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Distributed multicore fiber sensors
Zhiyong Zhaol, Ming Tang?* and Chao Lul

Multicore fiber (MCF) which contains more than one core in a single fiber cladding has attracted ever increasing attention
for application in optical sensing systems owing to its unique capability of independent light transmission in multiple spa-
tial channels. Different from the situation in standard single mode fiber (SMF), the fiber bending gives rise to tangential
strain in off-center cores, and this unique feature has been employed for directional bending and shape sensing, where
strain measurement is achieved by using either fiber Bragg gratings (FBGs), optical frequency-domain reflectometry
(OFDR) or Brillouin distributed sensing technique. On the other hand, the parallel spatial cores enable space-division
multiplexed (SDM) system configuration that allows for the multiplexing of multiple distributed sensing techniques. As a
result, multi-parameter sensing or performance enhanced sensing can be achieved by using MCF. In this paper, we re-
view the research progress in MCF based distributed fiber sensors. Brief introductions of MCF and the multiplex-
ing/de-multiplexing methods are presented. The bending sensitivity of off-center cores is analyzed. Curvature and shape
sensing, as well as various SDM distributed sensing using MCF are summarized, and the working principles of diverse
MCF sensors are discussed. Finally, we present the challenges and prospects of MCF for distributed sensing applica-

tions.
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Introduction

Driven by the impending capacity crunch, in recent years,
multicore fiber (MCF) based space-division multiplexing
technique has been investigated extensively as one of the
most promising solutions to increase the transmission
capacity of the optical fiber communication systems'~.
Different from the normal single mode fiber (SMF), MCF
contains multiple cores within a single fiber cladding,
thus it provides parallel transmission paths in different
spatial cores along a single fiber, allowing a significant
increase in transmission capacity and capacity distance
product per fiber’. Consequently, the restriction of theo-
retical capacity limit that is imposed by the nonlinear
effects in SMF can be mitigated. The strong interest in
MCEF for optical communication has notably promoted
the rapid development of MCF manufacturing process
and the relevant optical components of SDM, such as the
MCF multiplexer/de-multiplexer, MCF amplifier, etc.

On the other hand, multicore fiber has also attracted
extensive research interests for its applications in optical
sensing, owing to its unique properties, including multi-
ple spatial channels, compact and well-defined fiber
structure, small size and all-solid cores etc. Compared
with the normal SME a unique characteristic of MCF is
that bending will generate local tangential strain in
off-center cores, and the strain is angular position de-
pendent. As a result, the cores in off-center positions of a
MCEF turn out to be bending-sensitive due to the bending
induced strain. This is a very distinctive feature that the
SMF does not possess, because the fiber core of SMF lo-
cates in the geometric center of fiber, which is the strain
neutral axis. The bending sensitive feature has been used
to develop curvature and shape sensor based on the strain
measurement using either FBGs, OFDR or Brillouin dis-
tributed sensing technique. In addition, one of the most
prominent merits of MCF is that it can support simulta-
neous implementation of multiple distributed sensing
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techniques in one fiber in the way of space-division mul-
tiplexed configuration. These sensing techniques are not
fundamentally different from existing systems, i.e. dis-
tributed sensing that are achieved through the interroga-
tions of optical backscattering signals in optical fiber,
including Rayleigh scattering, Brillouin scattering and
Raman scattering. While the benefit of the SDM hybrid
sensing systems is that it is capable of multi-parameter
sensing, which is difficult in the SMF based sensing sys-
tems. Moreover, the SDM hybrid sensing systems can also
help to enhance the sensing performance by combining
the individual advantages of different sensing techniques.
Therefore, the MCF based SDM hybrid sensing system
has been proven to be a very promising solution to im-
prove the capability of the traditional distributed fiber
sensors that use SMFs.

In this paper, a review on the research progress of dis-
tributed multicore fiber sensors is presented. Firstly, brief
introductions of the multicore fibers and the multiplex-
ing/de-multiplexing methods are presented. Various dis-
tributed fiber sensing applications using multicore fibers
are summarized, which mainly involve distributed bend-
ing and shape sensing using FBGs and Brillouin scatter-
ing in MCEF, as well as the SDM hybrid sensing systems
that have been used for the measurements of multiple
parameters, including temperature, strain, vibration, etc.
Then the challenges and prospects of distributed MCF
sensors are discussed. Finally, a conclusion is provided.

Multicore fibers and the multiplexers/
de-multiplexers

A MCEF can be designed with flexible core numbers and
spatial distributions™"', but inter-core crosstalk needs to
be taken into consideration when deciding the core den-
sity. The most widely used MCF is the 7-core fiber with
its outer six cores arranged hexagonally’. In addition,
some other core arrangements have also been proposed,
such as the square lattice structure®, one-ring structure®,

dual-ring structure’, and linear array structure'

, etc.
According to the fiber material compositions, struc-
tures and so forth, MCFs can normally be categorized
into different classes from several distinct perspectives.
Firstly, depending on if the fiber cores have the same re-
fractive index profiles, MCFs can be divided into homo-
geneous MCFs and heterogeneous MCFs. The cores of
homogeneous MCFs are normally made of the same pre-

forms, so they have the same optical properties. But the

https://doi.org/10.29026/0ea.2020.190024

cores of heterogeneous MCFs are not identical; at least
one core has different refractive index profile from the
others. From another point of view, MCFs can be classi-
fied into two different categories, i.e. weakly-coupled and
strongly-coupled MCFs. In a weakly-coupled MCEF, the
cores are used as completely independent channels to
guide light. Normally, the core-to-core distance of a
weakly-coupled MCF should be larger than 30 pm in or-
der to avoid high crosstalk between adjacent cores'.
Moreover, some other structure designs have been pro-
posed so as to suppress inter-core crosstalk, such as the
trench-assisted cladding and the air-hole-assisted clad-
ding*’. The trench-assisted cladding turns out to be a
very effective solution, where low-index trench layers are
placed around the fiber cores, and they are surrounded by
the cladding’. Instead, air holes are used in the
air-hole-assisted MCFs, which can also help to suppress
crosstalk efficiently’. On the contrary, recently strong-
ly-coupled MCFs have also been developed', where the
core-to-core distance is intentionally reduced, and light is
normally guided as super-modes in this kind of fibers. In
fact they are also considered as a form of multimode fi-
bers. Finally, each core of a MCF can either just support
single mode transmission, i.e. single mode multicore fiber
(SM-MCEF), or support a few spatial modes in order to
further increase the space multiplicity, i.e. few-mode mul-
ticore fiber (FM-MCF).

