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Abstract: The up to date progress of fiber sensing technologies in Tianjin University are proposed in 
this paper. Fiber-optic temperature sensor based on the interference of selective higher-order modes 
in circular optical fiber is developed. Parallel demodulation for extrinsic Fabry-Perot interferometer 
(EFPI) and fiber Bragg grating (FBG) sensors is realized based on white light interference. Gas 
concentration detection is realized based on intra-cavity fiber laser spectroscopy. Polarization 
maintaining fiber (PMF) is used for distributed position or displacement sensing. Based on the before 
work and results, we gained National Basic Research Program of China on optical fiber sensing 
technology and will develop further investigation in this area. 
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1. Introduction 

Relying on national-level key disciplines 
“Optical Engineering”, the Key Laboratory of 
Opto-electronics Information and Technical Science 
(Tianjin University), Ministry of Education, has 
received a series of national research projects and 
gained large experimental platform and equipments 
worth of 35 million yuan. The researches of Tianjin 
University are always focused on fiber optical 
sensing technology and the related detection 
technologies for many years. And we have received 
remarkable results in the field of high temperature 
sensor [1, 2], parallel demodulation of extrinsic 
Fabry-Perot interferometer (EFPI) and fiber Bragg 
grating (FBG) sensors [3, 4], gas concentration  

sensing technology based on intra-cavity [5, 6], 
distributed sensing based on polarization 
maintaining fiber (PMF) [7-10] and so on. Tianjin 
University has taken on Natural Science Fund of 
China, 863 project, major programme of National 
Development Planning Commission, large project of 
Tianjin, and other provincial or ministerial funds for 
more than twenty research projects. We have gained 
several Scientific and Technological Progress 
Awards at provincial or ministerial level, and have a 
number of national patents. Based on the previous 
work and results, Tianjin University gained National 
Basic Research Program of China (973 Program) for 
optical fiber sensing technology. We will focus on 
the research of gas pressure sensing and biologic 
optical sensing based on optofluidics theory. 
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2. High temperature sensor 

Fiber-optic temperature sensors offer unique 
advantages. Therefore, optical fiber sensors have 
been widely adopted and applied in different areas 
for temperature measurements. Those based on FBG 
technique have attracted much attention [11, 12], but 
the fabrication process is rather complex and the 
grating is fragile. A fiber-optic temperature sensor 
with extremely simple structure was presented in 
Tianjin University [1, 2], based on the interference 
of selective high-order modes in circular optical 
fibers. When a single-mode fiber (SMF) is 
connected to a multi-mode fiber (MMF), different 
modes can be excited in the MMF and supported by 
the MMF. The relative wavelength variation caused 
by temperature change can be expressed as 
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where n  is the refractive index, a  is the core 
radius, L  is the length of MMF, α  and ξ  are 
the coefficient of thermal expansion and the 
thermo-optic coefficient of MMF material 
respectively. The temperature can be measured by 
detecting the wavelength at which a maximum or 
minimum interference occurs between selective 
higher-order modes. 

A schematic diagram showing the structure of 
the temperature sensor is depicted in the inset of  
Fig. 1. The sensor was fabricated by connecting a  
50 mm long MMF with a core radius of 52.5 μm and 
a cladding radius of 62.5 μm to a standard 
communications SMF by fusion splicing. In order to 
make a single-ended sensor, the free end of MMF 
was cleaved to achieve a surface perpendicular to 
the fiber axis. This end surface served as a mirror 
reflecting the light reaching that surface back to the 
MMF. Among the modes excited in MMF, the LP06 
and LP07 modes have the largest coupling 
coefficients. At the interface between SMF and 
MMF, the modes in MMF are coupled to LP01 mode 
in SMF. 

 
Fig. 1 Schematic diagram of the experimental setup. The 

inset shows the structure and parameters of the developed 

temperature sensor. 

