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A simple, stable, and high-sensitivity temperature sensor based on multimode interference in a polymer optical fiber (POF) with higher-order mode
excitation has been developed. In a single-mode—multimode—single-mode (SMS) structure, one end of the multimode POF with physical-contact
(PC) connectors is connected to a silica single-mode fiber with an angled-PC (APC) connector. We compare the temperature sensing
characteristics of the three configurations (no PC-APC, PC-APC at input, and PC-APC at output) and obtain the highest temperature sensitivity of
219.2 pm °C~", which is more than double the value of the standard (no PC-APC) SMS structure. © 2022 The Author(s). Published on behalf of

The Japan Society of Applied Physics by IOP Publishing Ltd

Fiber-optic temperature sensors have intrinsic characteristics,
such as compact size, lightweight, fast response, remote sensing
capabilities, and insensitivity to ambient electromagnetic fields.
15 Various fiber-optic temperature sensors have been devel-
oped by exploiting fiber Bragg gratings (FBGs),%” long-period
gratings (LPGs),” Brillouin scattering,” Raman scattering,'”
and surface plasmon resonance.'” Each technique has its own
advantages and disadvantages; some of these techniques suffer
from sophisticated equipment, high cost, and/or fabrication
complexity. One simple and low-cost implementation based on
the multimode interference (MMI) effect is a so-called single-
mode-multimode-single-mode (SMS) fiber sensor.'” Many
SMS-based configurations implementing silica optical fibers
have been reported for various sensing scenarios.'>™'”

In addition to silica optical fibers, polymer optical fibers
(POFs) have also been used for sensing applications.’*?
Although the optical attenuation of a POF is higher than that of
silica optical fibers, its influence is sometimes negligible for a
short POF. Compared to conventional silica optical fibers, POFs
have some unique properties such as higher strain limits,
biocompatibility, higher fracture toughness, and flexibility in
bending.** In 2012, Huang et al. employed a POF, which was a
0.16 m long step-index POF made of a polymethyl methacry-
late, in the SMS-based temperature sensor and obtained a
temperature sensitivity of 56.8 pm °C "> Since then, SMS-
based temperature sensing has been extensively studied. The
sensing performance of a perfluorinated (PF) graded-index (GI)
POF, which has relatively low loss at 1300 nm, was investi-
gated in 2014. With a length of 1.0 m and a core diameter of
120 um, a temperature sensitivity of 0.74pm°C~' was
achieved at room temperature at 1300 nm.>® Later, the PFGI-
POF was tested when the temperature increased close to the
glass-transition temperature of the core polymer (~70°C).
Furthermore, a significantly improved temperature sensitivity of
202nm °C ', with a length of 1.0 m and a core diameter of
62.5 yum, was obtained at 72°C at 1300 nm.*” In 2017, the
impact of annealing a POF on the temperature sensitivity at
room temperature was studied. Compared to the temperature

sensitivity without annealing, the sensitivity was enhanced 2.9
times by annealing the POF at 90 °C.®

In this work, we develop an extremely simple and stable
POF-based SMS temperature sensor with physical-contact
(PC)-to-angled-PC connection for making use of higher-
order modes in the POF. One end of a 50 cm long POF is
connected to an SMF via an APC/PC adaptor (from an 8°
angle-polished APC connector to a 0° PC connector or the
reverse) to exploit the higher-order propagation modes in the
POF. This scheme exhibits high stability because of the
accurately fabricated commercial adaptors and connectors. A
comparison experiment of three different configurations (no
PC-APC, PC-APC at input, and PC-APC at output) is carried
out, and the highest temperature sensitivity is >2 times that
of the perfectly aligned SMS structure. This result indicates
that the temperature sensitivity can be improved by the use of
higher-order modes induced by PC-APC connections.

The sensing principle is based on the MMI effect in the
SMS structure. The injected light is guided through the input
SMF into the multimode fiber (MMF) section, and the first few
modes in the MMF are excited, which is induced by the spot-
size difference between the fundamental modes in the SMF
and MMF. At the second conjunction of the MMF/SMF, these
modes are coupled back to the fundamental mode of the output
SMEF. The power in the output SMF (P,,) can be given as?30

Ru =1 AG + AP e/t
+ A7 el 4 2, (1)

where A; is the field amplitude of the ith mode at the first
SMF/MMF boundary, ; is the propagation constant of the
ith mode, and L is the length of the MMF. It is clear that P,
is affected by the temperature applied to the MMF, influen-
cing B; and L. Therefore, temperature sensing can be
performed by measuring the shifts in terms of either power
or spectral location of peaks (or dips).

However, this principle holds true only when the MMF and
two SMFs are perfectly aligned. When they are misaligned, e.g.,
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Fig. 1.