One of the most important optical components in the
MCF based SDM
er/de-multiplexer, which couples light from each core of
the MCF to different SMFs independently, and vice versa.
So far, some coupling schemes have been proposed”,

system is the multiplex-

14-15

including the free space lens coupling*"”, waveguide

coupling>'*"”

pling
space beam collimation by using discrete lens or

, and etched or tapered fiber bundle cou-

#1821 etc. Lens coupling is achieved through free

prisms'* . The advantage of this method is its flexibility
in terms of applicable core numbers and the core layout of
MCE However, due to the fact that discrete components
are used, the coupling system is normally sophisticated
and bulky. Waveguide coupling method relies on either
horizontal or vertical coupling, where the interface of
waveguide is directly connected to the MCE. Specifically,
horizontal coupling is obtained through femtosecond

16, and

pulsed laser inscribed optical waveguide structure
vertical coupling is realized by the waveguide grating
couplers'’. The scheme has been proven to be an effective

solution due to its compact structure.

190024-2

© 2020 Institute of Optics and Electronics, Chinese Academy of Sciences. All rights reserved.



Opto-Electronic Advances

In addition, the fiber bundle coupling method is also a
widely used solution, which has the advantage of robust
and compact structure. In order to match the size and the
spatial arrangement of cores of the MCE, the SMFs can
either be tapered or etched to appropriate diameter, and
then they are bundled as the core layout of MCF. Em-
ploying the chemical etching method, we have fabricated
the SMFs bundle for the fan-in/fan-out coupler of the
seven-core fiber, whose cross-sectional view is shown in
Fig. 1(a)*'. In our case, a portion of the cladding of the
SMF is removed by chemical etching. Then seven etched
SMFs are bundled with the cores arranged identically as
that of the MCEF, as shown in Fig. 1(b). The fabricated
SMFs bundle is aligned with the MCF with the help of a
6-dimension free-space alignment platform, where a laser
source and a power meter are used to monitor the per-
formance of alignment between the cores of two ends.
Eventually, the aligned two sides are fixed in a capillary
tube by UV glue. In this way, a compact, robust and
moveable fan-in/fan-out coupler is fabricated. The pack-
aged fan-in/fan-out coupler is shown in Fig. 1(c), which
consists of seven SMF pigtails and a MCF pigtail. The
average insertion loss of cores could be less than 1.0 dB

and the return losses of cores are all larger than 50 dB.

Fig. 1 | (a) Cross-sectional view of the fabricated 7-core fiber. (b)
Endview of the 7-SMF bundle. (c) The packaged MCF fan-in/out
coupler. Figure reproduced from ref.??, Optical Society of America.

Distributed sensing using multicore fibers

There has been increasing interest in extending multicore
fibers to distributed fiber sensing in recent years, particu-
larly for three-dimensional (3D) shape sensing. This is
because the MCF possesses the unique characteristic that
the off-center cores are sensitive to bending, and it is re-
alized that the differential strain between cores of the
MCEF can be used to retrieve its shape parametrically”. In

https://doi.org/10.29026/0ea.2020.190024

addition, MCFs have also been used for the emerging
SDM distributed fiber sensing, which usually employs
two sensing techniques simultaneously through SDM
system configurations or measuring two heterogeneous
cores of a MCF to achieve multi-parameter sensing or
enhanced sensing performance.

Bending induced tangential strain in off-center cores
Firstly, it is necessary to explain the mechanism of bend-
ing sensitivity of outer cores in MCE, which is the funda-
mental principle of many MCF based sensors. In the
normal SMFs, the fiber core is located in the transversal
geometric center along the whole fiber length, which is
the strain neutral axis of the fiber, so bending will not
generate strain in the fiber core of normal SMF. However,
in a MCF that is subjected to bending, the cores at
off-center positions will be either stretched or com-
pressed, as shown in Fig. 2**. Specifically, the cores on the
outer side of the neutral plane will be elongated (e.g. core
A in Fig. 2), while the cores on the inner side of the neu-
tral plane will be compressed (e.g. core B in Fig. 2).

Fig. 2 | Schematic diagram of the bent MCF with a bending
radius of R. Core A and Core B represent the elongated outer
side core and the compressed inner side core, respectively.
Figure reproduced from ref.?*, Optical Society of America.

It indicates that either stretching or compression of the
off-center fiber core will give rise to local tangential strain
at the bending point, and it turns out that for a given fiber
with specific bending curvature x (the reciprocal of
bending radius), the generated strain ¢; in a specific core i

is angular position dependent, as given by** >

d,
g :—E’COS(Gb -0) , (1)

where d; is the distance of core i to the fiber center, R is
the bending radius (xk=1/R), 6 is the bending angle and 6;
is the angular position of core i, as shown in Fig. 3. It
should be pointed out that the local coordinate system is
arbitrarily chosen, e.g. the line from core 4 to core 1 is
selected as the x-axis of the system in Fig. 3, and the rela-
tive orientation between the axis and a specific core is
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assumed to be constant throughout the fiber once it is
determined. 6} is defined to be the angular offset from the
local x-axis to the local fiber bending direction, and 6; is
the angle from local x-axis to a specific core i. Meanwhile,
it is worth mentioning again that for the central core,
since d=0, so ¢=0, and that is why the central core is not
sensitive to bending.

Bending
direction

Fig. 3 | The transversal spatial distribution of cores of a sev-
en-core fiber, showing the definitions of some important geo-
metrical parameters. Figure reproduced from ref.?*, Optical Society
of America.

The bending induced tangential strain in off-center
cores can normally be interrogated by ways of fiber Bragg
grating, interferometer and Brillouin distributed sensing,
etc. The unique bending sensitivity has been used to de-
velop many sensing applications, as we will show in the
following sections.

Discrete and continuous FBG arrays in MCF for 3D
shape sensing

It turns out that the cores will normally subject to differ-
ent strain caused by bending, unless they have the same
radial distances and are within the same plane with re-
spect to the bending plane. The differential strains be-
tween different cores have been used to parametrically
reconstruct the shape of fiber in the 3D space®. This is
enabled firstly through the measurements of bending
induced strains based on axially co-located FBG array
sensors in a MCF, and then the derived distributed cur-
vature and bend orientation parameters are used to re-

https://doi.org/10.29026/0ea.2020.190024

trieve the overall 3D shape of fiber by solving the
Frenet-Serret equations®*.

