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Abstract—In general, a sensor is used to monitor a single pa-
rameter only, and in many cases, a reference sensor is necessary
to compensate the effect of temperature. Here, we demonstrate
that a single supermode interferometer is capable of monitoring
two parameters simultaneously. Said interferometer was fabricated
with a segment of strongly coupled multicore fiber fusion spliced
at the end of a standard single mode fiber. The free end of the
multicore fiber was flat, thus, it behaved as a low reflectivity mirror
whose reflection depended on the external refractive index. The
reflection spectrum of our supermode interferometer consisted
of well-defined periodic maxima and minima whose values and
position varied when the interferometer was exposed to refractive
index and temperature changes. In the Fourier domain, the changes
of the interference pattern can be decoded easily. We demonstrate
that the supermode interferometer here proposed can be useful to
measure the thermo-optic coefficient of a sample. An important
advantage of the device reported here is that the length of the
multicore fiber is not determinant on the performance of the sensor.
In addition, the device can be reused multiple times.

Index Terms—Dual parameter sensors, interferometers,
Multicore fiber sensors, optical fiber sensors, refractometers,
supermode interferometers, thermo-optic coefficient.

1. INTRODUCTION

PTICAL fibers have an intrinsic temperature sensitivity
O which makes them good thermometers, but such sensitiv-
ity is an issue when one wants to measure or monitor the refrac-
tive index of a sample. In a laboratory environment, refractive
index measurements can be carried out at constant temperature.
However, for in situ refractive index measurements and in many
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other applications, temperature cannot be controlled. In such
circumstances, it is necessary to measure simultaneously index
and temperature.

To be a real alternative for practical applications, a fiber optic
sensor that is capable of measuring refractive index and temper-
ature simultaneously must fulfill some important requirements.
Its fabrication must be easy and reproducible; it must be robust,
easy to use and clean; the refractive index measuring range of
the sensor must be as broad as possible, etc.

So far, the optical fiber sensing community has made substan-
tial efforts to devise sensors that fulfill such requirements. In Ref.
[1], for example, different sensor architectures that can be used to
measure temperature and refractive index are reviewed. Several
of such architectures include a reference sensor for which their
fabrication may entail complex assembly procedures. The addi-
tion of a reference sensor may compromise the reproducibility,
interrogation, and cost of a device.

To overcome the above issues, single fiber optic sensors ca-
pable of monitoring index and temperature have been proposed
in the literature. These include long-period gratings [2], [3],
Bragg gratings [4]-[10], single-cavity Fabry-Perot interferom-
eters fabricated with polymer [11] or by fusion splicing [12],
and metal-coated fibers [13], [14] among others. The main
disadvantage of grating-based sensors is their poor sensitivity
for refractive indices below 1.4 or their expensive interrogation.
The drawbacks of sensors based on polymer- or metal-coated
fiber include poor reproducibility or issues related with their
reusability.

Single interferometers built with conventional [15]-[18],
polarization-maintaining fibers [19], [20] or etched multicore
fibers [21], [22] have also been proposed for simultaneous
sensing of index and temperature. The inconvenience of such
interferometers is the need of a multi-step fabrication process
or complex interrogation and signal processing. Single-mode-
multimode structures that operate in reflection [23]-[26] have
been demonstrated for index and temperature measurements as
well. The disadvantage in these cases is the lack of control on the
number of modes that are excited in the segment of multimode
fiber. Moreover, in Refs. [24]-[26] temperature and index were
measured in separate experiments.

To make a mode interferometer functional and practical for
dual parameter sensing it is important to control the modes
that participate in the interference. In addition, the fabrication
of the interferometer must include minimal steps to ensure
reproducibility and low cost.
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Fig. 1. (a) Cross section of the MCF used in the experiments. (b) Schematic
representation of the supermode interferometer of length L. The profile of the
excitation light source and the reflection spectrum of the interferometer are
denoted as /(1) and Ir (A,L), respectively. The refractive index of the sample is
denoted as ng.

Here, we propose a device that may fulfill the aforementioned
requirements. We used an optical fiber designed to support
specific interfering modes, which is called strongly-coupled
multicore fiber (MCF). These fibers have opened up new alter-
natives to devise mode interferometers for sensing applications,
see for example Refs. [27]-[29]. In the referred MCFs, the cores
are close to each other to allow optical interaction among them.
Strongly-coupled MCFs support several supermodes and can
be treated as a special form of multimode fiber [30]. However,
under specific excitation conditions it is possible to excite and
recombine only two supermodes in the MCF [31].