(Color online) Schematic diagram of the experimental setup and the sensor configuration. The inset shows the APC/PC connection at the SMF/POF

boundary. BLS, broadband light source; SMF, single-mode fiber; POF, polymer optical fiber; and OSA, optical spectrum analyzer.
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Fig. 2.
and (iii) SMF-PC/PC-POF-PC/APC-SMF.

offset SMS structure, there is potential that a larger number of
higher-order modes are excited. It is natural to assume that the
excitation of higher-order modes may lead to an improvement in
sensitivity. To verify this assumption, we introduce the use of
PC-APC connections at the SMF/POF boundaries in the SMS
structure to exploit higher-order modes in the POF.

The schematic diagram of the experimental setup is shown in
Fig. 1. Both ends of a 50 cm long PFGI-POF*" are coupled to
the ends of two silica SMFs (size: 9/125 pm) by PC/PC or APC/
PC connections. This POF has a three-layered structure of core,
cladding, and over-cladding (diameters: 50, 70, and 490 pm;
refractive indices: ~1.35, ~1.34, and 1.59, respectively). The
materials of the core/cladding layers and the over-cladding layer
are doped/undoped amorphous perfluorinated polymers and
polycarbonate, respectively. The numerical aperture is 0.185,
and the propagation loss at 1550 nm is ~0.25dBm'. The
proximal end of the input SMF is connected to a broadband light
source (ASE-FL7002, Thorlabs) emitting the incident light,
while the distal end of the output SMF is connected to an
optical spectrum analyzer (OSA), which detects the changes in
the transmitted light spectrum. The POF Section is placed
straight on a heating plate during the measurement. Three
configurations, as depicted in Fig. 2, are tested: (i) SMF-PC/
PC-POF-PC/PC-SMF, (ii) SMF-APC/PC-POF-PC/PC-SMF,
and (iii) SMF-PC/PC-POF-PC/APC-SMF. Hereafter, these
structures will be referred to as Config. (i), Config. (ii), and
Config. (iii). The POF has two subscriber-connector (SC)/PC
connectors, and the SMFs have ferrule connector (FC)/PC or
FC/APC connectors. The PC connector has a polished flat end,
while the APC connector contains an 8° angle polished end. The
high Fresnel reflection at the PC/APC boundary does not
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(Color online) Schematic diagrams of the different sensor configurations: (i) SMF-PC/PC-POF-PC/PC-SMF, (ii) SMF-APC/PC-POF-PC/PC-SMF,

significantly influence the measured results, because the spec-
trum of not reflected but transmitted light is observed in this
configuration.

The temperature experiments with these configurations were
performed under the same condition in the range of 40 °C-50 °C
in steps of 2 °C. As shown in Figs. 3(a)-3(c), the spectral dips
exhibited redshifts in the wavelength domain when the tempera-
ture increased for Config. (i), Config. (ii), and Config. (iii). The
corresponding wavelength shifts of the spectral dips against the
temperature variations are plotted and fitted in Figs. 3(d)-3(f).
The temperature sensitivities are calculated to be 98.4 pm °C "'
[Config. (i)], 136.1pm°C~" [Config. (ii)], and 219.2 pm°C"'
[Config. (iii)]. The result proves that the use of PC-APC
connections improves the sensitivity, and the maximal tempera-
ture sensitivity of Config. (iii) is >2 times the value of Config.
(). Note that the experiment of Config. (iii) was repeated several
times after disconnecting and re-connecting the APC-PC
boundary, which led to almost the same sensitivities with
changes of <1%. Simply thinking, the PC-APC connection on
the input side will excite a larger number of higher-order
propagation modes in the POF than that on the output side,
but the measured sensitivity is lower. The physical reason for this
behavior is unknown yet (note that all the previously established
theories on the operation of an SMS structure were derived
under the assumption that all the modes are axially symmetrical).
As the fabrication technique of this POF is relatively immature
and its uniformity is low compared to silica fibers, a large
number of higher-order modes may be intrinsically excited in a
POF, some of which may be promoted to be coupled to the
output SMF by the PC-APC connection on the output side.

Further study is required on this point.
© 2022 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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(Color online) Temperature measurement results for different configurations. Measured spectral dependencies on temperature: (a) Config. (i), (b)

Config. (ii), (c) Config. (iii). Spectral dip shifts plotted as a function of temperature: (d) Config. (i), (¢) Config. (ii), and (f) Config. (iii).

In conclusion, we succeeded in doubling the sensitivity of a
POF-MMlI-based temperature sensor by the simple use of PC-
APC connections. Compared to other methods for exciting
higher-order modes, this structure has higher stability due to the
precisely fabricated commercial connectors. Three configurations,
including SMF-PC/PC-POF-PC/PC-SMF, SMF-APC/PC-POF-
PC/PC-SMF, and SMF-PC/PC-POF-PC/APC-SMF, were experi-
mentally studied. The measurement result shows that using PC-
APC connections enhances the temperature sensitivity, and the
maximum temperature sensitivity of 219.2 pm °C~" is more than
double the value for the standard configuration. Thus, we believe
this work will be of significant use as a simple and stable method
for enhancing the sensitivity of SMS-based temperature sensors.
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