In order to calculate the bending parameters (curva-
ture and bending orientation) using the information from

N cores (N>3), an apparent curvature vector K;can be

defined for each core i, and their sum is formulated as

N ., Ng .
K(z)= —Zﬁcosei i —z&sin@j , 2)
a1 d, a1 d,
where i and j are unit vectors aligned with the local
x- and y-axis, respectively. The local bending angle 6, (z)

and curvature x(z) can then be derived from Eq. (2), as

given by***
K.(2) K.(2) K.(z)
0, (z) =arccos| 7—— | =arcsin —L__|=arctan| L — |,
|K(2) |K(2) K,(z)
(3)
x(z)= |K(Z)| . (4)

\/(icos(eb -0, )cos@ij + (icos(@b - Gi)sinei)

Once the curvature and bending orientation parame-
ters are obtained, the shape of fiber can be reconstructed
by solving a set of Frenet-Serret formulas, which involve
three orthogonal vectors at each point of the curve,
namely the tangent vector T(z), the normal vector N(z),
and the binormal vector B(z), as given by

T'(z) =x(2)N(2)
N'(z) =—x(2)T(2) +1(2)B(2) , (5)
B'(z) =-1(2)N(2)

where 7(z) is the torsion function of the curve, and it can
be obtained from the derivative of bending angle function
with respect to curve length, i.e. 7(2)=0'y(z). Providing an
initial position condition after calibration, e. g. typically
k(0)=0, 6,(0)=0, then the whole 3D shape of fiber can
be retrieved numerically by integral®. Note that the twist
effect is not considered in Eq. (5)*°. By using this tech-
nology, fully 3D shape sensing has been demonstrated”’,
as shown in Fig. 4.

As mentioned previously, in order to measure the
bending induced strains that are used for shape recon-
struction of the MCE axially co-located FBG arrays are

| S Actual
S Measured

ﬁ

Fig. 4 | An example of multicore fiber-based shape measurement. Figure reproduced from ref.?®, Optical Society of America.
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commonly used, as shown in Fig. 5. The linear FBG sen-
sor arrays are inscribed into each core of a MCF with
each FBGs group aligned in the same cross-section at
each position. The spacing between two adjacent FBG
groups determines the spatial resolution of strain meas-
urements, which is normally high-density (e.g. typically 1
cm) in order to ensure high shape reconstruction accu-
racy”®. Since the optical time-domain reflectometry
(OTDR) technique is difficult to offer sub-meter spatial
resolution, thus it is not suitable to read the large FBG
arrays. On the other hand, the wavelength-division mul-
tiplexed FBGs scheme suffers from very limited multi-
plexing numbers of FBGs due to the finite bandwidth of
laser source while the assignment of sufficient dynamic
range for each FBG sensor is required. Eventually, OFDR
technique turns out to be an excellent solution to inter-
rogate the wavelengths of a large number of FBGs in the
MCF28730'

2 2

[
) D)
0 \ ))
v A

Nr————T1"1

Fig. 5 | Strain measurements in a multicore fiber by using
co-located fiber Bragg grating arrays for shape sensing.

OFDR uses a wavelength linearly swept narrow
linewidth laser source in the system. The Rayleigh
backscattering signals from the sensing fiber arm inter-
ference coherently with the light from the reference arm
at the receiver. The generated interference signal contains
the beat frequencies information, which can be obtained
by Fourier transform. Since the laser is linearly scanned,
the beat frequencies are proportional to the length of the
sensing fiber. The spatial resolution of OFDR is deter-
mined by the frequency scan range of the laser, which can
reach even tens of micrometers®. Thanks to the distance
resolved capability with ultrahigh spatial resolution,
OFDR allows thousands of FBGs to be interrogated even
though they have overlapped spectra. For a FBG array in
a fiber core, each FBG generates an interferogram with a
specific beat frequency that is proportional to the optical
path length, yielding the detected signal as given by’

I, =2 ,Rcos(k2n L) , (6)

where R, is the reflected spectrum of the i™ FBG, k is

https://doi.org/10.29026/0ea.2020.190024

the wavenumber with k=2n/A, and A is the wave-
length of light, n_ is the effective refractive index of the
fiber, L, is the path difference of the i™ FBG. By ap-
plying Fourier transform to the acquired waveform, a
mapping of spatial frequency domain can be obtained,
where each corresponding reflection represents each
grating at its specific distance. A bandpass filter is then
used to window the signal from each individual FBG.
This data is then inverse-transformed and the spectrum
of each individual FBG is recovered. By monitoring the
spectral shift of each FBG, the strains at every discrete
position can be determined.

The discrete FBG arrays can provide two-point strain
spatial resolution of 1 cm*, which might still not be suftfi-
cient for high accuracy shape reconstruction in some
cases. Because the algorithm used for shape reconstruc-
tion relies on the integral of the tangent unit vector that is
derived originally from the discrete sets of strains, and it
turns out that the angular errors will accumulate, which
rapidly reduces the accuracy of the retrieved shape. In
order to achieve dense sensing, alternative strain meas-
urement can be carried out directly by using the intrinsic
Rayleigh backscattering signals in optical fiber that is
measured by OFDR. Since the Rayleigh backscattering is
caused by random fluctuations in the index profile of
fiber, which can be considered as weak fiber Bragg grat-
ings with random periods. Similar to the measurement of
the FBGs, OFDR is used to measure the Rayleigh
backscattering as a function of length in optical fiber. The
Rayleigh scattering pattern over small segments can be
Fourier transformed to obtain the Rayleigh scattering
optical spectrum for that segment. Then cross-correlation
is performed between two sets of Rayleigh measurements,
and shifts in the spectral pattern can be related to the
change in strain for the specific fiber segment’* . The
benefit of the intrinsic Rayleigh backscattering based
strain measurement using OFDR is its ultrahigh strain
spatial resolution (tens of microns), as a result the ob-
tained more accurate locations of strain will help to im-
prove the accuracy of shape reconstruction. But of course,
the signal-to-noise ratio (SNR) of measurement by using
this technique is not as good as the FBG based strain
measurement.

