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A hybrid fiber interferometer sensing configuration for displacement and temperature measurements is proposed
and experimentally demonstrated that is constructed by splicing a short section of polarization maintaining op-
tical fiber to an end-cleaved single mode optical fiber with a tapering structure. The reflected spectrum changes
with the variation of displacement and temperature. The sensing configuration uses the method of wavelength
and intensity modulations for displacement and temperature measurements, respectively, to which the sensitiv-
ities are 0.01392 nm/pm, 0.0214 dBm/pm, —0.09136 nm/°C, and 0.15795 dBm/°C. Experimental results show
that displacement and temperature can be measured simultaneously by demodulating the reflected spectrum.
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Compared with conventional electrochemical sensors, all-
fiber modal interferometer sensors have many outstanding
advantages such as high sensitivities, light weight, high
flexibility, good electromagnetic interference immunity,
etc., which enable them to be applied in the detection
of many ambient parameters, such as strain, pressure,
displacement, curvature, temperature, refractive index,
liquid level, etc. Extensive application prospects and ex-
cellent sensing performance make fiber interferometer sen-
sors attractive to many researchers’ interests and thus lots
of research results have been reported in recent years2,

Nowadays, the simultaneous measurement of parame-
ters has become a hot research topic and our research
group has already reported some research findings. In
2013, Zhang et al. reported an optical fiber sensor that
used a Michelson fiber interferometer with a Hi-Bi fiber
probe for the simultaneous measurement of refractive
index and temperature. In 2014, Sun et al. reported
an optical fiber sensor based on a Mach—Zehnder interfer-
ometer (MZI), which is capable of the simultaneous mea-
surement of temperature and strain or temperature and
curvature,

Displacement and temperature are significant parame-
ters for various applications ranging from movement
monitoring to industrial manufacture that should be
monitored. So far, different types of optical fiber displace-
ment sensors have been demonstrated by employing long-
period gratings (LPGs)Y, fiber Bragg gratings (FBGs),
a MZIYW and a Sagnac interferometer”. However, temper-
ature monitoring is of great importance for accurate dis-
placement measurement due to the issue of temperature
cross-sensitivity. In order to solve this problem, simulta-
neous measurement of displacement and temperature has
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been studied. The measuring method of using a fiber
Bragg grating cladding mode based on core diameter mis-
match was reported by Rong et al. in 20122, An optical
fiber sensor based on a thin core fiber has been proposed
and experimentally demonstrated for the simultaneous
measurement of displacement and temperature by Wu
et al. in 2014. This thin-core fiber modal interferometer
obtained the displacement and temperature sensitivities
of —0.01028 nm/pm, —0.01535 nm/pm, 0.00942 nm/°C,
and 0.00493 nm/°C. Tt is necessary to improve the mea-
surement precision through the simultaneous measure-
ment of displacement and temperature.

In this Letter, we present a hybrid fiber interferometer
for the simultaneous measurement of displacement and
temperature based on polarization maintaining fiber
(PMF). The proposed device is fabricated by splicing a
short section of PMF to an end-cleaved single mode fiber
(SMF), which has a conical structure. Since the
reflected spectrum has different responses to external dis-
placement and temperature perturbations, a sensing
matrix can be obtained from the experiment and the dis-
placement and temperature variation can be calculated
after measuring the reflected interference spectrum. In
this way, the cross-sensitivity issue is eliminated. It is
possible to achieve the simultaneous measurement of dis-
placement and temperature. For this proposed device,
which has a small size, stable structure, and high measure-
ment accuracy, just one sensor can realize double param-
eter measurement and meet the demand of applications.

