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Shape sensing can be accomplished using optical fiber
sensors through different interrogation principles such as
fiber Bragg gratings, optical frequency-domain reflectome-
try (OFDR), or optical time-domain reflectometry (OTDR).
These techniques are either not entirely distributed, have
poor performance in dynamic sensing, or are only valid for
few-meter-long fibers. Here, we present a system able to per-
form distributed curvature sensing with a range of 125 m,
10-cm resolution, and a sampling rate of 50 Hz. This is done
by interrogating three cores of a multi-core fiber (MCF)
with the novel time-expanded phase-sensitive (TE-®)OTDR
technique. This system fills a performance gap in fiber shape
sensors, opening the door to applications in civil engineer-
ing, medicine, or seismology. © 2023 Optica Publishing Group

https://doi.org/10.1364/0L.494466

The development of optical fiber sensors (OFSs) has made them
an attractive option in an increasing number of fields due to
the advantages they offer (e.g., flexibility, lightweight, robust-
ness against hazardous conditions, possibility of remote sensing,
etc.). In particular, distributed optical fiber sensors (DOFSs) are
able to measure strain and temperature at any position along the
fiber. These features can be used for shape sensing by performing
directional strain measurements in multi-core fibers (MCFs).
In the literature, different approaches have been proposed to
perform shape sensing. Fiber Bragg grating (FBG) techniques
are widely used in this application [1]. This kind of sensor is able
to reach a spatial resolution of centimeters. The MCFs used can
either have straight cores (i.e., parallel to the fiber longitudinal
axis) or helical, showing better performance in twist measure-
ments [2,3]. Since one FBG is required for each position, these
sensors are not fully distributed, are not able to reach very long
ranges, and require an additional manufacturing process that
significantly increases costs. However, distributed shape sen-
sors are based on backscattering mechanisms, namely Brillouin
and Rayleigh. Brillouin-based distributed shape sensors can per-
form absolute strain measurements along the fiber [4] and can
reach up to 1-km ranges by interrogating MCFs [5]. Since the
scattering process is very weak, measurements rely on large

0146-9592/23/150001-04 Journal © 2023 Optica Publishing Group

averaging processes that slow down the performance, limiting
these schemes to static or almost static measurements. Rayleigh
based shape sensors use optical frequency-domain reflectom-
etry (OFDR) or optical time-domain reflectometry (OTDR)
approaches to interrogate the backscattered light of the fiber.
OFDR systems stand out for their capacity to reach short spa-
tial resolutions (as short as millimeters) and high strain sensing
accuracy [6], but with notably less range than OTDR. Among
the different OTDR methods, phase-sensitive OTDR (POTDR)
is generally considered as the best solution to detect and quan-
tify dynamic perturbations [7]. In ®OTDR, changes in the phase
of the backscattered light are detected and converted into local
strain. ®OTDR can reach up to km ranges with kHz sampling
rates with the disadvantage of only attaining resolutions of the
order of meters.

Recently, a new ®OTDR approach has been proposed. This
technique is called time-expanded (TE-)®OTDR and it is based
on the use of a dual frequency comb (DFC). In this interro-
gation method, a probe comb is sent into the fiber and the
backscattered light is beaten with a local oscillator (LO) comb.
The two involved combs have a slight mismatch in the line
spacing that induces a multi-heterodyne process that downcon-
verts the optical traces to the radio frequency (RF) domain.
This way, spatial resolutions of centimeters (i.e., bandwidths of
GHz) can be detected with MHz photodetectors. This frequency
downconversion imposes a reduction in sampling rates. How-
ever, cm resolutions can be readily obtained with sampling rates
of 10-100 Hz, making this technique an appealing solution to
perform real-time shape sensing in medium size structures [8].

In this paper, we show a system based on TE-OOTDR able to
perform dynamic curvature sensing. First, we describe the meth-
ods used, specifically, we explain the mathematical link between
strain and curvature, the experimental setup, and how the curva-
ture is induced in the fiber. Then, the results are demonstrated,
showing the performance of the system in curvature sensing.
Lastly, some conclusions are provided.

To analyze the effect of curvature in an MCF, the cross sec-
tion of a curved MCEF is analyzed (Fig. 1). The curvature vector
v = (vy, v,) marks the curvature of the fiber k = ||v||. The perpen-
dicular direction of v defines the neutral axis, in which curvature
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6.

Fig. 1. Scheme of the cross section of the fiber. The seven cores
are shown. Only the interrogated cores are shown in solid red. The
neutral axis is shown in gray.

produces no strain change. This way, the points above the neutral
axis will compress and those below will stretch.