Practically, in addition to bending, the shape sensing
fiber may also have arbitrary twist along the fiber length,
which causes additional strain in the fiber cores as well.
So it is necessary to figure out the fiber torsion induced
effect on the overall strain measurement in MCE To do so,
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a kind of helical MCF with permanent twisted outer cores
and a straight central core has been developed®*, as an
example shown in Fig. 6. Again, FBGs are inscribed in all
cores and each set of FBGs are aligned at a common axial
coordinate. Fiber torsion will lead to common-mode
strains to each outer cores. Specifically, torsion adds ten-
sile strain to all the outer FBGs as the fiber twists in the
same sense as the helical bias, and torsion leads to com-
pressive strain to all the outer FBGs if fiber twists in the
opposite sense from the helix. Meanwhile, the central
core serves as a reference to compensate for axial strain
and temperature variations since it does not respond to
bending or twist due to the reason that it is located on the
neutral axis of the fiber. Eventually, the overall strain at
each FBG consists of bending, torsion and thermal ex-

pansion induced strains, as given by*’~*
Epe = ATk, +¢ +zw , (7)

Bending
where AT is the temperature variation; k. is the thermal

apparent strain coefficient; e is bending caused

Bendin,
strain; z is the twist-strain coefficiengt, and w is the applied
twist. By calculating the equations of the co-located FBGs,
the individual effect can be determined®. So the unique
helical MCF can allow deduction of local “shape varia-
bles” — bending, twist, and temperature, which will help

to achieve more accurate shape sensing.

Core on
neutral axi

Monolithic silica glass -
L

fiber (<500 yom//
/ Helixed fiber

cores

Fig. 6 | lllustration of shape sensing using helical multicore op-
tical fiber. (a) Microscope view of the four-core sensing fiber, sensing
triad in red. (b) lllustration of helical cores along length of fiber. Figure
reproduced from ref.*’, SPIE.

As mentioned previously, the discrete FBG array-
based strain measurement approach has the drawback of
insufficient spatial localization resolution of strain, while
the intrinsic Rayleigh backscattering based strain meas-
urement scheme has low SNR. In order to improve the
performance of shape sensing fiber, recently a helical
MCF with continuous weak FBGs in all the cores has
been proposed' ™. Fig. 7 shows a schematic of the in-
scription system that is used to write the grating arrays.
The twist outer cores are produced by rotating the pre-
form during fiber drawing, and continuous fiber gratings
are fabricated using the reel to reel apparatus, which

https://doi.org/10.29026/0ea.2020.190024

sends the MCF past a phase mask, so that the fiber is ex-
posed to a UV interference pattern which gives rise to the
desired grating spectrum in the fiber cores. Note that
MCEF has UV transparent acrylate coating. The fabricated
MCF with continuous weak FBGs will allow for strain
measurement with much higher spatial resolution in
comparison with the discrete FBG array based measure-
ment method. On the other hand, the gratings also in-
crease the reflection signal notably, so strain measure-
ment using Rayleigh backscattering directly through
cross-correlation will achieve much higher SNR.

Fiber

Phase mask

Payout

Fig. 7 | (a) Reel-to-reel array inscription apparatus allowing continu-
ous fabrlcatlon of gratings in all cores through UV transparent coat-
ing. (b) End-view image of a seven-core fiber with coating removed.
(c) Twisted multicore fiber schematic showing UV transparent coating
(right). Bare glass region (left) shown to highlight twisted multicore
continuous gratings. Figure reproduced from ref.**, IEEE.

Distributed curvature and shape sensing using
Brillouin scattering in MCF

In addition to the FBGs based MCF shape sensing
scheme, Brillouin distributed sensing in MCF has also
been employed for distributed curvature and shape
measurement™ ***, because it is found that the Brillouin
frequency shift (BFS) is bending dependent in off-center
cores of the MCE. As shown in Fig. 8, a typical distribu-
tion of Brillouin gain spectrum (BGS) in an off-center
core of a coiled seven-core MCF with ~15 cm spool di-
ameter is presented*. Random BFS fluctuation with large
excursion can be observed, which results from the local
tangential strain induced by the fiber coiling with random
azimuthal orientation. While the BFS of the central core
is much more uniform, which is similar to the profile of
any normal single mode fibers. This is because bending
will not give rise to strain in the central core.
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Fig. 8 | Top view of the Brillouin gain spectrum in an off-center
core of the MCF showing bound random BFS variations result-
ing from bending due to fiber coiling. Figure reproduced from
ref.*, IEEE.

The bending dependence of BES in off-center cores is
essentially caused by the local tangential strain when the
fiber is under flexure. The strain leads to variation of BFS,
as given by

yod
Avg, =a-v; - :—%coswb -0) , 8)

1

where Avy, is the change of BES of core i, « is a to be
determined response coefficient of bending induced
strain, v, is the BFS of a straight fiber section. Specifi-
cally, the BFS experiences a down-shift when the
off-center core is compressed and an up-shift when being
stretched. In order to calibrate the curvature response
coefficient of BFS (i.e. ), a conventional Brillouin optical
time-domain analyzer (BOTDA) was implemented to
measure the BFSs of an outer core under different bend-
ing radii, where a short section of 1.5 m MCF was em-
ployed to create a circle type bending with the circular
bending radius being adjusted for different measurements.
Precise alignment was carried out to make the selected
outer core that was used for calibration to be positioned
in the 6,-6,=0 or
0, —0, =180°, thus the bending induced strain is only

bending plane, so that

related to the bending radius for the specific core in this
case, as can be seen from Eq. (1). The alignment is ena-
bled by launching red light into the core, while a micro-
scope was used to visualize the real positioning of the
core, so that it securely lays in the applied bending plane.
The measured BFSs under different bending radii are
shown in Fig. 9(a), and Fig. 9(b) presents the BFS changes
as a function of the applied bending curvature. Addition-
ally, the BES of the fiber without applied strain is meas-
ured to be 10.735 GHz. Eventually the variables of Eq. (8)
can be determined. Then, it can be used to calculate the
bending induced strains from the measurement of BFSs
in different cores, which can further be utilized to achieve
distributed curvature and shape sensing.

https://doi.org/10.29026/0ea.2020.190024
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Fig. 9 | (a) Extracted Brillouin frequency shift for different bending
radii. (b) Dependence of BFS on curvature measured along an outer
core of the MCF. The error intervals on the curvature and the meas-
ured BFS are marked in green and purple triangle dots, respectively.
Figure reproduced from ref.?>, Optical Society of America.

