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Abstract

®
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Bi-core optical fiber structures are studied for applications in sensing. In this paper, an
analysis is performed on the spectral characteristics of light propagating in these fibers

with central launching core illumination from a standard single mode fiber. Reflective and
transmissive configurations are addressed. The characteristics of a reflective bi-core fiber
structure for measurement of strain, temperature and absolute value of torsion are investigated

and highlights for further research are presented.
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1. Introduction

Fiber optic sensing derived initially from the optical fiber
communication endeavour but soon followed its own driving
force triggered by the intrinsic favorable properties of these
fibers. At a basic level, they result from the fact an optical field
is involved with its unique characteristics of being simultane-
ously a communication channel and a sensing element. This
feature means no dedicated telemetry and power channels are
required, which leads to the practical feasibility of remote
sensing and multi-point measurement supported by a single
optical fiber [1].

It is historically accepted that the first research work
involving optical fiber sensing was published in 1967 by
Menadier et al [2], in a development where it studied the effi-
ciency of the light coupling into a collector fiber after exiting
an illumination fiber and reflection on a surface; such effi-
ciency depends on the surface distance to the fiber tips, thus the
configuration is indeed a displacement sensor, emphatically
designated as ‘Fotonic Sensor’ by the team that performed the
study. In subsequent years, progresses in this new scientific
area were modest, a situation that changed in the second half
of the 1970s. In 1974, Powel [3] described two different optical
displacement sensors using only a pair of large-diameter fibers
and a bundle of many small-diameter fibers. In 1976, Vali et al

1361-6501/19/035104+7$33.00

[4] presented a communication demonstrating that the sensi-
tivity of an optical fiber ring interferometer can be considerably
increased when the number of fiber loops is higher, illustrating
the huge potential of fiber optic based interferometric sensing.
In a famous development, Bucaro et al [5] in 1977 demon-
strated, for the first time, the optical fiber hydrophone, sup-
ported by a Mach—Zehnder interferometric configuration with
optical fiber arms. The following years framed the stabilization
of the optical fiber sensing concept and an increasing number
of novel and ingenious sensor structures and systems targeting
a variety of measurands appeared in the literature, in a move-
ment that extended vigorously up to the present complemented
by multiple initiatives and enterprises aiming the economic
valorisation of this technology.

Nowadays, fibers with special cross-section geometries are
of great importance in optical fiber based R&D and applica-
tions. Indeed, since the first publication by Knight ez al [6] in
1996 on photonic crystal fibers (PCF), the optical fiber com-
munity has been continuously engaged on the study of fiber
structures with lattice of air holes running along its length;
these structures show remarkable properties that support a
large variety of novel optical fiber devices. The works pub-
lished by Knight in Nature [7] and by Russell in Science [8]
are important landmarks in this area that undertook in the last
decade a huge development, boosted not only by the demands

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. Photo of the cross-section of the bi-core fiber with
physical dimensions superimposed (w = 2 pm, 2a = 8.9 pm).

of optical fiber communication [9] but also in face of the large
potential this technology has for sensing [10]. Surely, before
the outcome of micro-structured optical fibers the conception
of optical fiber sensing systems was constrained by a rather
limited flexibility in optical fiber design and fabrication.
Indeed, and in general, these systems had to be worked out
around standard optical fibers with the consequent poor level
of flexibility. Although, some exceptions existed as is the case
of birefringent optical fibers that constituted the platform of
many important sensing developments that have been reported
along the years since the pioneer work of Eickhoff in 1981
[11]. However, probably the most notable example of struc-
tured optical fiber prior the photonic crystal fiber era is the bi-
core fiber (also known as dual-core fiber or twin-core fiber).
The concept was reported in by Meltz and Snitzer [12, 13]. In
the 2nd International Conference on Optical Fiber Sensors,
Berlin 1984, Noda et al [14] reported results on the applica-
tion of bi-core fibers for twist angle measurement.

By the end of 80s, Peter Severin at the Philips Research
Labs, Eindhoven, Netherlands, did a systematic study of these
fibers emphasizing their potential for multi-purpose evanes-
cent mode coupling based devices, in particular for sensing
[15, 16]. Somehow surprisingly, during the 90s the consid-
eration of these fibers for sensing was rather limited, eventu-
ally due to the focusing of the R&D community that operates
in this field on fiber Bragg grating based sensor structures,
a very hot topic by the time. The interests in bi-core fibers
(more generally, in multi-core fibers) reappeared strongly in
the last decade, but now in the context of microstructured
optical fibers and few studies were reported on sensing con-
figurations supported by classical bi-core fibers, certainly
with some exceptions as is the case of the flow velocity sensor
reported by Yuan et al [17] and refractive index sensor report
by Guzman-Sepulveda et al [18].

