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Abstract

CrossMark

A high sensitivity optical fibre temperature sensor is demonstrated based on a balloon-shaped
bent single-mode (BSBS) fibre structure where the fibre retains its original protective polymer
coating. The BSBS fibre structure can be simply realized by bending a coated straight single-
mode fibre into the balloon shape using a section of silica capillary tube. By adjusting the
bending radius of the balloon-shaped fibre section, a modal interferometer between the core
mode and the coating mode can be effectively implemented at a suitable bending radius.
Considering the intrinsically high thermo-optical coefficient and thermal expansion coefficient
of the polymer coating, the BSBS fibre structure offers excellent temperature sensing
performance. Experimental results show that the temperature sensitivity is as high as

—2465 pm °C~! with a resolution of 0.008 °C over the temperature range of 20.7 °C-31.7 °C.
Based on its simple fabrication process, very low cost, and experimentally determined high
sensitivity coupled with good repeatability, the temperature sensor described in this article
could be a competitive candidate in many temperature sensing applications.

Keywords: modal interferometer, fibre bend, polymer coating, temperature measurement

(Some figures may appear in colour only in the online journal)

1. Introduction

Accurate temperature measurement has played an impor-
tant role in a range of industrial applications for many years.
Optical fibre-based temperature sensors have attracted signifi-
cantresearch attention due to their inherent advantages of com-
pactness, real-time response and natural immunity to external
electromagnetic interference. To date, a series of temperature
sensors have been developed based on fibre grating structures

1361-6501/18/085104+7$33.00

including fibre Bragg gratings (FBGs) [1] and long-period
gratings (LPGs) [2], as well as some special fibre structures
e.g. those based on multicore fibre [3], hollow core fibre [4]
and photonic crystal fibre (PCF) [5]. Fibre grating-based
temperature sensors are compact and are relatively easily
fabricated using mature manufacturing techniques. However,
basic grating-based fibre temperature sensors only offer rela-
tively low measurement sensitivity and limited accuracy of
about +0.1 °C. Temperature sensors based on special fibres

© 2018 IOP Publishing Ltd  Printed in the UK
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possess better measurement characteristics and performance,
but at the expense (of the fibre) and the need for complicated
fabrication processes which have hindered their application in
practical production and applications.

In recent years, fibre interferometer-based temperature sen-
sors have become increasingly popular because of a number of
significant advantages over other conventional configurations,
such as compact structure, high sensitivity and high stability
in hostile environments. A variety of fibre interferometers
have been successfully developed into temperature sensors,
for instance, Sagnac interferometers [6, 7], Mach—Zehnder
interferometers (MZIs) [8, 9], Fabry—Perot interferometers
(FPIs) [10, 11] and Michelson interferometers [12, 13]. These
interferometer-based temperature sensors can offer accept-
able sensitivity, but their disadvantages include fragility, com-
plex pre-processing that often requires the use of expensive
infrastructure such as femtosecond lasers or highly accurate
tapering facilities, all of which limit their development in real
sensor systems. Therefore, the effective fabrication of a fibre
interferometer in a simple repeatable manner is a significant
goal in many research projects. Single-mode fibre (SMF)
bend formed modal interferometers provide a potential solu-
tion to this problem because they are inherently simple struc-
tures and are easy to fabricate. However, in previous cases,
the SMF bend induced interference dip has often exhibited a
relatively poor extinction ratio of about 5 dB [14-16] and as
a result the temperature sensing performance is also unsatis-
factory resulting in a sensitivity of only —26.5 pm °C~! [15].
Polymer coatings are sometimes used to improve the temper-
ature sensing performance of optical fibre sensors [17, 18]. In
the investigation described in this article, it was determined
that the original manufacturers’ protective polymer coating
for an SMF is a good choice and more importantly, by using
the original coated polymer instead of other post-coating
polymer materials, the fabrication process of the sensor is
greatly simplified. In addition, this approach also offers a very
uniform coating thickness which cannot easily be achieved by
other post-coating methods.