In order to test the ability and performance of 
fiber sensor for temperature measurements, the 
fabricated sensor was attached to a thermocouple, 
which was connected to a digital temperature meter, 
and inserted them into a furnace. The measured 
wavelength shifts under different temperatures are 
shown in Fig. 2. It can be seen from the 
experimental data that the wavelength shift varies 
linearly with temperature changes in the range of 
100 ℃  to 750 ℃  with an average temperature 
sensitivity of 15 pm/℃ , which is similar to the 
temperature sensitivity of the surface relief FBG 
sensor. 

 
Fig. 2 Measured wavelength shifts under different 

temperatures. 

Compared to other fiber-optic temperature 
sensors, this sensor features an extremely simple 
structure and fabrication process, and hence a very 
low cost. Moreover, the sensors have the potential 
for high-temperature applications. With the current 
design, a cleaved surface was used as a reflection 
mirror, which provided very low reflection. In order 
to increase the reflectivity, we are now testing fiber 
mirrors formed by coating aluminum on the surface 
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of MMF end. 

3. Parallel demodulation of EFPI and 
FBG 

Structure health monitoring systems have 
attracted widespread attention and have been applied 
to many industrial fields. Since two-parameter or 
multi-parameter measurement, such as simultaneous 
strain and temperature measurement, is demanded 
by structure health monitoring, some combinations 
of optical fiber sensors make use of the difference in 
optical fiber sensors’ sensitivity to different 
measurands to construct a sensing matrix and then 
obtain the measurands through inverse calculation. 

A parallel demodulation system for extrinsic 
EFPI and FBG sensors was presented based on a 
Michelson interferometer and combined the methods 
of low coherence interference and Fourier transform 
spectrum [3, 4]. The experimental setup is shown in 
Fig. 3. An amplified spontaneous emission light 
source with a wavelength covering 1525 nm to  
1610 nm and 10 mW of output power is used as a 
broadband source. A piezo linear motor stage is used 
as optical path difference (OPD) scanning stage. A 
retroreflector prism is installed at the scanning stage 
as an interference arm of Michelson interferometer. 
A measurement and control platform based on a 
personal computer can control the movement of the 
scanning stage and record the interferogram. 

 
Fig. 3 Parallel demodulation system of an EFPI and a FBG 

sensor: GRIN(gradient-index). 

There exists Fourier relationship between light 
source spectrum )(kS and the ac term of its 
interferogram ( )I Δ :  

( ) ( ) ( )cos 2S k I k dΔ π Δ Δ
∞

−∞
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where k  is the wave number of light source, Δ  is 
OPD. When optical signal from FBG array is 
regarded as light source )(kS , the wavelength of 
FBG can be obtained through fast Fourier transform 
(FFT) transform of interferogram. 

The output of low finesse EFPI can be regarded 
as two-beam interference. Its output from an ideal 
Fourier transform spectrometer can be expressed as 
[13] 
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(3) 
where ( ) ( )02 cos 2g kΔ π Δ  is the ac term of a 
broadband source. It shows that three similar 
interference fringe packets will exist in the output of 
Fourier transform spectrometer and center on 0Δ = , 

sΔ Δ= , sΔ Δ= − respectively. Three centers are also 
peaks of interference fringe packets. Thus the 
distance between peaks gives the information of 
EFPI cavity length. 

Signals from EFPI and FBG sensors are obtained 
simultaneously by scanning one arm of Michelson 
interferometer, and Fourier transform spectrum is 
used to process the signals and retrieve both the 
wavelength of FBG and the cavity length of EFPI at 
the same time as shown in Fig. 4. Fourier transform 
spectrum of whole interferogram is the overlapping 
spectrum. The overlapping spectrum region is 
limited to a small range. So the rest of the spectrum 
caused only by EFPI, can be used for the cavity 
length calculation. The Fourier transform of the 
local interferogram yields the wavelength of FBG. 
The experiment showed that the demodulation 
system worked well with measurement errors of 
14.4 pm for FBG wavelength and of 0.81 mm for 
EFPI cavity.  
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Fig. 4 Interference fringes in spatial domain and 

corresponding spectrum character in spectrum domain: (a) EFPI 

and (b) FBG.. 