With the calibrated coefficients, distributed curvature
sensing has been demonstrated by using BOTDA in MCE
As shown in Fig. 10(a), three O-like shapes have been
patterned at the far end of a 1 km long seven-core MCE
At these fiber sections the orientation of cores of the MCF
was carefully positioned using the visual procedure, so
that the bending angle along the whole interrogated fiber
section was adjusted to be either 0 (or 2m) or m, with re-
spect to the fiber core used as reference. Distributed
measurements of BFSs in three adjacent outer cores have
been carried out, as shown in Fig. 10(b), where bending
induced BFS variations can be easily identified. 20 cm
spatial resolution was achieved by using the differential
pulse-width pairs (DPP) technique®®. The measured BFSs
are converted to strains using Eq. (8), and then the re-
solved strains are used to calculate the bending angle and
curvature of each pattern by solving Eqgs. (2)-(4). The
retrieved bending angle and curvature as a function of
fiber length around the applied shapes are presented in
Figs. 10(c) and 10(d), respectively. The result indicates
that the retrieved bending angles are either 2 (or 0) or
at the three O-like shapes, which is consistent with the
calibrated position. On the other hand, the relative error
in the radius R is calculated to be below 3.48 % for all the
shapes, showing high accuracy and good reliability of the
method for distributed curvature and shape sensing®.
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Fig. 10 | (a) Three O-shapes made for validating the ability of distributed curvature and shape sensing based on BOTDA in MCF. (b) The meas-
ured BFS profiles as a function of distance along three cores around the 3 O-shape regions. (c) Retrieved bending angle for the 3 O-shape
regions. (d) Retrieved curvature for the 3 O-shape regions. Figure reproduced from ref.?>, Optical Society of America.

Once the bending angle and curvature along the whole
fiber length have been retrieved, they can be used to cal-
culate a set of Frenet-Serret formulas, i.e. Eq. (5), and give
a calibrated initial position condition of the MCF; its 3D
shape can be fully reconstructed. The benefit of FBGs
based MCF shape sensing scheme is the ultrahigh spatial
resolution, while the reported sensing range is normally
short, typically several meters to a few tens of meters™*.
In contrast, Brillouin distributed measurement based
MCF shape sensing approach can obtain much longer
sensing range, and it does not require any special pro-
cessing like writing FBGs. However, the spatial resolution
is bad, and it is very challenging to achieve comparable
spatial resolution as the OFDR technique®. In addition,
Brillouin distributed measurement is normally time con-
suming. As a result, real-time shape reconstruction will
be difficult by using the Brillouin distributed measure-
ment technique.

MCF space-division multiplexed distributed fiber
sensors for multi-parameter sensing

MCEF possesses multiple parallel spatial cores in a single
fiber cladding, which provides an excellent platform to
incorporate different sensing techniques in one fiber
through SDM system configuration, so that the ad-
vantages of various sensing techniques can be combined
in a single sensing system, which opens a new way to

achieve advanced distributed sensing functionality. In
addition, specially designed heterogeneous MCF can also
be employed to achieve performance enhanced distrib-
uted sensing by using the differential responses of
strain/temperature between cores. Some studies have
been carried out by using MCF SDM sensing system to
achieve temperature and strain discriminative measure-
ment, simultaneous temperature and vibration sensing,
vibration detection with broad frequency response range,
temperature sensing with simultaneous large dynamic
range and high measurement resolution, etc.

Firstly, it is well-known that the Brillouin scattering
signal in optical fiber is intrinsically sensitive to both
temperature and strain, which causes ambiguity in the
determination of disturbances and has degraded dramat-
ically the reliability of Brillouin distributed sensors in
practical applications. In order to address this problem,
several solutions have been reported, among which
Brillouin and Raman hybrid system turns out to be a
good scheme for temperature and strain discrimination®.
Because Raman optical time-domain reflectometry
(ROTDR) is only sensitive to temperature, so it can be
used to determine the temperature effect and thus sepa-
rate from strain in the Brillouin distributed sensors.
However, it is difficult to measure simultaneously the
spontaneous Raman

scattering (SpRS) signal and

Brillouin scattering signal in single mode fibers. Because
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SpRS is very weak, the Raman anti-Stokes signal is usual-
ly ~60 dB lower than the injected pump peak power™. So
normally very high incident pump power (several Watts)
is used in ROTDR sensors in order to increase the de-
tected SpRS intensity. But on the other hand, Brillouin
distributed sensors cannot use such high pump power
due to the reason that the threshold of nonlinear effects,
instability (MI),
Brillouin scattering (SBS), is normally lower than the re-
quired power level of ROTDRY, which restricts the
maximum usable input power in the hybrid system. Note

including modulation stimulated

that the Brillouin scattering trace could be dramatically
affected by waveform distortion caused by the nonlinear
effects, while the nonlinear tolerance of ROTDR is much
higher since it relies on the detection of the power ratio of
the broadband Raman Stokes and anti-Stokes signals
which turns out to be not sensitive to the nonlinear ef-
fects.

In order to address the restriction in terms of the in-
compatible pump power levels of the Brillouin and Ra-
man hybrid system in SMFs, MCF based SDM hybrid
system has been proposed and demonstrated*. As shown
in Fig. 11, the measurements of Raman and Brillouin
scattering signals are carried out simultaneously in dis-
tinct cores of the MCE, so the input powers for the two
branches can be controlled flexibly. The proposed hybrid

Pulse
generator

y-wave
generator

system uses a single distributed-feedback (DFB) laser,
shared pump generation devices, but separate interroga-
tion fiber cores and different receivers, which allows for
simultaneous measurement of SpRS and Brillouin scat-
tering signals with identical spatial resolution. Eventually,
temperature and strain discriminative measurement is
achieved.

For proof of concept, a seven-core fiber was used in the
experiment, as shown in the inset of Fig. 11. In order to
avoid bending imposed cross-sensitivity to BES in
off-center cores, the central core is selected to implement
Brillouin optical time-domain reflectometry (BOTDR),
and one outer core is used to conduct ROTDR, so strict
quantitative discrimination between temperature and
strain is ensured. The experiment demonstrated 3 m spa-
tial resolution over 6 km sensing range with the worst
temperature and strain resolutions of 2.2 °C and 40 pe,
respectively.

Another alternative solution to separate the effects of
strain and temperature in Brillouin distributed sensors is
to use two cores simultaneously, = whose
strain/temperature sensitivities are different™**. This is
achievable by using a heterogeneous MCE, whose cores
are made from different preforms. Fig. 12 shows the
cross-section view and the refractive index profile of a

heterogeneous MCF*. The outer six cores are all made

Raman GFD

filter

Fig. 11 | Experimental setup of the MCF based SDM ROTDR and BOTDR hybrid system. LD: Laser diode; PC: polarization controller; SOA:
semiconductor optical amplifier; MZM: Mach-Zehnder modulator; EDFA: erbium-doped fiber amplifier; PS: polarization switch; BPF: bandpass
filter; BPD: balanced photodetector; Att.: tunable attenuator; APD: avalanche photodiode; ESA: electrical spectrum analyzer; OSc.: oscilloscope;
the inset shows the cross-section view of the used MCF in the experiment. Figure reproduced from ref.>, Optical Society of America.
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Fig. 12 | (a) Cross-sectional view of the heterogeneous MCF, whose outer six cores are made from the same preform but the central core is
made from another preform. (b) Relative index profile of the heterogeneous MCF. Figure reproduced from ref.*, Optical Society of America.
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from G657.B3 preform (YOFC, China), and the central
core is made from G.652 preform. Since the two kinds of
cores have different doping, their refractive indexes are
different as well, as shown in Fig. 12(b). As a result, ~70
MHz BFS difference between the central core and the
outer cores have been observed, as shown in Fig. 13.