In this work, we recover the study of these fibers looking
for their application as sensing structures. First, a simple
model that provides insight on light propagation in bi-core
fibers under central illumination is detailed, then the spectral
characteristics of a fiber layout based on a length of bi-core
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Figure 2. Schematic diagram of the sensing head in reflection. The
legend: BBS: broadband source; OSA: optical spectrum analyzer;
CIR: fiber optic circulator..
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Figure 3. Schematic diagram of the sensing head in transmission.
The legend: BBS: broadband source; OSA: optical spectrum
analyzer; POL: in-fiber linear polarizer; PC: fiber coils polarization
controller.

fiber with input and output leads in standard SMF fiber are
experimentally investigated considering both transmission
and reflective configurations, and in a third part, the properties
of these structures for the measurement of mechanical strain,
temperature and torsion are addressed.

2. Methods

2.1. Light excitation of bi-core fibers

In any electromagnetic wave guiding device, the electro-
magnetic waves are propagated in modes: these modes can
exist depending on the boundary conditions and waveguide
material properties, which modes are excited depend on the
launching conditions, and upon propagation the mode spec-
trum may change so that the modes with lowest loss dominate.
In general, the mode more confined to the center of the wave-
guide shows the lowest loss.

In bi-core fiber (BCF) sensing devices, two types of launching
conditions are normally considered. Most studies [19, 20]
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Figure 4. Spectral response of the BCF reflection configuration
(L = 540 mm).
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Figure 5. Spectral response of the BCF transmission configuration
(L =450 mm is reduced due to the cut-&-splice).

refer to launching light in one fiber core only and determining
the effects of evanescence mode coupling over the space left
between the two cores, generally a fraction of the fiber cores
radius. The other possibility is central launching, the one that
will be analyzed here. It is implemented by launching light
into the two cores simultaneously from one connected single-
mode fiber, thus covering the central space and two roughly
half-moon sections of the fiber cores. For the present study, the
two cores are assumed to be identical, circular, at equal dis-
tance from the axis and uniform over the length used. Surely,
the manufacturing of a glass-preform from which a BCF is
to be drawn is a highly delicate process and there is always a
level at which the fiber is found imperfect and departures from
the ideal situation are noticeable.

An approximation for the BCF consists in considering it as
a step-index fiber propagating the two lowest order modes and
with a super-core radius A, given by

A=2a+w (1)

where a is the radius of the cores and w the separation between
them. The symmetric mode of the BCF is not a proper mode
of the super-core, but it can be approximated to the LPy; mode
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Figure 6. Spectrum of the light exiting the BCF operated in
transmission for polarized light along the principal birefringent axis
of the fiber.

of the super-core assuming it induced a field reduction in the
region between the two cores (this approximation is very
effective when the target is the mode propagation constant and
not the mode field profile). On the other end, the asymmetric
mode of the BCF is indistinguishable from the LPy; mode of
the super-core.

The propagation constant, 3, of the modes in a step-index
fiber depends on the principal mode number, m, by

ma 2
S N
where ky = %\—’; is the wave number, being )\ the wavelength
of the light in vacuum, A = % with n; and n, being the
fiber core and cladding refractive indexes, respectively;
M = akonv/A is the maximum value of the principal mode
number m [16], with a the radius of the core (in the present
case, a =A). In equation (2), the principal mode number
m = 0 is associated with the mode LPy, and m = 1 with the
mode LP;;. Therefore,

1
A2k0n1 ’

The BCF used in this work was fabricated at the Philips
Research Laboratories in Eindhoven, Netherlands, and has the
profile and dimensions shown in figure 1.

From it comes A = 10.9 pm and substituting into (3) with

ni = 1.5 results AB=~ 893\, mm 2. Therefore, it can be
written in a more practical form:

1
27TA21’11

AB = Brpy, — Brp, = (3)

Aﬁz( ))\0+C:B/\0+C 4
and Cis a constant that may be required in view of the approx-
imations introduced. At the end of the BCF of length L the
output light from the two modes will interfere constructively

when
LAB =2mi; with i =0,£1,42,.... 5)

From (4) the phase difference after a propagation length L
is given by
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Figure 7. Sensor response under axial strain variation and the residual to the linear fit.

