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Enhanced Backscattering Optical Fiber
Distributed Sensors: Tutorial
and Review

Daniele Tosi, Carlo Molardi*, Member, IEEE, Marzhan Sypabekova,
and Wilfried Blanc

Abstract—Optical Backscatter Reflectometry (OBR) is an
advanced distributed sensing technique that makes use of
optical fibers to detect and localize physical parameters,
with spatial resolution below the millimeter. By tailoring the
Rayleigh scattering properties of optical fibers, enhancing the
backscattering contents, we can create 2 and 3-dimensional
sensing networks that can extend OBR to multi-dimensional
sensing, and even to biosensing. In this work, we provide
a tutorial on distributed optical fiber sensors with enhanced
backscattering, and on how to design sensing networks with
these fibers; we also review the main applications and emerg-
ing topics.

Index Terms— Optical fiber sensors, distributed sensors,
optical fiber biosensors.
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|. INTRODUCTION

ISTRIBUTED optical fiber sensors have been established
during the last two decades [1]-[6], and represent a
unique sensing technology capable of resolving mechanical or
physical parameters through each point of an optical fiber. This
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key property allows fast and spatially resolved measurement of
temperature [7], [8], strain [9], [10], shape [11], [12], humidity
[13], sound pressure waves [14], [15] in-line into an optical
fiber, making it a unique technology unmatched by other
electrical, electronic, or electro-mechanical sensors. Within
this field, optical time-domain reflectrometry (OTDR) methods
have been preferred for their capability of detecting over long
distances [16], [17], with the recent advent of phase-OTDR
(¢-OTDR) for low spatial resolution sensing [9], [18]. On the
other hand, optical frequency-domain reflectometry (OFDR)
techniques have been implemented for sub-centimeter sens-
ing [8], [19], [20]. Optical backscatter reflectometry (OBR) is
the most modern and popular OFDR method [6], [21], [22].

The key concept of distributed sensors is to interrogate
the multiple weak reflections occurring into each point of
an optical fiber, as the light waves travels through each
portion of the fiber link. Weak reflections can be induced by
inscribing weak gratings into the fiber [5], [19], or random
optical gratings [23]. However, even in absence of any micro-
fabricated device, Rayleigh scattering into the fiber provides
the ultimate reflectivity term that we can interrogate; this is
the concept at the base of OBR [21].

The optical fibers used in sensing are mainly derived from
telecommunications; their characteristics are well standardized
by ITU-T Recommendation G.652.D [24]. Since Rayleigh
scattering is a loss factor in optical fibers, the need for long-
haul communication links has pushed researchers to engineer



fabrication methods that could lower the fiber attenuation
down to the theoretical limit for Rayleigh scattering [25].
In an OBR configuration, the Rayleigh scattering corresponds
to the amount of light reflected back to the detector, hence
by minimizing the scattering content we obtain the minimum
power at the photodetector; however, modern OBR systems
such as [6] can handle the OBR detection even with such low
power values.

Recently, several research centers have however tried to
reverse the trend: increasing the Rayleigh scattering to create
enhanced backscattering fibers (EBFs), which have signifi-
cantly higher scattering content [26]-[37]. The best results
have been achieved by means of fibers doped with MgO-
based nanoparticles (MgO-NP) within the core, which can be
handled like standard fibers [26]—[32]. The advantage of EBFs
in lieu of standard fibers is not only limited to improving the
signal-to-noise ratio [36], but with a proper arrangement it
is possible to generate a new multiplexing domain labelled
scattering-level multiplexing (SLMux) [38], which allows a
simultaneous detection of multiple fibers. Several recent works
have reported excellent results of SLMux in 2D/3D sensing
of tens of fibers [28]-[30], as well as extending sensing to
refractive index and biological parameters [26], [27], [31].

This work provides a tutorial for engineers, scientists,
and optical fiber specialists on distributed sensing with
EBF, and reviews the recent applications. The structure
is the following: Sect. II provides the general design of
a OBR-SLMux network; Sect. III provides the theoretical
considerations; Sect. IV describes the fabrication and
characterization of MgO-NP fibers and other scattering
enhancement methods; Sect. V reviews the OBR-SLMux
applications with particular emphasis on the biomedical
scenarios; finally, in Sect. VI conclusions are drawn.

II. OBR SENSING NETWORKS AND MULTIPLEXING

The general design of an OBR sensing network, which uses
fibers with enhanced backscattering, is shown in Fig. 1 [38];
while the OBR is generally a single-channel system [6], which
can eventually be connected to a switch for multi-channel slow
sensing [35] [39], [40], in this architecture with EBF fibers the
system is arranged into a network of N fibers, each used as
a distributed sensor. Hence, the system is based on 3 blocks:
OBR, distribution network, sensors.

The OBR, as reported in [21], [22], aims at resolving in the
backreflections occurring at each fiber location by means of a
swept-laser OFDR. In its minimal implementation, the system
is divided into two branches: the sensing branch is a swept-
laser interferometer based on a network of 50/50 splitters, and
connected to the fiber sensors; the trigger branch is itself an
interferometer, which uses a fiber delay line having the same
length of the fiber under test [41], [42]. The output of the 2
interferometers is collected with a photodetector (PD) which
is accurate enough to detect power values in the order of
—110 dBm (10 fW), and then processed with a DAQ (data
acquisition) for Fourier analysis [20], [22].