Mathematically, the strain caused by curvature in each point
g; depends on the distance to the neutral axis y; according to
the expression €; = —« - y;. Since the three cores have the same
distance r to the center core of the fiber, it is better to describe
the position of the other three cores in terms of their angle
6, or the angle difference 6, ; with a reference angle (in this
case, ,,). Moreover, the strain estimation can also be affected by
temperature fluctuations (given the cross-sensitivity of the phase
to thermal and mechanical events) or common strain variation
in the three cores. This contribution can be assumed common
in each core due to their spatial proximity and is represented by
the variable ;. The complete expression of the strain in each
core is the following:

&(z)

—k(z) - 7 - cos(6;) + &r(2)
—k(z) - r-cos(b, + 0,) + &r(z)

M

The fiber used in the study has seven cores, the central core and
six external cores forming the shape of a regular hexagon. As
shown in Fig. 1, only three cores in a regular triangle disposition
are interrogated. Because of this, the last expression can be
particularized for the three cores a, b, and ¢ with 6,_, = 0,0,_, =
2r/3,and 0,_. = 4r/3 and expressed in matrix form,

-r 0 1
&4(2) 1 V3 k(z) cos(8,(2))
s@|=|2" 77 k(z) sin(0,(2)) |, (2)
&:(2) 1 V3 &r(2)
N y Er —7}’ 1 N y

£&(2)

ve(2)

A

where &(z) is the strain vector containing the strain in each core,
A is the coefficient matrix, and v.(z) contains the curvature
vector v(z) and the temperature contribution £7(z). This equation
can be solved for v(z), obtaining that v, (z) = A" - &(z), where A*
is the inverse of A. This way, curvature can be retrieved as
k(z) = Yvi2(z) + v2(z)’, regardless of the fiber torsion [1].

To retrieve the strain in each core, an experimental setup is pro-
posed. This experimental setup is based on a typical TE ®OTDR
architecture but slightly modified to obtain the strain of the three
cores simultaneously. A scheme of the setup is shown in Fig. 2
(simplified from the actual one, for clarity). As can be observed,
the light coming from the laser source is divided in a 90:10
coupler to generate the probe and LO signals (respectively). The
two combs are generated with two Mach—Zehnder modulators
(MZMs) that are fed with RF signals generated with an arbitrary
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Fig. 2. Simplified scheme of the experimental setup. OC, optical
coupler; MZM, Mach—Zehnder modulator; AWG, arbitrary wave-
form generator; EDFA, erbium-doped fiber amplifier; DWDM,
dense wavelength division multiplexing; BPF, bandpass filter; BPD,
balanced photodiode; CIRC, circulator.

waveform generator (AWG). Such RF signals are double side-
band ad hoc designed signals with a comb-like spectrum similar
to those implemented in previous reports of TE-OOTDR (e.g., in
[9]). The combs have the same spectral phase so that the decon-
volution process is automatic [9]. The probe comb is divided
into three branches with approximately equal power and sent to
the sensing and detection stage (Fig. 2). The LO comb is fil-
tered, so that only one sideband is beaten with the backscattered
signals from the cores, and also divided into three branches. The
power split performed in both signals is carried out by means of
optical couplers not shown in Fig. 2. In the sensing and detection
stage, the probe comb is sent to the fan-in that guides the light to
each of the interrogated cores. The backscattered light is ampli-
fied and filtered (to both reduce amplified spontaneous emission
and retain a single sideband). Then, the outcome is beaten with
the LO. This process is done for the three interrogated cores.
The power split into three branches simply imposes a loss of
signal-to-noise ratio in the traces as compared with a single-core
scenario. Still, the spectral phase coding strategy ensures enough
power to successfully obtain the strain. The three beat signals are
photodetected with balanced photodiodes. In this proof of con-
cept, the signals are acquired by an oscilloscope and processed
offline.

In particular, we have performed a continuous acquisition that
is digitally segmented and low-pass filtered to only include the
first Nyquist zone [8]. This way, we obtain the optical trace
in each instant for the three cores (with a sampling rate equal
to the line spacing offset between the two combs). The traces
include the backscattered light from the circulators, the single-
core fibers (SCFs) in the fan-in, and the core of the MCF. Since
the circulator and SCF section lengths are different for each
channel, the traces have to be aligned numerically so that the
information of the strain in the three cores in every position
is correct. Then, the phase of the traces is demodulated and
compared trace-to-trace.

To interpret the information correctly, an interpolation method
based on the nearest neighbor analysis is applied to estimate the
phase information associated with fading points [9].

The phase variation is then transformed into strain with the
following expression:

Ao

Ae = S 2r- 2ny - AZA¢’
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Fig. 3. (a) Strain profiles for the three cores of the MCF. An illustrative scheme of the catenary shape is shown for visual aid. The areas
highlighted in red and blue are respectively those with lower and higher expected curvature change. (b) Distributed curvature. Curvature
profiles in blue for the three sections and expected absolute curvature change in dotted red line obtained from simulated catenary.

where A, is the wavelength of the laser, S is the strain factor
(typically 0.78 [10]), n, is the refractive index of the fiber, and
Az is the gauge length. The gauge length is chosen so that the
effect of the fading points is minimized in the distributed strain
calculations. With the strain in each core, Eq. (2) can be solved
and the values of curvature can be obtained.

