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Abstract—In this work, a multi-parameter point sensor based
on the combination of Fabry-Perot (FP) and the anti-resonant
(AR) reflecting guidance in cascade configuration is proposed and
experimentally demonstrated. This structure, based on FP
interference and AR reflecting guidance, was fabricated with two
different air micro-cavities. The attained experimental results
showed different strain and temperature sensitivities for the
antiresonance contribution. However, when analyzing the FP
interference, only strain sensitivity was observed, demonstrating
that this air micro-cavity was also insensitive to temperature
variations.

Index Terms— Automatic optical inspection, Fabry-Perot
interferometers, Multisensor systems, Optical fiber sensors,
Optical interferometry.

I. INTRODUCTION

THE arrival of the fourth industrial revolution has led to the
emergence of new monitoring and self-diagnosis
challenges for both devices’ maintenance and industrial
installations [1], [2]. According to this revolution, the need to
evaluate many parameters in real time become of great
importance for industrial processes. It becomes necessary to
develop new sensor than can be integrated as a part of work
environments, tool or installations. For that reasons, sensors
must present characteristics such as a reduced size, have
immunity against electromagnetic disturbances commonly
presented in work environments, or have the possibility of
carrying out real time measurements [3]. Once single-parameter
measurements for attaining reliable data from an optical system
have been widely reported, it has become a great challenge the
development of sensors, which present the ability to
discriminate and evaluate more than one parameter
independently. Environmental perturbations in real-world
applications and their resulting crosstalk have made this
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concept to become of significant importance in the past decades
[4]. Multiparameter sensors based on multiple Fabry-Perot
interferometers (FPI) with different cavity lengths have been
previously presented [5]-[9] in which the information of the
desired parameter was codified on each one of the individual
cavity lengths. However, here is presented a multi-
interferometric  structure based on Fabry-Perot (FP)
interference and anti-resonant (AR) reflecting guidance and,
just by tracking the phase of the FFT of some specific spatial
frequencies, the changes of the sensors can be easily monitored
in real time (1 Hz) [10]. These phase variations reflect the
wavelength shifts induced by the strain or temperature in each
spectral contribution separately. This real-time FFT analysis
allows isolating each characteristic frequency of the
multiplexed interferometers [12], achieving a higher resolution
[13] which means a remarkable robustness against unwanted
parameters such as noise or dependence on polarization
changes that occurs in most optical fibers.

On the other hand, some reported fiber optic interferometric
sensors are designed to be relatively large in size, as well as for
single-parameter measurements [14]. In this work, a simple,
small, and cost-effective dual-parameter point sensor for strain
and temperature measurements using FP interference and AR
reflecting guidance is experimentally presented.

II. EXPERIMENTAL SETUP

The proposed sensor, schematically showed in Fig. 1,
consists of a couple of SMF-HCF-SMF structures. A section of
hollow core fiber (HCF), a capillary optical fiber with 20.5um
and 125.5um of internal and external diameters respectively,
was spliced between two sections of standard single mode fiber
(SMF 28e) for each one of the two fabricated air-microcavities.
The manufacturing process of these air-microcavities was
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similar to the method described in [15]. The fusion parameters
for the splicer were optimized in order to avoid collapsing or
deforming the silica tube region and the discharges were mostly
applied in the SMF region. Then, the silica tube was cleaved
with the chosen length, under a microscope.

SMF HCF SMF SMF HCF SMF
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Fig. 1. Schematic diagrams of the proposed multiparameter sensor based on a
cascade SMF-HCF-SMF structure.

Fig. 2 shows an image of the splice procedure for one of the
SMF-HCF-SMF structures. This process was repeated by using
two different HCF lengths between the SMF sections and, after
that, these two air-microcavities were spliced as depicted in
Fig.1.

Fig. 2. Image of the splice procedure for one of the SMF-HCF-SMF structures.

Due to Fresnel reflection, a Fabry-Perot interference is
generated when the inserted light is partially reflected at point
(a) (see Fig. 1), that is, at the two interfaces between the SMF
and the HCF. Then, the light propagates with a divergence
angle and, if the length of the HCF is long enough, it reaches
the cladding of the HCF (point (b), Fig. 1). At this stage, the
structure can be seen as a FP interferometer along the radial
direction, due to the fact that interferences between air and
silica cladding behave as two reflecting surfaces [4]. After this
first FP interferometer, the light waves at wavelengths than do
not fulfil the resonance condition will be guided into the second
and longer interferometric structure. There, the interference
achieved is the corresponding to a classic SMF-MM-SMF
structure [16]. In our case, an AR reflecting guidance occurs in
the hollow core fiber, acting as the multimode (MM) section.

This transition between FP interference and AR reflecting
guidance has been deeply analyzed in sandwiched HCF
structures [17], [18], showing that when the HCF length
overdoes a critical length, both interferences (FP and AR) can
be observed in its reflected spectrum. As it is explained in detail
in [4], the critical length for the transition between FP and AR
mechanisms can be attained by using (1) [17]:

r 2d
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As Fig. 1 illustrates, r is the radius of the HCF, and d is the
wall thickness of the cladding. On the other hand, ny, n; and
ny are the refractive index of air, fiber core and silica
cladding, which correspond to ~1, 1.45, and 1.44 in that
order. Considering the dimensions of the employed HCF,
20.5 pm and 125.5 pm of internal and external diameters
respectively, and according to (1), the critical length was
calculated to be 1759 pm. Taking this value into
consideration, two different air micro-cavities were
fabricated. The first one had a HCF length larger than the
critical length, and the second one lower than the critical
value that are 345 um and 165 um respectively.

