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Compact fiber tip modal interferometer
for high-temperature and
transverse load measurements
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A compact fiber tip modal interferometer (FTMI) based on two-wave interference has been demonstrated. Its fab-
rication process is very simple, just involving fiber tapering by a fusion splicer. The effective sensing area of the
FTMI has a small length of ~310 pm. The interference spectra of the fiber tips with different size and profile have
been analyzed. The FTMI has a good mechanical strength and high-temperature stability. It can be used for high-
temperature and transverse load sensing simultaneously in a harsh environment when two different attenuation
peaks are chosen to be monitored. © 2013 Optical Society of America
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For decades, fiber-optic sensors have been extensively
studied and applied in physical, chemical, and biomedi-
cal sensing fields due to their advantages of light weight,
corrosion resistant, anti-electromagnetic interference,
and remote sensing [1-12]. In practical applications, es-
pecially in harsh environments, how to realize the trans-
verse load/pressure measurement at high temperature,
and how to solve the problem of temperature cross sen-
sitivity have been attracting much attention. In previous
reports, fiber Bragg grating (FBG) with load-induced
birefringence [1] and long period fiber grating with orien-
tation-dependent resonant dips [2] have been used for
detection of the temperature and transverse load simul-
taneously. In order to realize the thermal strength of the
grating structure, the femtosecond laser written [3,4] or
thermally regenerated FBGs [5] are needed. In addition,
the high-temperature pressure sensor based on high
birefringence fiber, and microstructured optical fiber
[6-9] modal interferometers are also proposed. However,
these kinds of fiber sensors have complicated fabrication
processes, high cost, and complex structures, limiting
their mass production and practical application. More-
over, their feature sizes are at least several millimeters,
making the measurement in small area and fixed point
sensing difficult. So how to simplify the preparation
technology and fabricate a simple-structured, compact,
and low-cost fiber-optic sensor is always the aim to
pursue [10].

In this Letter, we demonstrate a compact fiber tip
modal interferometer (FTMI) sensor based on two
single-mode fibers (SMFs) fusion at the end. The two
SMFs are parallelly put in a fusion splicer, which is set
to the tapering mode. The FTMI is formed when the
two SMFs are fused and tapered to break. This sensor
structure is high-temperature stable. Its operation tem-
perature can be as high as 1000°C. Based on the special
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fiber tip structure, transverse load measurement is real-
ized. In addition, we carry out the simultaneous sensing
of transverse load and high temperature via two different
resonant dips, which have different responses to these
environmental parameters.

The fabrication process and measurement setup for
the FTMI are shown in Fig. 1(a). Two SMFs (SMF-28e,
Corning) are connected with a supercontinuum broad-
band source (BBS) and an optical spectrum analyzer
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Fig. 1. (a) Fabrication and measurement setup for the FTMI.
(b) Fiber-coupler-like structure formed by the tapering process
with a fusion splicer. (c)—(e) Top and side views of the FTMIs
fabricated with different discharge time.
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(OSA, AQ6370B, Yokogawa), respectively, to monitor the
interference spectrum. The fabrication process, similar
to manufacturing a fiber coupler, is implemented in a fu-
sion splicer (Ericsson FSU-975). First, the two fibers with
coating removed were parallelly fixed in the fiber clamps
(FCs) and under the discharge electrodes (DEs). Then
the fibers were tapered and fused together, forming a
fiber-coupler-like structure, as shown in Fig. 1(b).
Finally, the coupler-like structure was tapered to break
and generated two rounded-end fiber tips with similar
profile and reflection spectrum. The size and morphology
of the fiber tips can be controlled by adjusting the dis-
charge current and time. When the discharge current
was set as 18 mA and discharge time were 15.5, 16.0,
and 17.0 s, respectively, three FTMIs with different
morphology were fabricated. Their top and side views
are shown in Figs. 1(c)-1(e) and the corresponding
sizes are L x H = ~400 x 167 pm, ~376 x 180 pm, ~310x
259 pm, which are almost a tenth of the reported micro-
fiber coupler tip in [11]. And the mechanical strength is
significantly improved.

