Optical Engineering

SPIEDigitalLibrary.org/oe

Simultaneous measurement of three
parameters using an all-fiber
Mach-Zehnder interferometer based on
suspended twin-core fibers

Susana F. Oliveira Silva
José L. Santos

Jens Kobelke

Kay Schuster

Orlando Frazao



OE Letters

Simultaneous measurement
of three parameters using
an all-fiber Mach—-Zehnder
interferometer based on
suspended twin-core fibers

Susana F. Oliveira Silva,? José L. Santos,” Jens
Kobelke,® Kay Schuster,® and Orlando Frazao?
aUOSE, INESC Porto, Rua do campo Alegre, 687, Porto,
4169-007 Portugal

BINESC Porto, Rua do Campo Alegre 687, 4169-007 Porto,
Portugal and Faculdade de Ciéncias da Universidade do
Porto, Rua do Campo Alegre 687, 4169-007, Porto,
Portugal

¢IPHT-Institute of Photonic Technology, D-07745 Jena,
Germany

E-mail: ofrazao@inescporto.pt

Abstract. We describe an all-fiber Mach—-Zehnder interfer-
ometric configuration based on a suspended twin-core fiber.
Because of the birefringence of the fiber cores, two interfer-
ometers are obtained by illuminating the fiber with polarized
light. Applying strain, curvature, and temperature to the sens-
ing head, different sensitivities are observed that permit the
use of the matrix method to discriminate these three measur-
ands. © 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
[DOI: 10.1117/1.3553482]
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1 Introduction

The twin-core fiber was first demonstrated as a temperature
sensor in 1983 by Meltz et al.! The temperature sensitivity
of a twin-core fiber sensor with a single cladding and the
circular cores is due almost entirely to the linear expansion of
the core and the thermo-optic effect. Peng et al.” fabricated
a twin-core optical fiber with a large elliptical core with
significant polarization-dependent coupling properties. On
the other hand, Tjugiarto et al.®> observed that the coupling
between the two cores increases with the spin rate in a spun
twin-core fiber. In 2000, Gander et al.* proposed a two-axis
bend measurement using multicore optical fiber. MacPherson
et al.> demonstrated a curvature sensor using a twin-core
photonic crystal fiber, and Flockhart et al.® reported two-axis
bend measurement using Bragg gratings written in multicore
optical fiber.

In this work, the authors propose a new sensing head
based on a Mach—Zehnder interferometric configuration us-
ing a suspended twin-core fiber. This sensing head presents
different sensitivities when subjected to strain, curvature, and
temperature. The possibility of simultaneous measurement
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using the matrix method to discriminate the three parameters
is also demonstrated.

2 Experimental Setup and Results

Figure 1 presents the experimental setup with the sensing
head based on a suspended twin-core fiber. Light from a
broadband source in the 1550-nm window was linearly po-
larized with a polarizer and injected into the suspended
twin-core fiber with a length of 33 cm. A polarization con-
troller was used to optimize the polarization states (x- and
y-axes), and all the measurements were performed with an
optical spectrum analyzer. The fiber cross section is shown
also in Fig. 1. The suspended twin-core fiber with four holes
made of pure silica was fabricated at the Institute of Pho-
tonic Technology (Jena, Germany). The distance between
the two cores is ~6.4 um, being possible to simultaneously
illuminate the two cores using a standard single-mode fiber
(SMF-28®). The core’s diameter is 1.5 um, the cladding
is 124 pum, and the big and small holes are 10 and 5 pm,
respectively.

Because of the fiber geometry, the triangular-shaped cores
in the suspended twin-core fiber presents birefringence and
two discrete Mach—Zehnder interferometers can be excited.
The first interferometer is obtained when the polarized light
excites only the x-polarization state in the two cores. The
second interferometer appears when the input linear po-
larized light is along the y-axis. In these situations, we
have a single Mach—Zehnder interferometer, where each
arm is an eigenaxis of each core, originating a typical
two-wave channeled spectrum, which can be observed in
Figs. 2(a) and 2(b). When the input polarized light is along
a direction that excites the two eigenaxes of the two cores, a
beat of the two single interferometers appears, as is evident in
Fig. 2(c).

From the channeled spectrum periodicity [Figs. 2(a) and
2(b)], it turns out that the effective refractive index differ-
ence for the light propagating in the two cores is 7.6 x
10~ (x polarization) and 8.1 x 10~* (y polarization) in the
1550-nm wavelength region.