The wavelength of FBG and the cavity length of 
EFPI can be used to determine the strain and 
temperature. Thus multiparameter detection is 
realized in this system at the same time. 

4. Gas concentration sensing based on 
intra-cavity 

Detection of pollution gas is important in 
environmental and pollution monitoring, which can 
be used widely in mining and petrochemical industry. 
Fiber optical spectrum absorption at near-infrared 
(NIR) wavelength is widely used for gas detection 
due to its essential advantages. There are several 
methods, among which intra-cavity laser 
spectroscopy is a novel way for gas detection. 

The schematic diagram of a gas sensing system 
based on intra-cavity laser is shown in Fig. 5 [5, 6]. 
The system contains an erbium-doped fiber 
amplifier (EDFA), an Fabry-Perot (F-P) type tunable 
optical filter, a gas cell, a photo-detector, and an 
isolator. The EDFA is pumped by a 980 nm pump 
laser via a 980/1550 WDM coupler. The gas cell 
with a reflector is coupled into the main cavity by a 
circulator after being selected by an optical switch. 
The photo-detector behind a 50:50 coupler can 
monitor the output signal. The photo-detector is 
sampled by analogue-to-digital converter (ADC) on 
the computer controlled Labview card, which also 
generates the drive signal of tunable optical filter 
(TOF) from the digital-to-analogue converter (DAC). 
FBG array is used as wavelength references, which 
can be used for gas recognition. 

 
Fig. 5 Experimental configuration of the system based on 

intra-cavity laser. 

The temporal behavior of the system can be 
described by rate equations as shown in [6]. Based 
on the temporal behavior model, the sensitivity 
enhancement factor of the system can be derived as 
[14] 
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where K  is the absorption signal, δΔ  is the 
absorption induced system loss variation, A  and 
B  are the constants determined by the system. It 
can be seen from the expression that the sensitivity 
is inversely proportional to ( )δδ BA −  and can 
therefore be enhanced by reducing the value of 

( )δδ BA − . As the system loss δ  can not be made 
too small, high sensitivity can only be achieved 
when the system is running close to the threshold 

0=− δBA . 
When the system runs close to the threshold, the 

absorption lines of the detected gas can be obtained 
and used for calibration and detection with high 
sensitivity. The positions of the absorption lines in 
the spectra can be recognized by peak detection of 
the second derivative curve. And the concentration 
of the gas is proportional to the amplitude of 
Lorentzian fit spectrum. So the concentration of the 
detected gas can be calibrated and detected with the 
absorption spectra. The sensitivity of the system can 
be enhanced by taking the state of the system close 
to the threshold. 

When the gas cell is filled with 1% acetylene  
concentration, the relationship between the 
absorption signal and the system attenuation is 
shown in Fig. 6. The maximum of the absorption 
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signal is 7.47 dB, corresponding to an enhancement 
of 37.4 times over a single-pass absorption loss of 
only 0.2 dB. 
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Fig. 6 Relationship between absorption signal and system 

attenuation. 

The system attenuation of the system was chosen 
to 35 dB. Under this condition, the relationship 
between the absorption signal and the concentration 
of acetylene is shown in Fig. 7. The responsibility is 

ppmdB 107.687- -4± , with error less than ppm 431 . 
This result can be used to realize acetylene gas 
detection with high sensitivity. 
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Fig. 7 Relationship between absorption signal and 

concentration of acetylene. 

By using wavelength sweep technique and 
average algorithm, the sensitivity of the system can 
be less than 100 ppm. Combining wavelength sweep 
technique and wavelength modulation technique, the 
detection sensitivity of acetylene can be limited less 
than 75 ppm, which is only 0.3% of acetylene lower 
explosive limit. And gas type recognition can also be 
realized at the same time.  

5. Distributed stress sensing based on 
PMF 

In stress-induced PMF, polarization mode 

coupling will caused by a range of environment 
parameters, such as external transverse forces [7], 
distributed stress [8], position, and strain [9]. The 
coupling coefficient has a definite relationship with 
these parameters. Distributed fiber optics sensors 
employing white-light interferometry (WLI) based 
on polarization mode coupling in PMF are 
promising methods for their high spatial resolution 
and wide dynamic range, and it is insensitive to 
optical power fluctuation [10].  

