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Fiber optic sensors (FOSs) are the subject of active
research due to their high potential accuracy, electromag-
netic neutrality, compact size, multiplexing capability, and
remote interrogation capability. FOSs allow to measure
various physical influences, such as temperature, tension,
bending, etc., which is necessary for various applications:
from monitoring buildings and structures to medical di-
agnostics [1,2]. One of the most used types of FOS
are sensors based on fiber interferometers or fiber Bragg
gratings. However, typical disadvantages of such sensors
are cross-sensitivity to various physical influences and the
impossibility of their simultaneous measurements. To
eliminate these disadvantages, it is necessary to use complex
structures with various sensitive elements that have different
sensitivities to the measured influences.

A promising type of FOS is the sensor based on the struc-
ture of singlemode—multimode—singlemode fiber [3,4]. The
sensitive part here is a section of multimode fiber (MMF)
with length of several centimeters to several tens of
centimeters. This section is connected on both sides to
single-mode fibers (SMF) for connection to the light source
and the photodetector. The radiation of the first SMF excites
several modes in the MMF, which, after passing through the
entire length of the MMEF, excite the fundamental mode of
the second SMF. The field distribution at the MMF output is
the result of mode interference and depends on the optical
path difference (OPD) of the modes. When a physical
influence is applied to the sensitive section, the OPD of the
MMF mode changes, which leads to a change in the field at
the MMF output and the power coming from the MMF to
the second SMF, which is fixed by the photodetector. In fact,
such a sensor is a variant of the intermode interferometer [3],
so it can be called an intermode interferometer with a
single mode connection (IISMC). Typically, such a sensor is
interrogated by the method of spectral interferometry [6,7]:
the dependence of the intensity level of the light transmitted
through the IISMC on the wavelength (1) is recorded.

34

It has been shown in a number of publications that it
is possible to take into account the cross sensitivity of
the sensor to several physical influences in the IISMC
signal and measure them simultaneously [8-10]. In the
work [8], the temperature-compensated IISMC bending
sensor is demonstrated. In [9], simultaneous measurement
of temperature and displacement caused by bending is
implemented, and in [10] those of temperature and tension.
However, at the moment, quite simple signal processing
algorithms are used to demodulate the IISMC signal, such
as tracking the shift of I (1) signal extrema and measuring
their half-width. Due to the complex nature and behavior of
the dependence |(1), such simple approaches are unlikely
to become the basis for effective unified algorithms for
determining perturbations. More detailed analysis of the
IISMC signals, in particular the analysis of their spectra,
can lead to better and more universal results. There are
examples of applying sophisticated processing algorithms
to the TISMC signal [11-13], but they have not yet been
experimentally tested for simultancous measurements of
several physical effects. The present work is devoted to
the experimental analysis of the IISMC signal using the
Fourier transform (FT) to demonstrate the simultaneous
measurement of tension and bending.

The possibility of separating the tension effect and
bending is due to their different influence of the modes
on the OPD. In the case of MMF stretching, the increments
of the OPD modes are always practically proportional to
the initial OPD modes with a coefficient independent of
the mode numbers, and when MMF is bent, the situation
depends on the type of fiber. For a parabolic fiber, there
is also the proportionality factor that does not depend on
the mode numbers, which prevents the implementation of
multiparameter measurements [14]. In stepped MMFs, the
proportionality factor depends on the mode numbers, which
can be shown using numerical simulations. However, the
present work is devoted to experimental demonstration of
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Figure 1. Interrogation scheme (@) of the intermode interferometer with single-mode connection (IISMC) and a photograph of the

experimental installation (b).

the possibility of simultaneous measurement of tension and
bending using the analysis of 1(1) spectra. At the same
time, the theoretical consideration of this issue requires a
separate study, since it is necessary to analyze not only the
OPD.modes, but a number of other factors that determine
the complex structure of the signal |(2).

The diagram of the experimental installation is shown
in Fig. 1. The fiber optic part of the IISMC is imple-
mented by welding the 32 cm length piece of Thorlabs
FGO50LGA multimode fiber with standard SMF-28 single-
mode fibers. The fibers were welded with an automatic
fusion splicer without any intentional displacements at the
welding joint. In this case, only axisymmetric LPo, modes
of the multimode fiber are excited, which provides a
smaller number of interference components in |(1) and
makes the IISMC signal more acceptable for processing.
The IISMC interrogation was carried out using the four-
channel NI PXIe 4844 optical interrogator, which registers
the spectral dependence of the reflection of the interrogated
optical device in the region 1.51—1.59 um (scanning range
AL = 80nm, step d = 4 pm, number of points N = 20 000).
Since this interrogator registers reflected optical radiation,
the first channel of the interrogator was used as a light
source to measure the spectral transmission of the IISMC,
and the zero channel was used to record the output
signal of the IISMC (Fig. 1,a). To eliminate the influence
of reflection from the IISMC with this connection the
circulator and the absorbent fiber plug were used. As
a result, the signal 1(1) was recorded as a sequence of
readings Ii = 1(4i),i=1,...,N.