Supermode interferometers are promising for optical fiber
sensing due their distinct advantages. First, it is possible to have
control on the supermodes that participate in the interference.
Hence, the performance of a sensor can be predicted and even
tailored. Second, they are compact and robust and can be fabri-
cated by splicing a centimeter-long segment of such an MCF to
SMF. Third, here is no need to use expensive fan-in and fan-out
devices to interrogate a supermode interferometer. Moreover, the
insertion losses of a SMF-MCEF junction may be minimal if the
SMF and the MCF have the same numerical aperture [27]-[29].

In this work, we demonstrate that a single supermode interfer-
ometer can be capable of monitoring temperature and refractive
index simultaneously. Temperature is encoded in a shift of the
interference pattern and refractive index in the visibility of the
same pattern. To interrogate our devices, a narrow band light
source and a low resolution spectrometer may be sufficient.

As an application, we demonstrate the use of our supermode
interferometer to measure the thermo-optic coefficient of a lig-
uid. However, many other applications are foreseen as in many
sensing applications temperature cannot be constant and must
be monitored along with the target parameter.

II. THEORY OF A SUPERMODE INTERFEROMETER

The supermode interferometer used in our experiments was
built with the MCF whose cross section is shown in Fig. 1(a).
The MCF has seven coupled cores; all the cores are identical, one
of them is in the geometrical center of the fiber and the other six
cores are located around the central core. The numerical aperture
of all the cores of the MCF is approximately equal to that of the
SME, which is 0.14 at 1550 nm.

The structure of the interferometer is shown schematically
in Fig. 1(b). It consists of a piece of MCF of length L fusion
spliced at the distal end of a conventional SMF. The MCF end
was cleaved, in this manner; the MCF facet behaves as a reflector.
Said reflector is sensitive to the refractive index of a sample that
may be in direct contact with the MCF facet.
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In the SMF-MCF structure shown in Fig. 1(b), the unique
core of the SMF and the central core of the MCF are axially
aligned and in physical contact. Thus, only the fundamental
SMF mode excites the MCF. This assumption is valid in a range
of wavelengths in which the SMF and the cores of the MCF
are single mode, between 1260 and 1650 nm, approximately.
Under these excitation conditions, only two supermodes that
have nonzero intensity in the central core are excited in the MCF.
This has been demonstrated experimentally and analytically, by
other authors, see for example [27], [31].

The propagation constants of the two excited supermodes in
the MCF can be denoted as 31 and 35. Both 81 and 35 depend
mainly on the wavelength (1) of the excitation light source, the
size of the cores, their separation and the material the cores are
made of. The light source, the geometry, and the refractive index
(material) of the cores of the MCF can be chosen. Thus, with
coupled-core MCEF, it is possible to tailor the properties of a
supermode interferometer. This is a distinctive advantage over
their counterparts built with other optical fibers in which there
is no control on the modes that interfere.

The difference in the propagation constants of the interfering
supermodes can be expressed as A3 = 2w An/i, where An=nq;
— nea, With ne; and neo the effective refractive indices of the
supermodes excited in the MCF. As the supermodes travel twice
the segment of MCEF, thus, the reflection of the SMF-MCF
structure shown in Fig. 1(b) can be expressed as

In (n, L) = I, () Ry {11 + I + 2y/T1 I cos (4rAnL/3)
ey

In Eq. (1), Is(}) denotes the profile of the light source, Ry
is the Fresnel reflection coefficient that depends on the index
of the sample (ns). I; and I» denote the intensities of the two
supermodes that are excited in the MCF. Note that Eq. (1)
describes an interference pattern that can be detected by means
of the SMF connected to a spectrometer by means of a fiber
coupler or circulator.

An interference pattern can be characterized by its visibility
(V). In our case, V is the difference between the maximum and
minimum of Eq. (1) divided by the sum of such maximum
and minimum. This means, V = 2y/T115/(I;+15). Therefore,
the normalized reflection spectrum of the structure shown in
Fig. 1(b) can be expressed as:

R(A, L) = Is(A) Rp [l + Vcos(drAnL/1)]/ (1 + V)]
2
In Eq. (2), I,,s(}) is the normalized spectral distribution of the
light source that excites the MCF. In a practical application, the
excitation light source may be a narrow-band superluminescent
diode (SLED), which has a quasi-Gaussian spectral distribution.
To calculate the reflection spectrum of the structure depicted
in Fig. 1(b) itis necessary to know the wavelength dependence of
An. To do so, a commercial simulation software (MODE from
Lumerical) was used. In the simulations, a conventional SMF
with a core of 8.2 um in diameter and a numerical aperture of
0.14 was considered. The diameter of each core in the MCF was
considered to be 11 pm and the separation between neighbor
cores of 13 pum. The refractive index of each core in the MCF
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Fig. 2.  An as a function of wavelength calculated of the MCF shown in

Fig. 1(a). The inset images show the profiles at 1550 nm of the two excited
supermodes in the MCF.

was considered to be 1.451 and the index of MCF cladding of
1.444.