The sensors setup is shown in Fig. 8. The 
sensors adopt a simple scanning Michelson 
interferometer to compensate the OPD of two 
polarization eignemode to form the interferograms, 
and the intensity of the interferograms can be 
expressed as 

2
out 0 0

co
2 2

2 co
0
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2

dI I k d
L
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= + −

+ − − Δ −
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where 0I  is the intensity of light source, d  is the 
OPD of two mirrors, 0k  is the wavelength number 
in vacuum, coL is the coherence length of light 
source, h  is the coupling strength of the coupling 
point in PMF, βΔ  is the propagating constant 
difference of two eignemodes, and l  is the length 
from the coupling point to the output end face of 
PMF. The magnitude and location of the stress can 
be given out by h  and l , respectively. Distributed 
measurement can achieved if several coupling points 
in the PMF. The position of the coupling points and 
the magnitude of the stress can be obtained by the 
interferograms. 

 
Fig. 8 Scheme diagram of PMFs sensors: 

SLD(superluminescent diode), BS(Beam splitter), PD(Photodiode). 

From Fig. 9 we can know that the position or 
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displacement of the coupling points can be obtained 
from the interferogram directly. If we ignore the 
magnitude of the coupling coefficient, the sensors 
can be used to position or displacement sensing 
which have a high spatial resolution and insensitive 
to electromagnetically interfere. The polarization 
maintaining devices can be also being tested to 
assure there are any coupling points in these devices 
intrinsic. If sensing heads that its character can be 
changed by any other environment parameters such 
as temperature and magnetic field are applied to 
PMF, the sensors can also be used to measure these 
parameters. 
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Fig. 9 Measured result of distributed sensoring. 

6. Prospect of current research on fiber 
intelligent sensing network 

Taking the intelligent sensing as the 
characteristic of the research of new generation 
optical fiber sensing network and the essential 
component will be the development direction of 
optical fiber sensing technology. Taking “exploring 
the new principle and structure of the new 
generation optical fiber sensors, resolving the new 
optical fiber microstructure sensing mechanism, 
breaking through the bottleneck of optical fiber 
nonlinear scattering effect, expanding the topology 
structure of the optical fiber intelligence sensing 
network, and laying the foundation for engineering 
applications” as the purport, the project 
“Fundamental Study of New Generation Fiber 
Intelligent Sensing Network and Key Devices”, 
supported by National Basic Research Program of 
China (973 Program), complies with the huge social 

demand positively, vigorously carries out the basic 
science research of optical fiber sensing technology, 
and will enhance the optical fiber sensing 
technology entirely from structure, devices, 
technology, and sensing network. 

The main purpose of the project is making the 
important breakthrough in the optical fiber 
intelligence sensing network, the essential devices, 
and basic research aspect. And there are four 
research aspects and six tasks in this project. We will 
focus on the research of optical microfluid based 
biology and chemistry optical fiber sensing 
mechanism, and new sensing devices and intelligent 
sensing mechanism. Discrete optical fiber 
intelligence sensing network will be developed and 
established. Now we are working on optical 
microfluid biology sensing and gas pressure 
detection research. 

7. Conclusions 

Tianjin University has engaged in the research of 
fiber sensing technologies for many years. We 
developed a fiber-optic temperature sensor based on 
the interference of selective higher-order modes in 
circular optical fiber, with temperature sensitivity of 
15 pm/℃ in the range of 100 ℃ to 750 ℃. Parallel 
demodulation for EFPI and FBG sensors is realized 
based on white light interference, with EFPI 
measurement precision of 0.81 µm and FBG 
wavelength measurement precision of 14.4 pm. 
Concentration detection of acetylene is realized 
using intra-cavity fiber laser spectroscopy with 
sensitivity less than 100 ppm. And distributed 
position or displacement sensing was realized by 
using PMF. Our main work will be focused on 
optical microfluid biology sensing and gas pressure 
detection research. 
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