To implement the influences, the MMF was divided into
two sections, one was subjected to tension, and the other to
bending. This corresponds to the simultaneous action of
bending and stretching on the IISMC, since the change in
the signal I (1) is formed by integral intermode phase delays
and does not depend on the place of influence. At the same
time, the division into sections made it possible to introduce
independent and clearly controlled influences. The middle
of the MMF was fixed with a clamp (Fig. 1, b). The SMF on
the left side of the IISMC was pressed against the roller, on
which weights of different masses were attached, causing a
certain stretching of the left section of the MMF. The SMF
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on the right side of the IISMC was fixed on the platform of
the micro-positioner at a distance of 2A from the pressing
point of the MMF middle. Since the length of the fibers in
the right part of the IISMC between the points was greater
than 2A, the fiber had a natural bend, which was controlled
by shifting the micro-positioner platform. Wherein, one can
approximately assume that the fiber is bent with a constant
value of curvature p, the increment of which was estimated
by the formula 2dA/(dA? + A?) [8], where dA is offset of
the micro-positioner platform.

Examples of initial signals | (1) for three sets of tension
and bending curvature values are shown in Fig. 2,a. On
the enlarged fragments, it is clearly seen that the shifts of
dips and changes in their width caused by the influence
have a different and difficult to predict character. Therefore,
simple 1(1) dependency processing methods to determine
influences are unlikely to be efficient and universal. In
this work, it is proposed to use the analysis of the | (1)
dependence spectrum; for this, the FT was applied to the I;
sequence.

For interference of only two modes (two-beam
interference) with OPD equal to L, the variable part
of the signal 1(1) is the oscillation cos(27L/A). If
the change in wavelength 61 =1—1p is small in
comparison with the center of the range 4y, then we obtain
cos(27L/1) ~ cos[(27L/23)62 + O(L)], i.e.quasi-harmonic
oscillation with frequency L//lg and with initial phase
O(L). Therefore, applying the FT to the sequence |; gives a
sequence of readings §, where the index i can be associated
with the values of the OPD. L, expressed as L =i13/AA.
It is also expediently to consider the amplitudes Sy = |S]
and the phases of the spectral components ¢; = arg[S].

Example of the experimental spectrum Sa is shown in
Fig. 2,b. The horizontal axes indicate the numbers of
readings i and the corresponding values L. The Sy maxima
characterize the presence of interference of certain mode
pairs in the |; signal (components with close OPDs can
merge due to the limited resolution of the OPD equal
to AL = léZ} /AL =~ 30um). Note, that for the ranges of
tensions and bendings of the MMF used in the experiments,
the observed dependences Sp practically did not change.
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Figure 2. Experimental IISMC signals (a) and their spectra (b).
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Figure 3. Dependences of @ss and @g, phases on tension (a) and on bending curvature (b).

In accordance with the proposed concept, to determine the
influence of perturbations, two maxima Sa; and Sy, were
chosen and the phases ¢; and ¢, were analyzed.

In the measurements carried out, the tension & varied
from 0 to 032me with the step of 0.08 me, and the
bending curvature p varied from 2.75 to 2.85m™! with step
0.02m~!. As a result, 30 dependences |; were recorded,
which were then used to find the § spectra and the
phases of the spectral components. As a result, based on
the analysis of the dependence of the ¢; phases on the
influences, two points of the spectrum (counts #55 and #62)
were selected with the corresponding values of L; and L,
equal to 1651 and 1861 um. At these points, characteristic
maxima of the amplitude spectrum are observed (Fig. 2, b),
and the dependences of the phases of these components on
the influences showed better linearity.

Examples of the dependences of @55 and ¢@g; on one of
the parameters with a fixed value of the other are shown in
Fig. 3, from which it is easy to see that the dependences are
close to straight lines. Approximation of the dependences of
@55 and @g on various perturbations by the plane equation
gives

@ss = —5.4692 + 5.4025¢ + 1.0745p,

P62 = —18.0707 + 6.6437¢ + 6.04p, (1)

where tension ¢ and bending curvature p are given in units
of [me] and [m~!], respectively. The corrected R>-parameter
(determination coefficient) of the approximation of the two-
dimensional dependence ¢(e, p) by the plane was 0.9997
for @55 and 0.9992 for @gp, which demonstrates the high
adequacy of approximation (1). Equations (1) are linearly
independent: the condition number for (1) is 4, which
indicates the low sensitivity of the solution to small errors in
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the phases of the Fourier readings. To estimate tension and
bending from the signals of this IISMC scheme, the system
of equations (1) can be solved in the following form:

€ =0.534 + 0.237¢s5 + 0.0421 @2,

P =244 0.261¢s55 + 0.212¢;. (2)

Thus, using the example of MMF tension and bending
in the IISMC scheme, the possibility of simultaneously
measuring several physical parameters using the IISMC
interrogation with wavelength scanning, calculating the
spectrum of the obtained oscillations |1(4), and analyzing
the phases of the pair of spectral components, are exper-
imentally demonstrated. Such processing of the IISMC
signal, which is complex in appearance and behavior,
makes it possible to extract from it information directly
related to the change in the OPD of the MMF. modes.
In this case, the operations used are relatively simple
standard transformations of the initially recorded signal I (1).
Therefore, the proposed approach to the implementation of
measurements with IISMC can become the basis for an
effective unified principle for the implementation of mea-
surements in structures based on intermode interferometers
with the single-mode connection, including simultaneous
measurements of different physical quantities.
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