Because of the small diameter of the cores, there is
a substantial evanescent field of the propagating light.
Consequently, the waveguide dispersion is not negligible,
which is evident from the data shown in Fig. 2, par-
ticularly in the case of excitation of the two x- and y-
polarization Mach—Zehnder interferometers, as is clear in
Fig. 2(c). Around the wavelengths A; ~ 1546 nm, A, ~
1554 nm, and A3 ~ 1560 nm, the periodicity of the chan-
neled spectrum is ~1.96, ~1.70, and ~2.60 nm, respectively.
Also, it was observed that the dependence with curvature,
strain, and temperature of the peaks associated with these
three wavelengths were all different, providing an opportu-
nity to perform simultaneous measurement of these three
parameters.

To test this possibility, first the behavior of this structure
as a curvature sensor was characterized.” Hence, the fiber
was fixed at two points at a distance of 540 mm from each
other and submitted to specific curvature values by using
a translation stage (via successive 100—um displacements).
The spectral position of the maximums associated with Aj,
Az, and A3 have different and linear responses to curvature
variations, as shown in Fig. 3, with sensitivity coefficients of
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Fig. 1 Experimental setup of the Mach—Zehnder interferometric configuration based on the suspended twin-core fiber and photos of the fiber

cross section.

(-1.384+0.07) nm/m~", (-1.42 4+ 0.07) nm/m~"', and (-1.35
+0.05) nm/m™!, respectively.

The response to temperature variations of the sensing head
was also characterized.® The structure was placed in a tube
furnace and submitted to increasing values of temperature
in the range 0—100°C, with 10°C steps. The results shown in
Fig. 4 indicate that the wavelength peaks A, A,, and A3 have
linear responses to temperature variations, characterized
by the sensitivities: (28.240.8), (34.9+£0.8), and (33.5
+0.8) pm/°C for A, A;, and A3, respectively.

The sensing structure was also characterized in terms of
strain. The input and output fibers were accordingly fixed
at two points 540 mm apart and submitted to specific strain
values by using a translation stage (via successive 10-um
displacements). The results are made available in Fig. 5.
Once again, the wavelength peaks have linear responses to
strain variations, with sensitivities: (5.4 +0.01), (5.0 £ 0.01),
and (5.6 £0.01) pm/ue, for A1, Ap, and A3, respectively.
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Fig. 2 Spectral response of the interferometric structure for input

polarized light along the (a) x-axis, (b) y-axis, and (c) when both axes
of the two cores are excited.
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The sensitivity coefficients obtained for curvature, tem-
perature, and strain applied to the proposed sensing structure
indicates the feasibility to perform simultaneous measure-
ment of these measurands. From the experimental sensitivity
coefficients, comes the following:

Al Kri Ke1 Ke1 [ AT Al
Al | = | Ko Kep Kep Ae | = | Al
Aks K3 Ke3 Kes L AC Ahs

—28.2 =54 —1.347T AT
|:—34.9 —5.0—1.37:||: A8:|. (1)
—33.5 -5.6 —1.41 || AC

This matrix equation can be inverted, resulting in
0,0549 —0,348479 A\
(2)

AT 0,3104
|:A8 :| = |: 1,6540  2,5594 —4,0587 || Ay

AC —13,9449 —11, 4694 23,6874 || A3
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Fig. 3 Dependence on curvature of the peaks associated with 11,
A2, and Ag in Fig. 2(c).
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Fig. 4 Dependence on temperature of the peaks associated with A4,
A2, and Az in Fig. 2(c).

A factor of merit of an approach of this type is the
value of the determinant of the coefficient matrix in Eq. (1).
When its magnitude is close to zero that means that some
sensitivity coefficients are similar, therefore, compromising
the effectiveness of the simultaneous measurement function-
ally. Thus, desirably, the value must be as large as possible
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Fig. 5 Dependence on strain of the peaks associated with 11, Ag,
and A3 in Fig. 2(c).
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and, in the present case, it is ~26, which is large enough
to achieve an effective measurement performance with this
sensing configuration.’

3 Conclusions

A new sensing head based on a Mach—Zehnder interfero-
metric configuration based on a suspended twin-core fiber
was proposed. Because of the birefringence of the cores,
in the presence of input light with a polarization state
that excites the two eigenaxes of the two cores, a dou-
ble interferometer is present, originating beat phenomena.
Because of the waveguide dispersion of the light that prop-
agates in the cores, the variation with curvature, tempera-
ture, and strain of a particular fringe of the beat channeled
spectrum depends on the wavelength. This feature opens
the possibility of simultaneous measurement of these three
parameters.
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