In this article, a high sensitivity fibre optic temperature
sensor based on a balloon-shaped bent single-mode (BSBS)
fibre structure with its original polymer coating is described.
The schematic configuration of the sensor structure is shown
in figure 1. The BSBS fibre structure is composed of a length
of unstripped SMF, and a capillary tube is used to bend the
length of SMF into a balloon shape. With a suitable bending
radius, a modal interferometer can be effectively established
based on the propagating core mode and the excited coating
modes. Compared with the uncoated BSBS fibre structure,
the structure of the sensor of this investigation achieves better
temperature sensing performance which can be attributed to
the high thermo-optical coefficient (TOC) and thermal expan-
sion coefficient (TEC) of the polymer coating. Experimental
results demonstrate its high temperature sensitivity and good
repeatability over the temperature range of 20.7 °C-31.7 °C.
In addition to the direct advantage of high sensitivity, temper-
ature sensor of this investigation also includes a simple fab-
rication process and ultra-low cost which makes it highly

UV glue Capillary tube Single-mode fibre

—— coating mode

coating
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Figure 1. Schematic diagram of the proposed sensor structure.

suitable as a competitive sensor in the field of temperature
measurement.

2. Principle and analysis

For a commercial SMF-28, the coating layer is generally
made of an acrylate polymer material, and it has a relatively
uniform coating thickness of 62.5 2.5 um. Figure 1 illus-
trates the schematic diagram of the polymer coated BSBS
fibre modal interferometer configuration. The bending radius
and the length of the balloon-shaped section are defined as r
and L, respectively. As shown in figure 1, the light initially
propagates along the input straight section of the SMF as a
core mode. When the light arrives at the balloon-shaped sec-
tion, due to the bend in the waveguide, a portion of the light is
coupled into the cladding and further coupled into the coating
at which point it excites coating modes. These excited coating
modes propagate within the SMF coating, when they reach the
coating/air border, a portion of their mode energy is reflected
back to the fibre core. As the light continues to propagate
along the bent fibre section, periodic reflection between the
core and the coating occurs. Hence, a modal interferometer
is formed because of the different in the effective refractive
indexes (RIs) and the optical paths lengths experienced by
the light signals propagating in the core mode and the coating
modes. In the case of a typical two-mode formed modal inter-
ferometer, the output intensity can be expressed by [19]:

Iout = lcore + Icoating +2 V Icorelcoalingcos(QO + @0) (1)

where Ieore and Ieoqiing 18 the intensity of the core mode and the
coating mode, respectively, and ¢y is the initial phase. ¢ is the
phase difference between the core mode and the coating mode
which can be expressed as [20]:

o 27TLeff

A
Where Leg is the effective bent length, Anep = nSe — ng}’?ﬁng

is the effective refractive index (RI) difference between
the core and coating mode, and A is the free space wave-
length. When the phase difference meets the condition of
p=0C2m+ 1)m,m =0, 1, 2..., an interference dip appears at
certain wavelengths [21], defined by:

 2LerrAnest

A= T 3)

When the surrounding temperature varies, the value of A
and L also change because of the well-known thermo-optic

AV NS (2)
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Figure 2. The optical intensity distribution of the sensor structure (at the most curved section) with different bending radii (a) »r = Smm;

(b) r =4mm; (c) r =3mm; (d) r = 2.7mm.

and the thermal expansion effect of materials, and the resulting
relative wavelength shift can be expressed as [22]:

AN
A
where ( and « are the TOC and the TEC of the materials,
respectively. As the polymer coating has higher TOC and TEC
values than the silica fibre, the temperature sensitivity is there-
fore improved.

