fixed linear
relationship between the two signals collected. The
experiment was carried out by introducing the gas of
different light

intensities of the two signals. Then we processed the

concentrations and collecting

light intensity by the linear relationship obtained by
the calibration value of zero, and we could obtain

complete gas concentration information after doing
the difference.

A mixture of NH;, C,H,, and N; (99.99%
concentration) was tested as the sample. The NH;
concentration was altered at 0.1% step in the range
of 0% — 1% by a mixing system (LFIX-2000), and
the C,H, concentration was altered at 200 ppm step
in the range of 0 ppm — 2 000 ppm. For each step
change in the concentration applied, a total of 2min
was allowed for passage of gas down the connecting
the cell. At each
from the test and

pipe work, diffusion into
concentration step, signals

reference channels were recorded by data
acquisition and the data were processed by the
method mentioned above. The results are shown in
Fig.9. There were 10 concentrations of two target
gases spectra information. Figure9 reflects the result
of subtraction between two channels in various gas
concentrations. The main different fluctuations
mainly concentrated on the range (1511 nm-1516
nm) of C,H, and the range (1527 nm-1532nm) of
NH; absorption spectra, but no fluctuations in other
wavelength ranges. The result could be determined
accurately to reflect the concentration of the gas.

The ranges of the gas absorption peaks of
1511 nm—1 516 nm and 1 527 nm-1 532 nm were
selected corresponding to NH; gas and C,H, gas,
respectively, and the wavelength range was
integrated in order to eliminate subtraction errors
caused by a low concentration. The integral value
was the change in the light intensity information
corresponding to the gas concentration. According to
the Lambert-Beer law, the concentrations of the
C,H, and NHj are in a linear relationship with the
absorbance change Al. The calibration curve is
shown in Fig. 10. Figure 10(a) is a linear fit chart
with a scale from 200ppm to 2000ppm C,H,, and
Fig. 10(b) is a linear fit chart with a scale from 0.2%
to 1% NHj. The figure shows a good linearity of the
two curves, R°=0.9987 and R*=0.9968. The lowest
detections of the system are 20 ppm of C,H, and

0.01% NHs.
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Fig. 9 Data process of the gas concentration test: (a) NH;
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4. Conclusions

In this program, an optical multi-component gas
sensor detection system based on the conjugated
interferometer has been set up. The CI can transform
the absorption spectrum of the target gases to a
conjugated emission spectrum, and when combining
the CI with the broadband light source, the spectrum
of output light matches well with the absorption
spectrum of target gases. The CI design for different
target gases can be achieved by replacing the kind of
target absorbing gases in the CI filter. Concerning
the multi-component gas detection, the differential
detection system based on the CI developed in this
paper
multi-component gas detection, and the inversion of

can be applied in the detection of
gas concentration with the output result of the
system can be highly reliable as well. According to
the experimental results, the system can be
applicable in the multi-component gas concentration
detection under the coexistence of various gases.
The lowest detection of system is 20 ppm of C,H,

and 0.01% NHs.
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