To induce a controlled curvature in the MCF, three sections of
a fiber are left hanging forming a catenary-like shape. The sec-
tions are consecutive and spaced so that the fiber between curved
sections stays unperturbed. One end of the sections is fixed and
the other end is movable. This end is manually moved horizon-
tally so that the distance between the two extremes decreases
and, consequently, the curvature varies along the fiber. This way
we have three different sections of the fiber, corresponding to
three catenaries that can be characterized simultaneously.

The measurements were made in a 112-m-long MCF. The
sections left hanging were positioned near the end. The measure-
ments were 40 s in duration with a sampling rate of 50 Hz.
The three sections had lengths of L = 2.85 m, L =2.93 m_and
L = 2.82 m, respectively. The height difference of the two ends
is 75 cm for the three sections. The initial horizontal distance
was AS; = 2.12 m and the final was AS; = 1.45 m. This means
that the initial curvature is non-zero and the results show strain
variation and curvature variation. The probe and LO signals used
correspond to a dual frequency comb with optical bandwidth of
5 GHz, line spacing of 800 kHz, and offset of 50 Hz which, in
terms of sensing parameters, translates to a 2-cm spatial resolu-
tion, a maximum measurable fiber range of 125 m, and a sensing
sampling rate of 50 Hz.

Figure 3(a) shows the strain for each core of the MCF. The
values are shown after removing the mean of the three values
of strain in each core that, as previously mentioned in the

mathematical analysis, are not caused by curvature. The sec-
tions in which the fiber is hanging in a catenary-like shape are
highlighted. The other sections correspond to the intermediate
sections of fiber that are not perturbed. The three sections exhibit
a similar pattern. Both ends of the sections show high values of
strain variation in short lengths. This is due to the sudden cur-
vature change between the fixed horizontal fiber section to the
catenary-like shape section. Since the ends of the sections are
fixed in different heights, the catenary shape is asymmetrical.
The three sections are set so that the end of a section is the
beginning of the next one. This way, sections 1 and 3 go from
greater to lower height, and the opposite for section 2. Also,
the maximum strain variation points are positioned next to the
lower point (in the case of sections 1 and 3, to the right of the
section center and in the case of section 2, to the left). This
can be visualized in the illustrative scheme above in which the
points with higher expected curvature, and consequently more
strain difference in the cores, are shown in blue and those with
lower curvature are shown in red. Note the difference between
the horizontal distance axis and the optical distance or fiber arc
length. The shape of the catenary is expressed in terms of the
physical distance and the strain values are expressed in terms of
the fiber length.

The curvature profiles obtained from the differential strain
measurements can be seen in Fig. 3(b) for each section in
blue. Near the ends, a high and narrow curvature peak can be
observed in the three sections. The highest value corresponds to
the end positioned at a lower height. A wider peak in curvature
is observed near the low end of the catenary.

These values agree qualitatively with the expected asymmet-
rical shape shown in the illustrative scheme shown above in
Fig. 3. The expected curvature profiles obtained from simulating
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Fig. 4. Dynamic curvature for the three sections. Curvature of the highest curvature point as a function of time in blue and curvature of an

unperturbed point as a function of time in red.

a catenary shape with the parameters of our setup are shown by
the dotted red line. The simulated curvature variation profiles
agree with the expected values in the central part of the sections.

To characterize the dynamic performance of the system, the
curvature variations as a function of time are shown in Fig. 4.
The values are shown for two points in the fiber: the point with
the highest curvature within the catenary, in blue, and a non-
perturbed point, in red. In the three cases, the blue line shows a
progressive increase in curvature until # = 23s (when the stim-
ulus ends) and a flat temporal profile afterward. Additionally,
the red line shows a slow increase with time, probably caused
by error accumulation due to phase noise. This is an unavoid-
able drawback of ®OTDR architectures. However, the maximum
curvature values for these points are, in the worst-case scenario,
approximately 0.2m™" in the 40-seconds measurements, making
this technique a valid solution to monitor curvature of the order
of 1m™" over periods of time of the order of 1 minute.

This way, we have shown a system able to perform dynamic
curvature sensing with a TE-OOTDR-based architecture. This
performance test proves that, by interrogating three cores in
an MCF, we can detect curvatures in ranges up to 125 m,
with a gauge length of 10cm and a sampling rate of 50 Hz.
The experimental results have been verified with the theoretical
expectations showing the validity of the system. This archi-
tecture may fill a performance gap in the previously proposed
fiber optical shape sensors, reaching cm resolutions over hun-
dreds of meters while maintaining the dynamic monitoring of
the curvature. This proof of concept demonstrates the feasibility
of the proposed technique, leading to the possibility of easily
increasing the resolution by using higher RF bandwidth elec-
tronics. This work constitutes a first step in building a complete
dynamic shape sensor with these features and advantages. Fur-
ther improvements include the monitoring of the central core,
leading to more information about shape, the implementation of
field-programmable gate arrays (FPGAs) as a substitute of the
AWGs (greatly reducing the cost), or the combination of this
technique with quasi-integer ratio OFCs that could overcome
the trade-off between range and sampling rate.
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