To investigate the spatial optical intensity distribution
within the bent fibre (at the most curved section) and the
effect of bending radius on it, numerical simulations based on
the beam propagation method (BPM) have been performed.
The specific simulation parameters used were: the diameter
and RI for the SMF core and cladding are 8.3/125 pm and
1.4504/1.4447, respectively, and the RI of the polymer coating
is assumed to be 1.51. The simulation length of SMF is 12 mm
and the free space wavelength was set at 1550nm. When the
bending radii were set as Smm, 4 mm, 3mm and 2.7 mm, the
calculated results are presented in figures 2(a)—(d), respec-
tively. From figure 2, it is clear that the optical intensity within
the bent fibre is mainly concentrated on the outer side of the
bend. Furthermore, considering the optical intensity dis-
tribution, it is also clear that light reflection exists between
the fibre core and polymer coating, which in turn results in a

&+ a) AT 4)

transmission spectrum which possesses distinct dips at certain
wavelengths as a result of interference. From figures 2(a)—(d),
it can be seen that when the bending radius decreases, the
numbers of reflections within the bent region increases which
in turn contributes to increased interference and potentially
increased sensitivity. However, when the bending radius is
too small, the light energy leaks out of the coating, which
can be clearly observed from figures 2(c) and (d). Therefore,
an appropriate bending radius needs to be confirmed exper-
imentally to achieve an effective interference pattern.

Prior to a more formal experimental investigation described
in the next section and based on the above theoretical anal-
ysis and numerical simulations, the transmission spectrum
(1520 nm-1600nm) of a bent fibre structure for different
bending radii was investigated experimentally. In this invest-
igation, when the bending radius of the SMF was more than
5mm, no interference pattern appears within the wavelength
range since little or no light energy in the fibre core is cou-
pled into the cladding and coating. The bending radius was
decreased from 5 mm to 3.5 mm with a step of 0.5 mm, and the
measured results are shown in figure 3. From figure 3, it can
be observed that with a decreasing bending radius, the inten-
sity loss of the transmission spectrum increases because more
light is coupled into the coating. When the bending radius
reaches 5Smm and 4.5 mm, interference fringes appeared, but
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Figure 3. Transmission spectrum of the polymer coated BSBS fibre
structure with different bending radii.

possessing a relatively low extinction ratio. With a further
decrease of the bending radius to 4 mm, an interference dip
appeared which has a relatively large extinction ratio (more
than 15 dB). As the bending radius was further decreased to
3.5mm, more interference dips were detected which means
that the free spectral range (FSR) of the transmission spec-
trum decreases. Moreover, the extinction ratio of these inter-
ference dips becomes smaller. If the bending radius continues
to decrease, excess light is coupled into the coating and even
leaks out from the coating resulting in a large loss. Ultimately,
these initial experiments determined that an appropriate
bending radius to form a modal interferometer should lie
around the region of 4 mm. In the next section, a more detailed
experiment is described where a robust bent fiber structure is
fabricated based on the use of a capillary tube and UV glue.

3. Experiments and discussion

To fabricate a robust and mechanically stable sensor structure,
both ends of the SMF-28 were inserted into a silica capillary
tube of length 1.5 cm and inner diameter 600 pm. By moving
the silica capillary tube along the fibre, the bending radius of
the balloon-shaped section was flexibly adjusted. When a pre-
ferred bending radius was reached, ultraviolet (UV) glue was
used to immobilize the sensor structure. The entire fabrica-
tion process is extremely simple and can even be completed
without the use of a fusion splicer. The image of the fabricated
sensor sample is shown in the insert in figure 4. Two bend
parameter values were measured, the bending radius r value
of 3.86mm (the bending radius was adjusted to 3.86mm to
obtain the optimum interference dip condition) and the length
of the balloon-shaped section L which is 13.42mm. The
transmission spectrum of the obtained sample was also mea-
sured and is depicted in figure 3. As shown in figure 4, several
interference dips were detected over the wavelength range of
1510 nm—1580nm. Among these interference dips, a desired
dip with a central wavelength located at 1542.6 nm was chosen
to perform temperature measurement since it has a relatively
large extinction ratio (17.2 dB).
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Figure 4. The transmission spectrum of the BSBS fibre structure
with the bending radius of 3.86 mm, the inserted picture is the
experimentally fabricated sample.