After splicing these two SMF-HCF-SMF structures, a
characterization of their reflection spectrum was carried out
by means of a commercial FBG sensors interrogator (Micron
Optics® SM 125). This multiparameter sensor was placed on
a motorized translation stage (MTS) with a step resolution of
17 nm over a temperature-controlled rubber surface, which
temperature can be externally controlled, as shown in the
schematic diagram of Fig. 3. The sensor characterization has
been performed by applying an axial strain of 5800 pe in
steps of 200 pe each, and repeated at different temperatures
from 36°C to 90°C.

Temperature
controller

Translation stage

Fig. 3. Schematic diagram of the experimental setup.

III. RESULTS AND DISCUSSIONS

As in previous works [19], the principle of operation for this
multiparameter sensor scheme was based on the combination of
the received spectra by means of the FBG sensor interrogator in
a reflection-working-mode operation and its fast Fourier
transform (FFT) analysis. Fig. 4 illustrates the combined
reflection spectrum of the proposed multiparameter sensor at
room temperature when no strain was applied, measured by
means of a commercial FBG sensors interrogator.
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In order to discriminate each sensor information, the FFT of
their spectra were analyzed as illustrated in Fig. 5, obtaining
different contributions for each of the interferometers presented
in this cascade FP-sensor. Tracking the phase of the FFT of
those different spatial frequencies, the sensor changes can be
easily monitored. These phase variations over these main peaks,
(spatial frequencies of 0.1375 and 0.2875 nm), reflect the
wavelength shifts induced by the strain or temperature in each
spectral contribution separately.
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Fig. 5. Amplitude of the FFT from the spectrum of Fig. 4

The FBG interrogator records the combined interferometric

signal reflected by the sensors at a refresh rate of 1 Hz. In order -
to perform the measurement of the sensors in the FFT domain -0.2 o
in real-time, a custom-made control software was employed "N y=-0.0077x+0.0949
[19]. The software logs the reflected spectra of .the Sensors, = 03 \h\ R2=0.9993
performs the FFT, and moves the MTS. As it has been = ~Y. S
previously pointed out, this process was repeated at different E SN
temperatures from 36°C to 90°C. ~ Y
b o -0.4| .
Z b
= I
m -0 . 5 s ~ «
-0.6 - -

Strain (zm)

Fig. 6. Phase variation of the selected spatial frequencies as a result of strain
and temperature variations.

Fig. 6 shows the phase variation of the selected spatial
frequencies as a function of strain and temperature variations.
In the upper part of this figure can be seen the behavior of the
phase of the FFT for the selected spatial frequency related with
the FPI, in other words, the cavity created by the interferometer
with a HCF length shorter than the critical length. This
interference is known to be insensitive to temperature but not to
strain variations. That is the reason why it can be used for
measuring axial strain. Here, the multiparameter sensor
presents a clear linear response to strain variations with
sensitivity of -0.129 rad/me and an error of R?=0.999. On the
other hand, this phase presents a negligible variation when
temperature increases, as expected.

Likewise, when the HCF length exceeds the critical length,
both FP interference and AR reflecting guidance appear in the
reflection spectrum, being sensitive to parameters such as strain
and temperature among others. That can be easily observed in
the lower part of Fig. 6, where phase variations exist both for
temperature and for strain modifications. Thus, only by tracking
those values, it is possible to discriminate these two parameters
independently.
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Fig. 7. Phase variations as a function of temperature.

In this case, the multiparameter sensor offers a remarkable
linear response to strain variation with sensitivity of -0.2084
rad/me and an error of R>=0.999, which means an improvement
when this sensitivity value is compared with those obtained in
previous studies [10]. In this case, as Fig. 7 shows, the response
to temperature variation shows a sensitivity of -0.0077 rad/°C
and an error of R?=0.999.

IV. CONCLUSIONS

In this work, a multiparameter sensor based on a multi-
interferometric ~ structure for temperature and strain
measurements is presented and experimentally demonstrated.
This structure, that is based on FP interference and AR
reflecting guidance, was fabricated with two different air micro-
cavities. The first one had a HCF length larger than the critical
length, and the second one lower than this critical value that is
345 um and 165 pm respectively. By tracking the phase of the
FFT of the specific spatial frequencies, the sensor changes
could be independently monitored. These phase variations
follow the wavelength shifts induced by the strain or
temperature at each spectral contribution separately. The
attained experimental results show a strain and temperature
sensitivities of -0.2084 rad/me and -0.0077 rad/°C respectively
for the antiresonance contribution (the longer air micro-cavity),
both with an error of R?>=0.999. On the other hand, when
analyzing the FP interference, a strain sensitivity of -0.129
rad/me and an error of R>=0.999 was measured. This air micro-
cavity was also demonstrated to be insensitive to temperature
variations.
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