The operation principle of the FTMI can be described
as follows. When light propagates from the incident fiber
to the fiber tip, cladding modes are excited at the abrupt
shoulder first. Later, the light propagates to the end of the
device and is reflected by the spherical surface of the
end, stimulating higher-order cladding modes. Then,
some of the cladding modes couple back into the core
mode of the output fiber. The phase difference between
core and cladding modes accumulated via multiple
reflections in the fiber tip will induce the mode interfer-
ence. The interference spectra of the three configura-
tions (Fig. 1) are shown in Fig. 2. The solid and
dashed lines are the reflection spectra of the two FTMIs
from the two sides of one broken-off taper. The
differences between the two sets of spectra may derive
from asymmetry of the two DEs and minor different
moving speed of the two motors. The sine-like spectrum
implies that the FTMI may work in the form of two-
wave interference. The interference spectra in Fig. 2
can be analyzed by fast Fourier transform and the corre-
sponding spatial frequency spectra are obtained in
Fig. 3. According to the spatial frequency equation
E R AnggLeg /4%, assuming 1 = 1550 nm and Angy =
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Fig. 2. Interference spectra corresponding to the FTMIs in

Figs. 1(c)-1(e).
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Fig. 3. Spatial frequency spectra corresponding to the FTMIs
in Figs. 1(c)-1(e).

0.025, the effective physical lengths L. are calculated
to ~769, ~961, and ~3844 pm, respectively [7]. Appa-
rently, L. > L, indicating light experiences multireflec-
tion in the fiber tip. With the device size decreasing, its
reflection time increases to generate a long optical path
difference (OPD, AnggLog). That is why the & of FTMI
increases with its actual size decreasing. It should be
noted that, multiple reflection will increase the transmis-
sion loss and depress the extinction ratio of the interfer-
ence fringe (Fig. 2).

To research the FTMI's transverse load and high-
temperature sensing characteristics, we take the device
corresponding to Fig. 1(d) for example to analyze. We
chose the attenuation peaks A and B in the reflection
spectrum and monitored their change with the variation
of environmental perturbations. In the transverse load
measurement, the FTMI was horizontally placed between
two parallel glass slides, as shown in Fig. 1(d). With loads
increasing, the spectrum had a blueshift, as shown in
Fig. 4(a). This may be caused by the OPD between inter-
ference modes decreasing with the transverse load
augment. The transverse load sensitivities of peaks A
and B were determined to be -252.6 pm/N and
-173.6 pm/N by linear fitting the experimental results.
As for the high-temperature test, the FTMI was posi-
tioned in a tube furnace with temperature from room
temperature (20°C) to 1000°C. Here, thermal-optic and
thermal-expansion effects induced the redshift of
interference spectrum. Figure 4(b) shows the linear
relationships between attenuation peaks A and B with
temperature, and their temperature sensitivities are
14.6 pm/°C and 12.5 pm/°C, respectively, which are
similar with that of the FBG [3].

In order to discriminate the transverse load and
temperature, the sensitivity matrix is applied. The wave-
length change (A1,4,Alp) of peaks A and B as functions of
transverse load and temperature (AN,AT) can be
expressed as

Ay _ kan Ekar\( AN _K AN o)
Alg kgn kpr AT AT )’
where k, y and kg y are the transverse load sensitivities
of the peaks A and B, respectively, k4 r and kg 7 are their
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Fig. 4. Responses of (a) transverse load and (b) temperature
of the peaks A and B for the FTMI in Fig. 1(d).

temperature sensitivities. The measurement resolutions
of the transverse load and temperature are expressed as

(5(AN)) _ :i:i ( lkpr|  lkarl ) ( [6(AZ4)] ) @)
5(AT) DI\ lkgnl  lkanl )\ 1580p)] )

where D is the determinant value of the matrix. A rela-
tively large D is desirable to improve the sensing resolu-
tion. The resonant dips wavelength resolutions (6(Al,),
6(Ap)) are dependent on the noise of the measuring in-
strument and also on the dips shape [12]. Here we choose
the OSA resolution of 20 pm to simplify the analysis. We
substitute the sensitivities obtained from experiments to
the matrix above and get the condition number
cond(K) = 151.39, which is related to the matrix stability
[13]. The relatively large number may increase the meas-
urement errors. Fortunately, the determinant value of the
matrix (D = -622.94) is also large and can effectively im-
prove the measurement resolutions. According to Eq. (2),
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the measurement resolutions of the transverse load and
temperature are calculated to +0.87N and +1.37°C, re-
spectively. It should be noted that the calculated results
are less than the true values due to the simplification.

In conclusion, we have fabricated a compact fiber tip
interferometer just by using a fusion splicer, making the
fabrication process simple and low cost. The effective
sensing area of the fiber tip is only about 310 pm.
The reflection spectrum of the FTMI is dependent on
the size and profile of the fiber tip. The simple-structured
fiber sensor not only has a similar temperature sensitivity
with the FBG fabricated via the complicated method, but
also has an excellent high-temperature stability and
mechanical strength. It can be used for simultaneous
sensing of transverse load and temperature in harsh envi-
ronments even in temperatures up to 1000°C. In addition,
due to the small size and operation at the reflection
mode, the FTMI has potential applications for localized
area/fixed point and remote sensing.
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