Since the heterogeneous cores have different tempera-
ture and/or strain sensitivities, by measuring the BFSs of
two cores simultaneously, discrimination can be achieved
by calculating a coefficient matrix. However, in a MCF
the off-center cores are also highly sensitive to bending,
so firstly the bending induced BFS variation needs to be
compensated. This can be done by averaging the BFSs of
two symmetrical outer cores. Because bending will cause
identical absolute value of BFS shifts, but with different
shift directions. For two symmetrical outer cores of a
MCE, their BFS shifts (Avy"" and Av;"") are caused by
temperature, strain and bending, as given by

Avg™ = Avy™ + AV + AT

Avp™ = AV + AV + AV 9)
where Av;" and Av" are temperature and strain in-
duced BES shift. Note that the angular positions of the
two symmetrical outer cores can be depicted as 6, and
0, +min the local x-y coordinate, so bending induced

BES shifts to the two outer cores are given by

d
Ave™ =—aw, ECOS(Gb =0)

Avpt = —och%cos[Hb - (6, +T[):| , (10)
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out+

where Av;"™" and Av;"" are bending induced BFS
shifts of the two symmetrical outer cores, « is the bending
response coefficient, v, is the original BFS without
bending nor strain. Noticing that Ave"" +Aw" =0,
therefore averaging the BFS shifts of two symmetrical
outer cores can completely remove the effect of BFS shifts
due to bending in off-center cores, i.e.

11)

1 .
Avp" = E(Avé"” + AV ) = Avpt + AV

This has been experimentally verified, as shown in Fig.
14. The measured BFSs of two symmetrical outer cores
are plotted in blue and red traces. The MCF was spooled
with random orientations, so the BFSs show random
fluctuations due to bending. The green trace is the aver-
aged BFS of the two cores, which turns out to be very flat
and it is equal to the original BFS of the outer cores
without bending. So it verifies that averaging the BFSs of
two symmetrical outer cores can totally counteract the
bending caused BEFS variations.

Once the BFSs in three cores have been measured, in-
cluding the central core and two symmetrical outer cores,
then the strain and temperature can be separated by cal-
culating the coefficient matrix, as given by

Avy” o C || AT
Ae |’

= (12)
Avgut C;llt C::)llt
is the measured BFS of the central core,

where Avy"
Ci™, C™ are the measured temperature coefficients and
C", C are the strain coefficients for the central core
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Fig. 13 | The measured BGS of a heterogeneous MCF. (a) The central core with peak at ~10.81 GHz. (b) The outer core with peak at ~10.74

GHz. Figure reproduced from ref.*®, Optical Society of America.

Fiber length (m)

Fig. 14 | The measured BFS of two symmetrical outer cores when the MCF was spooled with random orientations; the green trace is the
averaged BFS of two symmetrical outer cores. Figure reproduced from ref.*®, Optical Society of America.
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and outer cores, respectively.

Note that a MCF has certain advantage over the SMF
bundle, since MCF contains all-solid cores, and their
physical paths are strictly identical along the whole fiber
length. For each position, the two cores experience iden-
tical temperature, and the relative distance between cores
remains constant with respect to the input end. But the
bundle of SMFs cannot be as compact and uniform as the
MCE, especially along very long range, so error associated
with fiber length mismatch will be generated, and the
cores might undergo different temperatures due to dis-
tinct amounts of transformation from external disturb-
ance. All these factors will eventually degrade the accura-
cy and reliability of the SMFs bundle based sensing sys-
tem.

In addition to simultaneous temperature and strain
sensing, other multi-parameter detections are also neces-
sary in many industrial applications. For example, in oil
and gas industry, simultaneous distributed intrusion de-
tection and temperature monitoring of pipelines are re-
quired in order to achieve real-time alarm on excavation,
theft, leakage and other potential threats. This can be
done by implementing a ROTDR and phase-sensitive
optical time-domain reflectometry (¢-OTDR) hybrid
sensing system®, where the ROTDR is used to monitor
the temperature change and ¢-OTDR is used for re-
al-time vibration detection. However, similar to the
Brillouin and Raman hybrid system, it is difficult to im-
plement a Raman and Rayleigh hybrid system by using
SMF due to the incompatible pump power levels required
by ROTDR and ¢-OTDR. As a matter of fact, the sponta-
neous Raman anti-Stokes signal is usually ~30 dB lower
than the Rayleigh scattering signal®. The high pump
power required by ROTDR will generate nonlinear effects
(e.g. MI and SBS) in the sensing fiber, which distort the
trace of @-OTDR, and eventually hinder the correct
measurement of Rayleigh scattering trace™. So it turns

https://doi.org/10.29026/0ea.2020.190024

out that it is difficult to measure simultaneously the SpRS
signal and the Rayleigh scattering signal in SME

Space-division multiplexed ROTDR and ¢-OTDR hy-
brid sensor using MCF has been proposed and demon-
strated”%'. As shown in Fig. 15, only one laser source is
used in the system, and the generated pump pulse is
shared for ROTDR and ¢-OTDR, but the interrogations
of SpRS signal and the Rayleigh scattering signal are car-
ried out in different cores of the MCE, the detection and
acquisition of two branches are also separated and com-
plete independent.

Since the off-center cores of the MCF is highly sensi-
tive to bending, so the outer cores rather than the central
core are preferred to implement ¢-OTDR, thus sensitivity
enhanced vibration sensor can be obtained. 3 m spatial
resolution over 5.76 km sensing range was demonstrated
in the experiment. The proposed MCF based hybrid
sensing system allows for simultaneous distributed tem-
perature sensing (DTS) and distributed acoustic sensing
(DAS), which shows great potential for long-range re-
al-time pipeline monitoring in oil and gas industry.