A¢ =LASB = BLA\y + CL. (6)
The phase variation of A¢ with the wavelength is then
0(A¢) = BLH(Ng). (7

Two successive peaks in the channeled spectrum means
0(A¢) =2, associated with a wavelength periodicity,
d(Xo),,» given by

2T 472A%n,

50)s = 57 =~ ®

2.2. Bi-core fiber sensor configurations

The spectral characteristics of light propagating in BCF with
standard input/output fibers were experimentally studied con-
sidering the reflective and transmissive configurations.

2.2.1. Sensor configuration in reflection. The experimental
setup for testing the central launching is shown in figure 2.
An Er-doped fiber ASE broadband source (BBS) emitting
depolarized light with central wavelength around 1550nm
and 100 mW average optical output power was used to
illuminate the BCF through a 3-port fiber optic circulator.
A fusion splice was done between a standard single-mode
fiber (SMF) and the BCF that has a physical length (L) of
~540mm. At this splice point, the optical power from the
SMF is coupled equally into both cores of the BCF, prop-
agates and couple between both cores over the length L, and
are reflected back at the BCF end. This fiber end is silver
mirror coated by chemical deposition process. The reflected
optical power is partially coupled back into the core of the
SMF at the same splice point and detected by the optical

spectrum analyzer (OSA) via the 3-port fiber optic circulator
(CIR). The length of the BCF (acting as sensor head) was
fixed at both ends and kept straight between two precision
rotation stages used to induce later on a controllable torsion
about its longitudinal axis.

2.2.2. Sensor configuration in transmission. The layout for
the transmissive configuration is shown in figure 3, which
was also used to study polarization effects. Because the BCF
geometry has two well-defined axes, the device must show
dependence on the direction of polarization of the launched
light. The plane of the axes of the two cores is associated with
the horizontal (x) polarization, the direction perpendicular
with the (y) polarization. The in-fiber linear polarizer (POL)
and the fiber coil polarization controller (PC) permit to inject
polarized light into the BCF with adjustable orientation. In
this transmissive configuration, the BCF (acting as sensor
head) had a physical length of ~450mm (this reduced value,
when compared with the reflective configuration, was due to
cut-&-splice procedures necessary to change for transmissive
configuration).

3. Results and discussion

3.1. Sensor configuration in reflection

Figure 4, shows the output-channeled spectra of the set-up con-
figuration of figure 2 measured with the optical spectral ana-
lyzer (OSA). The wavelength separation between the maxima
referred in equation (5) is 6(Ao),, ~ 3.62nm (obtained from
the measured spectral separation of ~29 nm between the eight
peaks from the maxima 1528 nm to the one at 1557 nm). Using
this value in equation (8) and considering the need the BCF
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torsion

Transmission (dB)

i 1568I
Wavelength (nm)

Figure 9. Sensor spectral response when torsion is applied
(the dotted arrow shows the increase of torsion angle applied
to the BCF).

length, L = 540 mm, to be taken twice (because of the reflec-
tive configuration), it comes out a super-core radius value of
A =~ 8.1 pm. This value is smaller than the value A ~ 10.9 pm
obtained from geometry shown in figure 1, but acceptable in
view of the approximations introduced in the model discussed
before.

3.2. Sensor configuration in transmission

The output-channeled spectrum from the transmissive con-
figuration is shown in figure 5. Linear polarized light was
launched in both fiber cores, but no particular effort was done
to orientate the input light linear polarization with one of the
birefringent axis. Consequently, it is expectable a substantial
beating behavior, as indeed is observed.

To check the polarization properties of the BCF, arrange-
ments were done in order to align the input linear polarization
with each of the fiber birefringent axis. They relied on get-
ting the two orthogonal polarizations at the input that resulted
into minimum observable beating at the output channeled
spectrum, also associated with the largest spectral difference
between maximums of same order for the two polarizations.

Figure 6 shows the spectra obtained. The wavelength
periods are §(Ao)y,y & 6.26nm and 6(Xo),,y ~ 6.39nm
for the x and y polarizations, respectively, indicating a bire-
fringence for this fiber of ~1.74 x 1075, Observation of the
cross-section image of the fiber shown in figure 1 indicates
this birefringence has geometric grounds not only because the
BCEF cross-section has two well-defined axes, but also in view
of the elliptical shape of the cores with the minor axis fairly
aligned with the line that connects the two cores.