The experimental setup for temperature measurement using
the sensor of this investigation is schematically depicted in
figure 5. The fabricated sample was placed in contact with the
surface of a thermoelectric Peltier cooler using a 3D displace-
ment platform. A stable triple power supply (TTI EL302RT)
was used to control the input electric current of the Peltier
cooler, and the real-time temperature value of its surface was
monitored using a thermocouple (RS 1313). The input SMF of
the sample was connected to a broadband light source (BBS,
Thorlabs SSFC1005S). The light was transmitted through the
sample and finally recorded using an optical spectrum ana-
lyzer (OSA, Agilent 86142B).

The transmission spectrum evolution of the sensor when
subjected to a temperature range from 20.7 °C to 30.7 °C with
a step of 1 °C is depicted in figure 6(a). In order to test the
repeatability of this temperature sensor, a reversed measure-
ment cycle was applied with the temperature being decreased
from 30.7 °C back to 20.7 °C, and the result is depicted in
figure 6(b). As shown in figure 6(a), the selected dip has
a clear wavelength shift (27nm) as the temperature was
increased from 20.7 °C to 30.7 °C. When the temperature was
decreased, the evolution of the dip feature was reversed com-
pared with the temperature increase process, as presented in
figure 6(b).

The resulting wavelength shift of the dip for the temper-
ature increase and decrease processes were plotted and fitted
against the temperature in figure 7. From figure 7, both charac-
teristics exhibit a high linear regression coefficient value (R?)
of 0.9980 and 0.9991, and the temperature sensitivities at the
temperature increase and decrease processes were determined
as —2465 pm °C~! and —2445 pm °C~!, respectively. Based
on the transmission spectrum feature evolution with temper-
ature and the determined sensitivities, it is also demonstrated
that the temperature sensor of this investigation offers good
repeatability on account of the very small differences between
the results for the temperature increasing and decreasing
cases. Furthermore, given that the 20 pm resolution of OSA
used in the experiment, the temperature measurement resolu-
tion of this sensor system is estimated to be 0.008 °C.
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Figure 7. Linear fitting curves of dip shifts against temperature
variation.

To confirm the improved temperature sensing performance
induced by the polymer coating of optical fibres, a comparison
experiment using a stripped SMF based BSBS fibre struc-
ture was performed. When the bending radius r of the BSBS
fibre structure was adjusted to 4.31 mm, an available interfer-
ence dip; with a central wavelength of 1573.2nm was used

1573.74] ° Dataofdip, (no coating)
Linear fit
= 1573.61
g
ﬁ 4
p—
= 1573.54
‘go Slope=0.0495
5 157344 R™-09989 _~8 e
°>’ ] 8§20 24°C
S 1573.3 2 ——26°C
B ] s ——28°C
g dip— ——30°C
1573.24 & 1568 1570 1572 1574 1576 1578 158
| Wavlelengtlh (nm?

20 22 24 26 28 30
Temperature (°C)

Figure 8. Linear fitting curve of dip; (no coating case) versus
temperature variation, inset: the corresponding spectral evolution.

to perform temperature sensing measurements. The corre-
sponding dip wavelength redshifts as a function of temperature
changes are shown in figure 8. From the linear fitting results,
one can see that the temperature sensitivity of the bare BSBS
fibre structure was determined as 49.5 pm °C~!. Compared
with the BSBS fibre structure with coating layers presented
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Table 1. Comparison of the performance of different temperature sensors.
Measurement configuration Sensitivity (pm °C ™) Resolution (°C) Ref.
FBG 12 0.8 [1]
LPG 80 0.3 [2]
Multicore fibre 28.7 Not given [3]
Hollow core fibre 11 Not given [4]
PCF 6600 0.015 [5]
Alcohol-filled PCF —1170 0.085 [6]
Alcohol-filled side-hole fibre 86.8 0.23 [71
Waist-enlarged fibre 70 Not given [8]
Core-offset fibre with FBG 46.2 0.43 [9]
Gourd-shaped microfibre 17.15 1.17 [10]
Hybrid FPI 13 1.54 [11]
Circular optical fibre 15 Not given [12]
Peanut-shaped fibre 96 0.26 [13]
Modal interferometer —26.5 0.75 [15]
Side-polished fibre with polymer coating —710 1 [17]
Tapered fibre with polymer coating 3101.8 Not given [18]
BSBS fibre structure with polymer coating —2465 0.008 This work
above, it is clearly to understand that the temperature sensi- ] > Data of dip
tivity of the BSBS fibre structure was greatly improved to over 152419 ) 2
2000 pm °C~" with the presence of the polymer coating layers 1 Linear fit
of the BSBS fibre structure. 2 1521 |

