ELectronics LETTER IEICE Electronics Express, Vol.14, No.3, 1-9

EX Single-end-access strain and
temperature sensing based
on multimodal interference in
polymer optical fibers

Tomohito Kawa', Goki Numata', Heeyoung Lee', Neisei Hayashi’,
Yosuke Mizuno'?, and Kentaro Nakamura'

! Institute of Innovative Research, Tokyo Institute of Technology,

Yokohama 226-8503, Japan

2 Research Center for Advanced Science and Technology, The University of Tokyo,
Tokyo 153-8904, Japan

a) ymizuno@sonic.pi.titech.ac.jp

Abstract: We develop a single-end-access strain/temperature sensor con-
figuration based on multimodal interference in a polymer optical fiber (POF)
with an extremely high sensitivity. The light Fresnel-reflected at the distal
open end of the POF is exploited. We obtain high strain and temperature
sensitivities of —122.2pm/pe and 10.1nm/°C, respectively, which are
shown to be comparable to those in two-end-access configurations.
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1 Introduction

Fiber-optic strain and temperature sensors have been developed based on a
variety of principles including fiber Bragg gratings [1, 2, 3, 4], long-period gratings
[5, 6, 7], Brillouin scattering [8, 9, 10, 11, 12, 13], Raman scattering [14, 15, 16],
and optical interference [17, 18, 19, 20, 21, 22, 23, 24, 25, 26]. While many types
of interference-based strain and temperature sensors are reported, those based on
the interference of multiple guided modes in multimode fibers (MMFs) have
received a great deal of attention for the past two decades because of their system
simplicity, cost efficiency, and high sensitivity. As summarized in Table 1 in
Ref. [18], a number of configurations have been implemented; the most commonly
used configuration of them is a so-called “single-mode-multimode-single-mode”
(SMS) structure [19, 20, 21, 22, 23, 24, 25, 26], where an MMF is sandwiched
between two single-mode fibers (SMFs).

Let us review the recent developments of SMS-based strain and temperature
sensors. Using a 1.8-m-long silica graded-index (GI-) MMEF, a strain sensitivity of
+18.6pm/ue and a temperature sensitivity of +58.5pm/°C were obtained at
1550 nm [19]. Both the absolute values and the signs of the strain and temperature
sensitivities were found to be determined by “critical wavelengths” [20], which
depend on the core diameter and/or the dopant of silica MMFs. To extend the
measurable strain range, using a 0.16-m-long polymethyl methacrylate (PMMA)-
based step-index polymer optical fiber (POF) as an MMEF, a strain sensitivity of
—1.72pm/pe and a temperature sensitivity of —56.8 pm/°C were obtained at
1570nm [21]. However, the propagation loss of PMMA-based POFs at telecom
wavelength is so high (> 1 x 10° dB/km) that the measurable distance is intrinsi-
cally limited to several meters or less. To overcome this problem, we have recently
implemented SMS-based strain and temperature sensors using perfluorinated (PF)
GI-POFs [22, 23, 24], which are the only POFs with a relatively low loss of
~250dB/km even at 1550 nm (or ~50 dB/km at 1300 nm). When the POF length
was 1.0m and the core diameter was 62.5 um, we obtained a strain sensitivity of
—111.8 pm/pe and a temperature sensitivity of +49.8 nm/°C at room temperature
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at 1300 nm; these values are by far larger than those previously reported using other
MMFs [22].

Thus, substantial efforts have been made to improve the performance of SMS-
based strain and temperature sensors, but almost all the SMS-based sensors
reported thus far are two-end-access systems, in which both ends of the MMF
are physically connected to SMFs. From a practical viewpoint, single-end-access
configurations with an enhanced degree of freedom in embedding the sensors into
structures are preferable. There are only three examples of such single-end-access
configurations; the first is a displacement sensor reported by Mehta et al. [27],
which comprises an SMF-MMF-airgap-mirror structure. It is, however, difficult
to directly employ this structure to measure strain and temperature; in addition, use
of the mirror reduces the ease of handling. The second is a temperature sensor
reported by Li et al. [28], in which no descriptions on strain sensing capability have
been provided at all. The third is a strain sensor reported by Ribeiro et al. [29], in
which strain is measured based on modulated power; its operating principle is quite
different from that of other frequency-based SMS sensors.

In this work, by using Fresnel reflection at the distal open end of the MMF, we
develop a single-end-access configuration of SMS-based strain and temperature
sensing systems, in which PFGI-POFs were employed as MMFs to obtain high
sensitivities. We experimentally show that when the MMF length is the same, the
strain and temperature sensitivities do not largely change regardless of the config-
urations (i.e., either single- or two-end access).