Fig. 2 shows the calculated values of An of the seven-coupled
core fiber shown in Fig. 1(a) at discrete wavelengths. The profiles
of the two supermodes that have nonzero intensity in the central
core of the MCF are shown in the insets of Fig. 2. The simulations
show that An depends linearly on the wavelength. Thus, the
wavelength dependence of An can be expressed as:

An(A) = arh + by 3)

When A is in nanometers, the following values were found
for the MCF shown in Fig. 1(a): a7 = 1.3531 x 107 and
b; = —1.4611 x 1073. Thus, to predict the reflection spectrum
of a supermode interferometer built with different lengths of the
MCEF segment, we only need to substitute Eq. (3), with the values
of a7 and b7 given above, in Eq. (2).

To verify the validity of our theoretical predictions and to
confirm that the interference was between two supermodes only,
we fabricated several samples and measured their reflection
spectra. In Fig. 3 we show the theoretical and measured spectra
of some samples where L was between 1.575 and 8 cm. In the
theoretical spectrum, it was assumed that V was between 0.92
and 0.98. The light source used in the experiments was an SLED
whose spectral profile was Gaussian, so it was expressed as
Ls(A) = exp[-(A—10)*/(2AX?)], where A is the peak or central
wavelength of the SLED and A the spectral width of the same.
The SLED used in our experiments had the following values: A
~1550 nm and A\ ~ 30 nm.

It can be noted from Fig. 3 the good agreement between our
theoretical predictions with the experimental results. The results
shown in such a figure suggest that our supermode interferometer
is almost ideal as the visibility of the interference pattern reaches
values close to 1.

III. REFRACTIVE INDEX SENSING

Our supermode interferometers were characterized as refrac-
tive index sensors at a constant temperature. To do so, we
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Fig. 3. Calculated (dotted lines) and measured (solid lines) reflection spectra
of some supermode interferometers built with the MCF shown in Fig. 1(a). The
values of L are indicated in the graphs.

Fig. 4. Reflection spectra observed when the MCF tip of a supermode inter-
ferometer was immersed in different calibrated refractive indices. In all cases,
L = 4 cm. The top graph is a projection of the 3D spectra.

used calibrated refractive index liquids from Cargille labora-
tories, which had nominal indices between 1.300 and 1.400
(at 589.3 nm and 25 °C). Two supermode interferometers were
tested, one with L = 4 cm and the other with L = 8 cm. In each
measurement, the flat MCF tips of both samples were cleaned
in an ultrasonic cleaner that was filled with ethyl alcohol, dried
with air, and then they were immersed in Cargille liquids with
different refractive indices. It is important to point out that the
MCF segments were straight during the measurements.

The MCEF interferometer and the calibrated refractive index
liquids were inside an oven whose temperature was 25 £ 0.5 °C.
To ensure that the liquids and the supermode interferometers
reached thermal stability, we waited 5 minutes before collecting
the reflection spectra.

In Fig. 4, we show the reflection spectra observed when the
4 cm-long interferometer was immersed in the aforementioned
liquids. It was observed that the reflection spectrum decreased as
the index of the liquid increased. This behavior is due to changes
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refractive index. The lengths of the interferometers are indicated. The continuous
line is a fitting to the average data obtained with devices with L =4 and L =8 cm.
The inset graphs show the FFT amplitudes at different indices.

in the reflectivity of the MCF-sample interface that affect the
intensity of the two interfering supermodes, and consequently,
the interference pattern.

As the temperature is constant the interference patterns should
not shift. The calculated shift was found to be ca. 50 pm, but we
attribute that it is due to the errors in finding the wavelength posi-
tion of the peaks of the interference pattern, particularly when the
index gets closer to that of glass. For example, when ny = 1.40,
the reflection from the MCF-liquid interface is 0.032%, which
is ten times lower than the reflectivity when ny = 1.30.

The experiments were also carried out with the 8 cm-long
supermode interferometer. Similar behavior than that of the 4-
long interferometer was observed (graphs not shown).

There are different manners to correlate the changes of the
reflection spectra shown in Fig. 4 with the refractive index in
which the MCF facet was immersed to. In our case, the fast
Fourier transform (FFT) of each spectrum was calculated. The
calculation of the FFT of an interference pattern is straightfor-
ward. The FFT has been used for several authors to decode
the parameters that perturb an interferometic sensor, see for
example Refs. [29], [32]-[34]. In our case, the height of the
FFT amplitude was correlated with the index of the sample.