The schematic diagram of the proposed sensor is shown
in Fig. 1(a). The total length of the sensing head is about
40 mm. SMF is used for making the tapering structure
with a commercial fusion splicer (Fujikura FSM-60S)
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Fig. 1. (a) Schematic diagram of the sensor; (b) microscopic
image of the tapering structure; (¢) the structure of the PANDA
PMF.

under the manual operation mode. The core/cladding
diameter of the SMF used in the experiment is 9/125 pm.
The length of the tapering structure is 526 pm and the
diameter of the waist is 40 pm, according to the optical
microscope image shown in Fig. 1(b). A section of PMF
with a length of 30 mm is spliced to the tapering structure
at a distance of 8 mm from the waist. The PMF used in the
experiment is a type of PM1550 and the mode field
diameter is 9.8 pm. The structure of the PMF is shown
in Fig. 1(c). This design of the reflective structure is more
convenient for measurement.

When the input light propagates through the tapering
section of the SMF, a multitude of cladding modes are ex-
cited in the PMF due to the mode field mismatch. Both
the core mode and the cladding modepropagate along
the PMF and part of them is reflected by the end face
of the PMF. The reflected cladding mode interferes with
the reflected core mode when the light is recoupled back
to the tapering section. For the modal interferometer, the
phase difference ¢,, between the core modes and the

cladding modes can be written as’2

dnAngL
¢nz = 1 d 5 (1)

where An.y is the effective index difference between the
core and cladding modes, L is the length of the PMF,
and A is the central wavelength of the input light. When
the phase difference ¢,, = (2m + 1)z, where m is a posi-
tive integer, the interference light intensity will reach
its minimum and the notch wavelength can be expressed
as2
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By applying displacement variations through bending
the sensor, the effective cladding mode indices will change
accordingly, while the core mode index is generally main-
tained because the core diameter is much smaller than
that of the cladding and the length of the sensor has

little influence on the large bent radius22. The dip wave-
length shift due to the displacement increment can be

described as
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where dn is the change of An.y caused by the displacement
variations.

Both the core and cladding mode effective refractive
indices change with the increase of environmental temper-
ature while the effective refractive index of the core mode
varies more than the cladding mode due to the different
thermal-optic coefficients of the core and cladding
material and the length of the PMF also changes due
to the thermal expansion effect. The temperature sensitiv-
ity of the sensor can be derived asZ
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where Angy = Ne, — N, Neo, and ng are the effective
refractive indices of the core and cladding modes.
Furthermore, for the interferometer, the reflected

spectral intensity I can be written as2

I= ]co+lcl+2vlcolcl COS(¢m)7 (5)

where I, and I, are the intensities of the core and
cladding modes reflecting from the interferometer. The
phase difference ¢,, will be changed with the displacement
or temperature variations, which causes the change of
Any, and then the variety of the reflected spectral inten-
sity is brought about. Thus, the measurement of displace-
ment or temperature can be achieved through measuring
the reflected spectral intensity.

When the input light is linearly polarized, except for the
interference between the cladding mode and core mode, it
will cause polarization interference at the same time. The
reflected spectrum of the sensor is superimposed by the
two kinds of interference.

The schematic diagram of the experimental setup is
shown in Fig. 2. Light from the amplified spontaneous
emission (ASE) source passes through the circulator,
polarizer, and polarization controller, and then launched
into the sensor. In the process of the experiment, the sen-
sor is fixed on two opposite parallel platforms. The relative
position of the two platforms is changed by moving one of
them. Then the change of displacement that causes a mi-
crobend of the sensor can be measured by the experimen-
tal setup. Different displacements can be achieved by
moving the platform to the left or right, and the magni-
tude of the displacement can be read from the micrometric
screw on the platform. Through the output port of the cir-
culator, the reflected interference spectrum is monitored
by an optical spectrum analyzer (OSA) with a resolution
0f 0.02 nm/0.01 dB. An ideal interference spectrum can be
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Fig. 2. Schematic diagram of the experimental setup for the
displacement measurement.

obtained by adjusting the polarization controller. The dif-
ferent polarization states of input light can only lead to the
different characteristic peaks, but cannot affect the exper-
imental results. Therefore, we can use the interference
spectrum for measurement.

The reflected interference spectrum and the response of
dip A have been analyzed. The corresponding spectral re-
sponses to different displacements are shown in Fig. 3.