Table 1 shows a comparison of the sensing performance £ 1518- lonee
between the temperature sensor described in this investigation = 1 s Szope—-2.120
and other temperature sensors also cited in this article. From o 15154 5_ R"=0.9888
table 1, it is clear that the temperature sensitivity of the sensor f) 1 g:: —18°C
described in this investigation is competitive when compared @ 15 12__:% >24 ——0%¢
with other temperature sensors. Comparing temperature g 1509 - g o / :Z g
measurement resolutions, the value of 0.008 °C achieved in {F 0l dip, 26°C S
this sensor system is the best among all the temperature sen- 1506 " Wiverength (omy.

sors included in table 1. In addition to the direct advantage of
high sensitivity and good resolution, this proposed sensor can
be fabricated using a very simple process, in return it results
in lower cost compared with the other temperature sensors.
It is noteworthy that the detectable temperature range in this
investigation is limited by the effective working temperature
of the polymer coating and the UV glue. The application
areas for the sensor lie in areas which demand temperature
measurement with very high resolution, to detect minute
changes in temperature, for example in medical and biological
diagnostics.

It should also be noted that the values of RI, TOC and TEC
of the polymer coating of SMFs are likely to vary from the
acrylate polymer material formulations provided by the optical
fibre manufacturers. As a result, the temperature sensing per-
formance of the BSBS fibre structures constructed using SMFs
from different optical fibre manufacturers can be different. To
investigate this, a comparison experiment by using a standard
SMF provided by the other optical fibre manufacturer (Yofc,
China) was carried out. To maintain the consistency of sensor
fabrication, the bending radius was carefully adjusted to the
same value of 3.86 mm. The resulting interference dip and its
temperature dependent results are shown in figure 9. From
figure 9, one can see that when the surrounding temperature

18 20 22 24 26
Temperature (°C)

Figure 9. Linear fitting curve of dip, versus temperature variation,
inset: the corresponding spectral evolution.

was increased from 18 °C to 26 °C, the interference dip, had
a significant blue-shift from 1523.8nm to 1507.14nm, and a
temperature sensitivity of —2120 pm °C~! was achieved. The
discrepancies of the interference dips wavelength location and
the temperature sensitivities presented between figures 4 and
9 were mostly induced by the different formulations of the
polymer coating materials used by the two optical fibre manu-
facturers. Therefore, in order to guarantee the consistency of
reproductivity, it is important to use the same SMF to ensure
sensing repeatability performance of the BSBS fibre structure
based fibre optic sensors.

4. Conclusion

A high sensitivity optical fibre temperature sensor based on
a BSBS fibre structure with its original polymer coating has
been described. Through bending an unstripped SMF into a
balloon shape with the help of a section of silica capillary tube,
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a modal interferometer formed by the core mode and coating
modes was established at a certain bending radius. Owing to
the presence of the original polymer coating, the sensor of
this investigation experimentally achieved a high temper-
ature sensitivity of —2465 pm °C~! coupled with a resolution
of 0.008 °C over the temperature range of 20.7 °C-31.7 °C.
Given its simple fabrication process, ultra-low cost and exper-
imentally determined high sensitivity and good repeatability,
this temperature sensor offers good potential as a competitive
candidate for accurate temperature measurement.
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