2 Principle

A conceptual setup of the conventional two-end-access (or transmissive) config-
uration is depicted in Fig. 1(a). When light is injected from an SMF to an MMF,
a few lower modes are excited in the MMF owing to the spot-size difference
between the fundamental (or Oth) modes in the SMF and the MMF. They propagate
along the MMF with their respective propagation constants and reach the other
MMF-to-SMF interface, at which the net field coupled to the SMF is determined by
the relative phase differences among the multiple modes guided in the MMF. Under
the assumption that the MMF and SMFs are axially aligned, the modes excited in
the MMF are axially symmetric, and the optical power P, output from the SMS
structure is expressed as [25]

Pou = lao® + ar” exp i(Bo — B1L + a2 expi(Bo — f)L + - - |, (1)
where q; is the field amplitude of the i-th mode at the first SMF-to-MMF interface,
f; is the propagation constant of the i-th mode, and L is the MMF length. This
equation indicates that the optical output power is influenced by physical changes
(especially, the changes in the propagation constants and in the MMF length)
caused by strain and temperature. Thus, by measuring the shift of spectral dips (or
peaks), strain and temperature sensing can be performed.

Subsequently, a conceptual setup of the single-end-access (or reflectometric)
configuration is shown in Fig. 1(b). The light injected from an SMF into an MMF
via an optical circulator is Fresnel-reflected at the distal open end of the MMF
and then propagates back along the MMF and the SMF; the output spectrum is
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Fresnel
SMF MME reflection
SMF MMF SMF @ O
Light (
(a) (b)

Fig. 1. Conceptual setups of (a) transmissive configuration and (b)
reflectometric configuration. MMF, multimode fiber; SMF,
single-mode fiber.

finally observed at the third port of the circulator. In this reflectometric config-
uration, the optical path length in the MMF becomes twice as long as that in the
transmissive one; the purpose of this work includes clarification of this effect on
the sensitivities.

3 Experimental setup

The MMFs used in the experiment are PFGI-POFs [30] with a core diameter of
62.5 um and a cladding diameter of 72.5 um. Their core and cladding layers are
composed of doped and undoped polyperfluorobutenylvinyl ether, respectively. The
POF length is 0.7 m (except for the experiment of the length dependence measure-
ment). The refractive indices at the center of the core and in the cladding layer are
approximately 1.35 and 1.34, respectively, irrespective of the optical wavelength
[31]. An overcladding layer (diameter: 750 pm) composed of polycarbonate is
coated outside the cladding layer to lower microbending loss and to improve the
load-bearing capability.

The actual experimental setups of transmissive (for comparison) and reflecto-
metric configurations are shown in Fig. 2(a) and 2(b), respectively. In both
configurations, a swept-source laser with a 20-kHz sweep rate was employed as
a broadband light source with a central wavelength of 1320 nm and a bandwidth
of 110nm. The laser output was first input to a polarization controller to suppress
the polarization-dependent spectral fluctuations, and then injected into the POF. In
Fig. 2(a), both ends of the POF were butt-coupled to silica SMFs via “SC/PC-FC/
PC” adaptors [32], and the spectrum of the transmitted light was monitored using
an optical spectrum analyzer (OSA). In contrast, in Fig. 2(b), one end of the POF

Strain Strain
> —>
SSL PSCR|-l——= | OSA | | sSL |PSCR @ N ——
| PFGI-POF | | “PFGI-POF
Thermostatic Thermostatic
chamber OSA chamber
(@ (b)

Fig. 2. Actual experimental setups of (a) transmissive configuration
and (b) reflectometric configuration. OSA, optical spectrum
analyzer; PFGI-POF, perfluorinated graded-index polymer
optical fiber; PSCR, polarization scrambler; SSL, swept-source
laser. The yellow lines indicate silica single-mode fibers.
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Fig. 3. Measured spectral dependences on strain in (a) transmissive
configuration and (b) reflectometric configuration. The dip
wavelength dependences on strain in (c) transmissive config-
uration and (d) reflectometric configuration.
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1280 L L

was butt-coupled to a silica SMF in the same way, but the other end was kept open
(flatly polished); the spectrum of the reflected light was monitored using an OSA.
Note that the optical circulator used in Fig. 2(b) had an operating wavelength of
1280 to 1340 nm and insertion losses of approximately 0.5 dB for both directions
(i.e., port 1 to port 2 and port 2 and port 3). In both cases, the entire length of the
POF was strained or heated. The room temperature was approximately 28°C.