It is apparent that the interference fringes shift and the
intensity of the peak changes as the displacement increases
from 0 to 350 pm with a step of 50 pm. With the displace-
ment increasing, dip A exhibits a redshift and intensity
increase. The relationships between the displacement
and wavelength (intensity) of dip A are plotted in Figs. 4
and 5, respectively. The response of dip A to the displace-
ment variations demonstrates good linearity and the
linear with linear correlation coefficients of larger than
0.99. The linear fitting functions for the wavelength and
intensity are Y =1561.26379 + 0.01392X and Y =
—57.57583 + 0.0214 X, respectively.
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Fig. 3. Reflected interference spectrum and reflection spectra of
dip A for different displacements.
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Fig. 4. Wavelength shifts as a function of displacement for dip A.

The schematic diagram of the experimental setup is
shown in Fig. 6. A temperature controlled oven with a
temperature error of +0.1°C and temperature fluctuation
of 1% was used for the temperature experiment. In order
to eliminate the influence of the temperature fluctuation
during the measurement process, the temperature was
kept constant for 30 min to ensure a well-distributed tem-
perature value in the oven before each record.

The reflected interference spectrum and the response of
dip A have been analyzed. The corresponding spectral re-
sponses to different temperatures are shown in Fig. 7. It
can be seen from Fig. 7 that dip A shows a blueshift
and an intensity increase as the temperature increases
from 25 to 60°C with a step of 5°C.

From Figs. 8 and 9, the temperature sensitivities of
—0.09136 nm/°C and 0.15795 dBm/°C can be obtained
based on linear fitting of the temperature response.

It can be seen that the respective displacement sensitiv-
ities of dip A that are based on the demodulation of the
wavelength and intensity are 0.01392 nm/pm and
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Fig. 5. Intensity changes as a function of displacement for dip A.
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Fig. 6. Schematic diagram of the experimental setup for the
temperature measurement.
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Fig. 7. Reflection spectra of dip A for different temperatures.

0.0214 dBm/pm, and the corresponding temperature
sensitivities are —0.09136 nm/°C and 0.15795 dBm/°C.
Based on the experimentally acquired displacement and
temperature sensitivities, a sensing matrix can be given by
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Fig. 8. Wavelength shifts as a function of temperature for dip A.
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Fig. 9. Intensity changes as a function of temperature for dip A.

AL | K;p Kr || AD
AP | | Kpp Kpr || AT
_10.01392 —0.09136 || AD (6)
| 0.0214 0.15795 AT |’
where A1 and AP respectively refer to the wavelength
shift and intensity change of dip A, and AD and AT
are the variations of displacement and temperature,
respectively.
From Eq. (6), a new matrix can be written as

—0.09136 |1 A2 (7)
0.15795 AP |

According to Eq. (7), the displacement and temperature
variation can be calculated after measuring the wave-
length shift and intensity change. Consequently, for this
proposed sensing device, the simultaneous measurement
of displacement and temperature can be realized through
the demodulation matrix.

In conclusion, we propose and demonstrate a hybrid fi-
ber interferometer sensing configuration for the simultane-
ous measurement of displacement and temperature. The
sensor is constructed by splicing a short section of PMF
to an end-cleaved SMF, which has a tapering structure.
The displacement sensitivities reach 0.01392 nm/pm
and 0.0214 dBm/pm within a displacement range
of 0-350 pm, and the temperature sensitivities are
—0.09136 nm/°C and 0.15795 dBm/°C for a temperature
range of 25-60°C. The wavelength resolution of the OSA is
0.02 nm, so the displacement and temperature resolutions
of the sensor are 1.44 pm and 0.22°C. The simultaneous
measurement of displacement and temperature can be
realized through the demodulation matrix. Owing to its
advantages of dual parameter simultaneous measurement,
simple structure, measurement accuracy, compact size,
ease of fabrication, and good electromagnetic interference

ADT _ [0.01392
AT | 7| 0.0214
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immunity, the proposed sensor has potential applications
in structural health monitoring and real-time damage
identification applications.
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