Enhance the performance of distributed fiber
sensors by using MCF space-division

multiplexed configurations

As mentioned previously, MCF allows for space-division
multiplexed sensing deployment configurations that
might incorporate different sensing techniques, which
has turned out to be a very good way to enhance the per-
formance of distributed fiber sensors. For example, alt-
hough ¢-OTDR has attracted a lot of research interest in
recent years, due to its great potential in the applications
of intrusion detection, structure health monitoring and
seismic monitoring, etc., the maximum detectable vibra-
tion frequency of ¢-OTDR is however ultimately limited
by the repetition rate of the used pump pulse, which is an
intrinsic shortcoming of this technology. In order to

Section A
5625 m (8 m)

Section B

(9m)

Fig. 15 | Experimental setup of the MCF SDM ROTDR and @-OTDR hybrid sensor. LD: Laser diode; PC: polarization controller; SOA: semi-
conductor optical amplifier; PG: pulse generator; EDFA: erbium-doped fiber amplifier; BPF: band-pass filter; OC: optical coupler; Att.: tunable
attenuator; APD: avalanche photodiode; PD: photodetector; OSc.: oscilloscope; the inset shows the cross sectional view of the seven-core MCF.

Figure reproduced from ref.%’, IEEE.
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address this a hybrid ¢-OTDR and
Mach-Zehnder interferometer (MZI) sensor using SMF

restriction,

has been proposed®, where the ¢-OTDR is used to locate
the vibration position, and the MZI is used to retrieve the
vibration frequency. Since the maximum detectable vi-
bration frequency of the hybrid system is determined by
the sampling frequency of the oscilloscope and the band-
width of the photodetector, the hybrid system can achieve
very broadband frequency response. However, in the
SMF based hybrid system, the backscattered light from
the offset CW light results in very bad SNR of the posi-
tioning signal, and the weak optical power of the inter-
ference signal results in noisy signal power spectrum.
Moreover, superposition of the pulse on the MZI inter-
ference spectrum also increases the complexity of data
processing.

Instead of sending both a pulse and a continuous-wave
light into only one SMF, which are used for ¢-OTDR and
MZI, respectively, it is realized that the problems of the
SMF based hybrid system can be eliminated by imple-
menting the two sensors in different cores of a MCF®. As
shown in Fig. 16, in the MCF based hybrid sensing sys-
tem, two cores can be used to construct the MZI sensor,
so no reference fiber is needed. Because the off-center
cores are sensitive to bending, the bending induced dif-
ferential strain between the two cores will make the MCF
based MZI sensitive to vibration. The output of MZI can
be delivered to the transmitter side through the third spa-
tial core, so it enables single-end access. Meanwhile,
¢-OTDR is implemented in another core, which is used
to locate the vibrations.

Only one laser source is required in the MCF based
¢-OTDR and MZI hybrid sensing system, but they are
carried out in different cores, the detections and acquisi-
tions are also separated, which effectively eliminates the
restrictions of the SMF based hybrid system. Eventually,
2.42 km sensing range with 1 m spatial resolution and up

https://doi.org/10.29026/0ea.2020.190024

to 12 kHz (limited by the electrical cut-off frequency of
the voltage driver of the piezoelectric transducer) vibra-
tion sensing was demonstrated in the experiment.

In addition to the widely used application field of vi-
bration detection, ¢-OTDR can also be used for temper-
ature and strain measurement, where frequency sweeping
over a spectral range is required in order to obtain the
mapping of Rayleigh backscattering signal as a function
of fiber length and optical frequency, and then
cross-correlation is calculated between two sets of meas-
urements. The relative temperature/strain change can be
retrieved from the frequency shift of cross-correlation
peak®. The technique can offer ultrahigh tempera-
ture/strain measurement resolutions, which are 0.01 °C
and 0.1 pe, respectively, or ever higher®. So it shows great
potential in distributed sensing applications that require
high measurement resolution. But its measurement dy-
namic range is normally small, which is determined by
the frequency scanning range, and typically the range is
from hundreds of megahertz to several gigahertz. On the
other hand, although Brillouin distributed sensors have
been intensively investigated in the last three decades,
owing to their outstanding sensing performance on tem-
perature and strain over a wide measurement dynamic
range with long sensing distance and high spatial resolu-
tion, the Brillouin distributed sensors suffer from the
poor temperature/strain measurement resolutions, which
are normally 1 °C or 20 pe, respectively. The poor
measurement resolution restricts the application of
Brillouin distributed sensors in some specific fields.

In order to achieve high measurement resolution and
large dynamic range simultaneously, a SDM ¢-OTDR and
BOTDA hybrid sensing system by using MCF has been
proposed and demonstrated”. As shown in Fig. 17, only
one distributed feedback (DFB) laser is used in the sys-
tem, and the generated pump pulse is divided into two
branches for the ¢-OTDR and BOTDA, respectively. The

Fig. 16 | Experimental setup for the SDM reflectometer and interferometer hybrid sensor. LD: Laser diode; OC: optical coupler; PC: polari-
zation controller; Att.: tunable attenuator; EOM: electro-optic modulator; PG: pulse generator; EDFA: erbium-doped fiber amplifier; BPF:
band-pass filter; PD: photodetector; OSc.: oscilloscope. Figure reproduced from ref.%*, IEEE.
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Fig. 17 | Experimental setup of the MCF based SDM hybrid BOTDA and @-OTDR sensing system. LD: Laser diode; PC: polarization con-
troller; SOA: semiconductor optical amplifier; MZM: Mach-Zehnder modulator; EDFA: erbium-doped fiber amplifier; PS: polarization switch; Att.:

attenuator; PD: photodetector; Fan-in: fan-in coupler; Fan-out: fan-out coupler. Figure reproduced from re

frequency sweepings of ¢-OTDR and BOTDA are carried
out by different modulators, because of distinct frequen-
cy scanning step demands. For BOTDA, the frequency
sweeping step is typically 1 MHz or 2 MHz; while it is
normally 10 MHz, 15 MHz or 20 MHz for the ¢-OTDR.
Eventually, ¢-OTDR and BOTDA are implemented in
different cores of the MCE.

In the MCF based SDM hybrid sensing system, the
BOTDA is used to provide measurement over large dy-
namic range and the ¢-OTDR is dedicated to offer meas-
urement with high resolution. So the hybrid system com-
bines the complementary advantages of the two sensors.
Experiment demonstrated 2.5 m spatial resolution over
1.565 km MCF with about 0.001 °C temperature uncer-
tainty, showing good feasibility to measure both large and
very small temperature variation by using the hybrid
sensing system, so it is believed that the proposed system
will have great potential in a wide range of applications.

In addition to the previously mentioned applications,
MCEF also has the potential to be used to implement a
double-ended (loop-back) DTS sensing system. Since in
ROTDR sensors, the different wavelength dependent loss
(WDL) between the Raman Stokes and anti-Stokes com-
ponents will cause error in the determination of temper-
ature. So the MCF based double-ended DTS system can
help to eliminate the WDL induced temperature error®.