Fig. 5 displays the FFT amplitude as a function of the index
of the liquids observed with the 4- and 8-cm long supermode
interferometers. The inset graphs show the normalized FFT
amplitudes for different indices of the liquids. For convenience,
the FFT amplitude was considered as 1 when ng = 1.3000.

It can be concluded from the results shown in Fig. 5 that a short
or a long interferometer can provide similar calibration curves.
This suggests that the length of the MCF may not be crucial on
the performance of a supermode interferometer if it is used as
refractive index sensor. Hence, if compactness is important, a
short segment of MCF can be used to fabricate the sensor.

The calibration curves that were obtained for the short and
long interferometers were fitted with the following expression:

ns = a+ by Ap + by Ap® “4)
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Fig. 6. Reflection spectra observed when a supermode interferometer fabri-

cated with 8 cm of MCF was immersed in a liquid with index of 1.2945 (at
1550 nm) and the temperature was changed between 15.9 and 35.1 °C. The inset
graphs show the shift caused by temperature. At 25 °C the shift was considered
to be 0. A zoom in of a maximum of the spectra is also shown.

In Eq. (4), ng is the refractive index of the sample; a, b1, and
bo are fitting values, and A is the amplitude of the FFT which
is measured experimentally. The fitting values a, b1, and b5 can
be obtained for each sensor when it is calibrated.

In different situations, the temperature cannot be controlled
during the index measurements. Thus, we carried out experi-
ments in which the temperature changed in a controlled manner.
To do so, we immersed the MCF end of the 8 cm-long interfer-
ometer in a liquid with nominal index of 1.300. The whole MCF
segment and the liquid were exposed to temperatures between
15 and 35 °C. The reason of this temperature range was because
Cargille laboratories provide (in the datasheet) the refractive
index of the referred liquid in a such a range of temperatures.

The results of the experiments mentioned in the above para-
graph are summarized in Fig. 6. The figure shows that the
interference pattern shifts (22 pm per degree Celsius) and that
the amplitude of the same pattern changes. The shift of the
interference pattern is due to changes of An of the supermodes
as they are sensitive to temperature as demonstrated in Ref.
[27]. The changes in the amplitude are due to alterations of the
refractive index of the sample that affect the reflectivity of the
MCF-liquid interface.

The measured refractive indices at different temperatures are
shown in Fig. 7. It should be pointed out that the indices were cal-
culated with Eq. (4) with the following coefficients a = 1.4131,
b1 = —0.17962, and by = 0.06199 that were obtained from
the calibration curve of the 8 cm long MCF interferometer. It
was assumed that ng = 1.295 at 1550 nm and 25 °C. From
the fitting of the experimental points of Fig. 7, we obtained
the thermo-optic coefficient (TOC) of the referred liquid. The
TOC we found experimentally was —2.75 x 10~* °C~!, which
differs ca. 18% with the value (—3.33 x 10~* °C~") provided by
Cargille laboratories. It is important to mention that the referred
laboratories provide TOCs of their liquids at 589 nm. In our
case, we considered that the peak or central wavelength of the
SLED use in our experiments was 1550 nm.
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was 1 (air). The normalized reflection spectra and FFT amplitudes at different
temperatures are shown in the insets. In all cases L was 4 cm.

To investigate the temperature-index crosstalk of our inter-
ferometers we analyzed their response to temperature when the
external medium was air. To do this investigation, the facet of
the MCF was protected and the interferometer was exposed
to temperatures from O to 60 °C. The normalized spectra and
FFT amplitude at different temperatures are shown in the insets
of Fig. 8. In said graph, we also show the FFT amplitude as
a function of temperature. At 25 °C, the FFT amplitude was
considered to be 1.

From Fig. 8, the calculated temperature sensitivity of the
interferometer was found to be 22.86 pm/°C, which is similar
to the sensitivity when the MCF was in contact with a fluid.
This suggests that a liquid in contact with the MCF facet does
not affect the temperature sensitivity of the interferometer. From
the results shown in Fig. 8, we also calculated the fluctuations
of the FFT amplitude in the 15-35 °C temperature range. They
were found to be +0.198% with respect to the value of the
FFT amplitude at 25 °C. These fluctuations induce errors in
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the measurements of the TOC. Thus, by considering such fluc-
tuations, the TOC of the fluid referred above was found to be
—3.29 x 10~* °C~! which agrees better with the value given by
Cargille laboratories.