3.3. Sensing effects

The dependence of the channeled spectrum shifts under the
variation of strain, temperature and torsion was experimentally
studied, looking for the application of this fiber structure as a
sensing device. It is relevant to mention the sensing mechanism
is the measurand induced shift of the phase difference between
the light that propagates in the two fiber cores, therefore bire-
fringence behavior, which introduces what can be mentioned
as a second order effect, will not be considered under this
study. The configuration with the BCF operating in reflection
was selected (figure 2), with unpolarized light injected into the
standard input fiber and L = 540 mm. In the case of temper-
ature measurements, the total length of the BCF was immersed
on a water bath in order to have a better uniform distribution
of temperature on the fiber. For the axial strain, both ends of
the BCF were held on translation stages and displacement
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Figure 11. Sensor response when torsion is applied up to a torsion angle magnitude exceeding 180°.

was applied to one of them. The results obtained are shown
in figures 7 and 8 for the cases of applied strain and temper-
ature variations, respectively. Linear fitting dependences are
observed with slopes (sensitivities) of ﬁ—’e\ ~ —1.64 pm/ ue for
strain and % ~ —39.1 pm/°C for temperature.

The effect of mechanical torsion on the fiber was also
investigated. For that, a controllable torsion on the BCF was
applied using two precision rotation stages. Figure 9 shows
the evolution of the channeled spectrum in response to the
torsion angle (anti-clockwise torsion). With increasing torsion
angle the fringes are red-shifted and observed a decrease of
the fringes visibility.

Choosing one the spectral dips on figure 9 (in this case
~1565nm) and plotting the wavelength shift as function of the
torsion angle, comes out the results given in figure 10, where
now it is also shown the values obtained for clockwise torsion
(0 to +180°). In both cases there is a red-shift of the spectrum,
with a slope of approximately —2 pm/Idegreel, an expectable
result by symmetry reasons.

For a larger range of torsion angles, figure 11 shows the
results obtained, where in this case the length of BCF at the
reflection setup configuration is ~990 mm. It is observed that
with torsion angles larger than 180° the spectrum turns blue-
shifted moving to recover the position without any torsion.
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However, when the torsion angle increases, the interfero-
metric visibility decreases (from a maximum value of ~52%
to a minimum one of ~14%), while the peak optical power
decreases by ~0.7 dB. Therefore, the torsion does not induce
a substantial increase of the power loss in the BCF. These
results indicate that it is feasible to measure torsion up to an
amplitude of 180°, but without direct discrimination of clock-
wise and anti-clockwise torsion.

In all cases the measurand quantity information was
obtained from the shift of the channeled spectrum obtained
using an optical spectrum analyzer. This approach may not
be adequate in several situations, either due to the cost of
the equipment, limited reading resolution or bandwidth con-
straints. Therefore, it would be advantageous to consider a
different interrogation approach and the white light technique
combined with heterodyne demodulation [21] is a feasible
alternative. In particular, it is well known for its characteristics
of high sensitivity phase readout, which would translate, in the
present case, into favorable sensitivities in the measurement
of the targeted parameter.

It would be helpful to have available a model of the BCF
sensing structure as a tool to estimate its performance when
addressing the reading of a specific measurand, particularly
the ones reported in this work and also curvature, as well as,
to guide the optimization of the sensor. For that the approxi-
mated approach presented in section 2 is an insufficient basis
and a more elaborated one is required. To our knowledge, that
has not been done in the early days of this type of fiber applied
for sensing, neither later after the outcome of photonic crystal
fibers. Being true that nowadays the consideration of multi-
core fibers as sensor elements occurs most in the context of
this new technology, in some circumstances keeps valuable
the option associated with the utilization of standard bi-core
fiers. Therefore, we consider worthwhile the development of
such model, a subject of further research.

4. Conclusions

This work addressed the study of standard bi-core fibers in the
perspective of sensing applications. The development of these
special fibers in the context of the evolution of fiber optic
technology was detailed, followed by a study performed on
the spectral characteristics of light propagating in these fibers
when illumination comes from a standard single mode fiber
spliced centrally to the bi-core fiber. Reflective and transmis-
sive configurations were considered and the characteristics of
the former for measurement of strain, temperature and abso-
lute value of torsion were studied.
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