Challenges and prospects

Currently there is still no industrial standard for the de-
sign of MCEF; as a result, the parameters of MCF (e.g. fiber
cladding size, core-to-core pitch, refractive index profile,
etc.) are different from manufacturer to manufacturer.
This has led to incompatibility among MCF components.

f.5”, Optical Society of America.

More importantly, the fabrications of critical optical
modules of the MCF based SDM system (e.g. MCF mul-
tiplexer/de-multiplexer, MCF amplifier, etc.) are not ma-
ture yet. So far, these devices are normally home-made or
customized. Although both the waveguide coupling and
fiber bundle coupling based MCF fan-in/fan-out couplers
have been commercialized by a few companies, e.g. YOFC
China®, Chiral Photonics”, Optoscribe’’, etc. The com-
mercially available fan-in/fan-out couplers normally have
about 1 dB average insertion loss per channel. So it turns
out that this critical optical device still suffers from high
insertion loss. In addition, splicing two MCFs normally
adds about 0.1 dB to 0.5 dB loss or even more to each
channel™. As a result, both the insertion loss of MCF
coupler and the splicing loss within the fiber link will
degrade the SNR of the measured scattered signals, which
becomes one of the major limiting factors in the high
spatial resolution distributed sensing systems, e.g. a
BOTDA sensor that uses differential pulse width tech-
nique*. On the other hand, there might be strong reflec-
tion as well that is caused by the fan-in/fan-out coupler,
which will give rise to an interference noise that overlaps
with the scattering trace, and it will lead to intensity fluc-
tuation, thus increasing the uncertainty of the measure-
ments. This is another major limiting factor that will de-
grade the performance of distributed MCF sensors.
Therefore, it turns out that it is important that the fabri-
cation processes of the MCF and the performance of the
relevant optical components should be further improved.
MCEF has been demonstrated to achieve long range and
distributed curvature measurement with good reliability,
but it is still very challenging to obtain long distance and
high accuracy 3D shape sensing. It is realized that the
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accuracy of the shape sensing relies highly on the meas-
urement accuracy of strain along the MCEF, because shape
reconstruction is achieved by integration from the initial
position to the fiber end, which is based on the discrete
sets of strains derived vectors along the MCEF. Therefore,
highly accurate strain measurement is essential to ensure
precise shape reconstruction. Practically, since both tech-
niques (FBG/OFDR and Brillouin distributed sensor)
have a minimum detectable curvature variation, they are
not able to sense very small shape change, which may
restrict their application. It is worth mentioning that in
order to increase the sensitivity of bending sensing, the
outer cores of the MCF can be fabricated with larger dis-
tance from the fiber center, as it can increase the response
to bending as inferred from Eq. (1).

For the temperature and strain discriminative meas-
urement method based on heterogeneous MCEF, the two
disturbances are separated from the differential response
between cores by calculating the coefficient matrix (i.e.
Eq. (12)). However, the sensitivities between the cores are
still very close, which will lead to a relatively large dis-
crimination uncertainty. In order to decrease the uncer-
tainty, the temperature/strain sensitivity difference be-
tween the heterogeneous cores needs to be increased, and
this might be done by changing the doping of the cores or
employing different materials for the cores.

It has been demonstrated that the MCF based SDM
sensing system can help to solve some problems of the
SMF based distributed sensing system, or to achieve per-
formance enhanced distributed sensing. It is believed that
MCEF will find more sensing applications in the future.
Firstly, the current work can be further extended to
achieve real-time long range and distributed curvature
sensing, which may find applications in aerospace indus-
try. MCFs offer the unique possibility to realize differen-
tial and common-mode measurements between cores,
which can be used to achieve multi-parameter discrimi-
native distributed sensing. The angular position depend-
ent bending sensitivity of off-center cores may be ex-
plored to achieve vector distributed vibration sensing,
where the vibration direction might be determined from
the differential response between cores. Since the MCF
can be configured with a round-trip setup by connecting
several cores simultaneously, it will even be possible to
trace the evolution of measurands, since light will succes-
sively pass through different cores of MCF within a very
short time. In addition, it will also be very interesting to
explore the optomechanical effects based on either in-

https://doi.org/10.29026/0ea.2020.190024

ter-core cross-talk or forward stimulated Brillouin scat-
tering in MCF for sensing’”””, which may find various
applications in the oil and gas and energy industry,
oceanography, leak detection, structural health monitor-
ing, etc.

Conclusions

In conclusion, a review on the MCF based distributed
fiber sensing is presented in this paper. As an emerging
and promising research area, brief introductions of MCF
and the multiplexing/de-multiplexing methods are firstly
presented. Then the bending induced tangential strain in
off-center cores of the MCF is analyzed thoroughly. Par-
ametrical 3D shape sensing using discrete and continuous
FBG arrays in MCF is reviewed, which is followed by the
alternative Brillouin distributed measurement enabled
curvature and shape sensing solution. Thanks to the
bending sensitivity in off-center cores, MCF manages to
provide geometric differential response that allows for
retrieving fiber bending related parameters, e.g. curvature
and shape, etc. The unprecedented capability of distrib-
uted curvature and 3D shape sensing by using only one
fiber has shown great potential in many industry applica-
tions, and has significantly expanded the functional di-
versity of optical fiber sensors. In addition, a variety of
space-division multiplexed distributed fiber sensors using
MCEF are also summarized in this paper. The review re-
veals a novel perspective to implement distributed fiber
sensing through SDM configuration rather than using a
single fiber core, which offers a new approach to combine
the advantages of various sensing techniques (e.g.
BOTDR, BOTDA, ROTDR, ¢-OTDR, and interferome-
ters, etc.), and opens a new way to achieve advanced
sensing functionality, e.g. enabling multi-parameter
sensing and achieving performance enhanced distributed
sensing.

Distributed fiber sensing using MCF has been a fasci-
nating research field. It is believed that in the future, the
SDM sensing systems will benefit a lot from the stand-
ardization of fiber manufacture and the improvement of
SDM components (e.g. MCF multiplexer/de-multiplexer,
MCEF amplifier, etc.). In addition, MCF is expected to play
a more important role in distributed multi-parameter
sensing that allows for simultaneous measurement of
several parameters, as well as in eliminating the
cross-sensitivity between the parameters. By making use
of the bending sensitivity of the MCE it is believed that
there will be more exciting research coming out. Hope-
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fully, MCF will open up a new field of research that allows

for distributed lab-on-fiber sensing.
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