4 Experimental results

The measured dependences of the spectral dips on strain in transmissive and
reflectometric configurations are shown in Fig. 3(a) and 3(b), respectively. In both
cases, a single relatively broad dip was observed in this range, which shifted to
shorter wavelengths with increasing applied strain. The spectral power in Fig. 3(b)
was approximately 20 dB lower than that in Fig. 3(a); this is valid considering the
loss of Fresnel reflection at the POF end (~2.2% reflection, corresponding to a
16.5dB loss; by a simple calculation based only on the core refractive index
difference) and the additional POF propagation loss (if compared with the Fresnel
loss, negligibly low with this short POF (0.7 m)). In the reflectometric configu-
ration, if necessary, we could form a mirror at the open end of the POF to increase
the spectral power. Figs. 3(c) and 3(d) show the dip wavelengths plotted as
functions of strain. The dependences were both almost linear with slopes of
—1218nm/% (= —121.8pm/ue; transmissive) and —1222nm/% (= —122.2
pm/pe; reflectometric). These values moderately agree with the previously reported
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value [22]; the discrepancy probably originates from the imperfect end faces,
asymmetric coupling to the SMFs, and longitudinal structural non-uniformity of
the POF.

Subsequently, the dependences of the dip on temperature were also measured
(Figs. 4(a) (transmissive) and 4(b) (reflectometric)). The dips shifted to shorter
wavelengths as temperature increased. The dip wavelengths plotted as functions of
temperature (Figs. 4(c) and 4(d)) indicate that the temperature-dependence coef-
ficients were 9.63nm/°C (transmissive) and 10.1 nm/°C (reflectometric); these
values are also consistent with those previously reported [22]. Thus, the reflecto-
metric configuration was experimentally proved to possess almost the same strain
and temperature sensitivities as those of transmissive configuration with an ad-
vantage of single-end accessibility (see Appendix). One concern is that when the
POF length is longer than several dozen meters, the additional propagation loss
may result in the reflected spectrum buried by the noise floor. This problem could
be mitigated by attaching a mirror at the end of the POF.
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Fig. 4. Measured spectral dependences on temperature in (a) trans-
missive configuration and (b) reflectometric configuration. The
dip wavelength dependences on temperature in (c) transmissive
configuration and (d) reflectometric configuration.

5 Conclusion

A single-end-access configuration of SMS-based strain and temperature sensing
systems exploiting Fresnel reflection at the distal open end of the MMF (PFGI-
POF) was developed. High strain and temperature sensitivities of —122.2 pm/pue
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and 10.1nm/°C, respectively, were obtained. These values were comparable to
those in the two-end-access configuration. We anticipate that our method will
drastically enhance the ease of handling of SMS-based fiber-optic sensors.
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Appendix

The experimental results may raise the question as to why, although the optical path
length in the POF in the reflectometric configuration becomes twice the value in the
transmissive configuration, the strain and temperature sensitivities are not doubled.
This question leads to a fundamental discussion whether the strain and temperature
sensitivities of SMS-based sensors are dependent on the MMF lengths or not.
Suppose the whole length of the MMF is strained or heated. As for the
temperature sensitivity, in some references [20, 22, 23, 24], it was assumed to be
in proportion to the MMF lengths and the units of “nm/°C/m”, “pm/°C/cm”, etc.
were used, where the values expressed with “m” and “cm” are the MMF lengths.
This way of using the units originates from the following theory: “for simplicity,
suppose the interference of the lights only of the two modes (fundamental and first-
order higher modes [24] or LPys and LPy; modes [28]) propagating along the MMF.
A longer MMF then leads to their longer optical-path difference (due to the thermal
expansion, etc.), resulting in a larger temperature-dependence coefficient of the dip
wavelength. Thus, the temperature sensitivity is linearly dependent on the MMF
length”. In the meantime, there has been a hot discussion on what units should be
used for the strain sensitivity. In some references [20, 22, 23, 24], researchers used
“pm/ue”, “nm/%”, etc. probably considering that the strain sensitivity does not
depend on the MMF length because strain in itself is the value divided by the MMF
length. Nevertheless, from the standpoint of the aforementioned two-mode-inter-
ference theory, the induced optical path length difference between the two modes
should be determined not by strain but by displacement. When the MMF is longer,
larger displacement can be obtained with the same strain. Therefore, in this sense,
the units for the strain sensitivity should be “pm/pg/cm”, “nm/%/m”, etc.
However, if this conventional theory does hold true, our experimental results in
the reflectometric configuration cannot be elucidated. To refute this theory, we
measured the POF length dependences of the strain and temperature sensitivities, as
shown in Figs. Al(a) and A1(b), respectively. POFs with lengths of 0.3, 0.7, 1.0,
and 2.0m were used. Although considerable fluctuations of the values probably
caused by the modal instability were observed, it was clear that neither the strain
sensitivity nor the temperature sensitivity was proportional to the POF lengths. This
result indicates that in theoretical analysis of the performance of the SMS-based
sensors, not only two modes but also many other modes need to be simultaneously
considered. The details of the analysis is out of the scope of this paper, and will
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Fig. A1. Measured POF length dependences of (a) strain and (b)

temperature sensitivities.

be discussed elsewhere. Hence, the practically important finding concerning the
units is that we should use “pm/pe”, “nm/%”, etc. for the strain sensitivity and
“nm/°C”, “pm/°C”, etc. for the temperature sensitivity.