IV. DISCUSSION

So far, several research groups have reported different optical
fiber sensors with the aim of measuring refractive index and
temperature simultaneously. However, in most cases, this is
achieved with two sensors, one of them is used a as reference.
Fabry-Perot interferometers (FPIs) with two cavities [35]-[38]
or modal interferometers combined with other sensing elements
[39]-[41] represent some examples. The main inconvenience of
double-cavity FPIs include complex fabrication, as it is impor-
tant to ensure multiple flat and parallel reflecting surfaces that
are separated a microscopic distance.

Another approach to measure temperature and refractive in-
dex is by means of monitoring Fresnel reflections but in these
cases, complex systems to compensate optical power fluctua-
tions are necessary [34], [42]-[44].

The device reported here can provide data of temperature and
refractive index of a sample without the need of a second sensor
or a reference. This was achieved thanks to the well-defined
sinusoidal interference patterns, which are due the beating of
two supermodes in the MCF.

A comparison of the performance of the device here proposed
with others reported in the literature is provided in Table I. It is
important to clarify that the comparison was made only with
sensors based on a single platform, grating, or interferometer.
Index-temperature sensors that need a reference, two platforms,
multiple gratings, dual cavities, or two interferometers belong
to a different category and are reviewed in Ref. [1].

It is important to mention that a common drawback of the
majority of refractive index sensors reported so far may be
related to their cleaning. A refractive index sensor must be
properly cleaned before and after its use to ensure reproducible
results. Cleaning agents commonly used to clean the prism of
commercial refractometers or optical fibers may be too aggres-
sive to clean some sensors. For example, a nanometer thick metal
layer cannot be cleaned easily. That is the reason sensors based
on surface plasmon resonance are disposable. The cavity of some
FPIs is made of polymer that cannot be polished or immersed in
solvents. Changes in the dimensions or shape of the cavity of a
FPI can severely affect its performance as index sensors.

The sensitive section of the sensors demonstrated here is the
facet of an MCF. In our experiments, the MCF facet was cleaned
with ethyl alcohol in an ultrasonic cleaner during 20 seconds
before each measurement. The MCF facet can also be polished
with a conventional optical fiber polisher. The effect of polishing
on our devices may be a minute change in the length of the MCF
segment. As demonstrated in Fig. 5, the length of the MCF has
no effect on the measurement of the refractive index of a sample.
The only important thing is to ensure a flat MCF end. Therefore,
the sensors reported in this work can be reused multiple times.

It was found that refractive index induced errors of around 50
pm in finding the interference pattern shift; while temperature
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TABLE I
COMPARISON OF REFRACTIVE INDEX (RI) AND TEMPERATURE (T) SENSORS BASED ON A SINGLE PLATFORM

Method or Technique Measuring RI Simultaneous RI Reproducibility References
Range and T

Long period gratings 1.32to0 1.44 NO LOW 2,3

Fiber Bragg gratings 1.30to 1. 45 YES in Ref. 9 HIGH 4-10

Surface plasmon resonance 1.33 to 1.38 YES LOW 13-14

Fabry-Perot Interferometry 1 to 1.44 YES LOW 11,12

In-transmission multimode  1.33 to 1.40 NO MODERATE 15-22

interference

In-reflection multimode 1.33to 1.38 YES in Ref. 23, NO MODERATE 23-26

interference in others

Supermode interference 1.29 to 1.40 YES HIGH This work

induced errors of around 0.2% in finding the amplitude of
the FFT. We believe that the cross refractive-index-temperature
sensitivity can be further reduced, for example, by means of a
better processing of the interference patterns. The use of filters
to calculate the FFT may help to improve the accuracy in finding
its height.

V. CONCLUSION

In this work, we have demonstrated, for the first time to
the best of our knowledge, the use of a single supermode
interferometer for sensing two parameters (refractive index and
temperature) simultaneously. One parameter is encoded in a shift
of the interference pattern and the other in the amplitude of the
same. The fabrication of the supermode interferometer is simple
and reproducible. It consists of fusion splicing a segment of
coupled core optical fiber to a conventional single mode fiber.
The multicore fiber was cleaved to have a flat end that functioned
as a low reflectivity mirror. Higher reflectivity can be achieved
with metal or dielectric films deposited on the MCF facet.

Batch fabrication of the devices here proposed seems pos-
sible with commercially available fiber polishing or cleaving
machines as the MCF is made of glass.

The MCF facet can be coated with a film that be sensitive
to a gas or chemical parameter, thus, the supermode interfer-
ometer reported here can be used for gas or chemical sensing
applications. The main advantage for such applications is that
temperature and the target parameter can be monitored simulta-
neously.
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