The key principle to turn the OBR into a sens-
ing network is the use of scattering-level multiplexing
(SLMux) [29], [30] [38], which can be considered as a
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Fig. 1. Schematic and working principle of a OBR sensing network
based on enhanced backscattering fibers. The system is composed by
three building blocks: (a) OBR system, implemented as a swept wave-
length interferometer; (b) distribution network, which implements splitting
and individual channel delaying; (c) array of EBF fibers, implementing
distributed sensors. (d) Sketch of a distributed sensor based on EBF
with respect to a SMF. (e) Trace of the power P backreflected to the
OBR for each location z: the initial power, attenuated through the splitter,
is enhanced by the scattering gain factor (G) and attenuated with the
exponential law of attenuation.

variation of spatial division multiplexing (SDM) [43]-[45].
In SDM, signals travels at the same time and bandwidth,
and are spatially separated by exploiting the propagation
properties of the fiber. Solutions have been proposed based
on multi-core fibers [43], [44] or few-mode fibers [45], where
the orthogonality is encoded in the fiber modes. In SDM-
based sensors, however, the sensors are all within the same
fiber [43], limiting the potential applicability of the method;
these methods are mainly used in shape-sensing [46]. SLMux,
likewise, encodes the multiplexing into spatial variations of
the fiber propagation properties, in this case the Rayleigh
backscattering; however, the diversity conditions comes from
applying a different delay to each fiber such that each EBF
contributions is located at a different spatial location [38].
We label this condition as the scattering diversity, and it
is implemented by having a distribution network formed by
different delay lines, each applying a different time-delay to
individual channels. Sensors are then formed by EBF fibers,
which have a backscattering level much larger than a standard
fibers.

OBR SLMux networks are then characterized by a com-
bination of standard single-mode fibers (SMF) and enhanced
backscattering fibers (EBF); SMF works within the distribution
network, while EBF represent the several distributed sensors.

In a single-channel, Fig. 1(¢) shows the power trace, i.e.
the power backreflected into the OBR at each location. The
power backscattered by an EBF is significantly larger than
a SMF; hence, at each EBF location the contributions of the
other SMF fibers acts as a noise contribution, as shown in [28],
[29]. This is shown in Fig. 2, where a 4-channel SLMux trace
is shown; experimentally, up to 12 SLMux channels have been
arranged by the authors, while we expect that system can work
up to 64 channels [38], the maximum extent of commercially
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Fig. 2. Backscattering trace of a 4-channel SLMux network, imple-
mented with 4 spans of 0.2 m EBF fibers.

available splitters. The EBF contributions are >30 dB higher
than SMF scattering level, which implies that the distribution
SMF fibers act as a mere delay line, but the scattering from the
EBF is not significantly perturbed by the SMF contributions,
and the OBR can detect and isolate each EBF sensing fiber.

I1l. THEORY OF ENHANCED BACKSCATTERING OBR

The starting point for the analysis has been reported by
Froggatt and Moore [21], which reported the propagation
problem of the light wave field into a medium having elastic
scattering [25]. For an optical fiber, as for any waveguide,
the electric field E(z), where z is the fiber location, obeys to
the homogeneous wave equation (HWE) [47], adjusted for the
scattering term:

O2E (z) —;»2[1+ Aé (z)

= } E@=0 (1)
where y is the complex propagation constant. The term Ae/e
contains the scattering phenomena occurring in the fiber,
which account for the local reflections at each fiber location:
¢ is the dielectric permittivity of the fiber, while Ae&(z)
contributes to the local reflections that are both function of
the wavelength and of the space [21].
The complex propagation constant is expressed as:

y =a+ jp. )

The real part a corresponds to the fiber one-way losses,
while the imaginary part £ is the wavenumber. While for a
SMF fiber we can always assume that « = 0 since the losses
are truly negligible, for an EBF fiber losses are significant.
According to [38] the two-way losses of EBF fibers in the
infrared range from 30 to 300 dB/m, which means that for
these fibers a ranges from 3.45 to 34.5 m~'. On the other
side, B = 2z nesr/i = 5.9 x 10° rad/m for EBF fibers having
nefr = 1.464 operating in the infrared wavelengths around
/4 = 1550 nm. Hence, a < f and we can solve the equations
considering y = jp.

As known from electromagnetics theory [47], the solution
of the HWE yields the linear combination of two counter-
propagating waves: a forward wave E, propagating in the
positive direction +z, and a backward wave E_ propagating
in the negative direction —z. The scattering events yield an
extremely small reflectivity, i.e. Ae/e < 1. This is true for

SMF fibers, but also for EBF fibers: despite having scattering
increments up to 50 dB over an SMF [38], the return loss
of these fibers is still < 1075 which allows to both neglect
standing waves existing between multiple sections of the fiber,
and to consider the forward wave unaffected by the local
changes of the reflected wave. Hence, we can write:

E ()= Eye 2+ E_(z) e/~ 3)

Then, we can calculate the second order derivative of E(z)
with respect to z, and obtain the first term in Eq. (1):

0’E (z ; ; 0E_(z) ;
é ! 7( ) _ _p [E+e-j/1:+E_(z)ej/1:]+2jﬂr :( ) ik
az- oz
C))
where we apply the slow-rate approximation [21], [48]
’E_(2)
—— =0 (5)
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The approximation in Eq. (5) is valid for all conditions in
which the rate of change of the backreflected wave is not very
large. In fact, it works well in either SMF or EBF fibers, but
not during the SMF/EBF transitions where the backreflected
power fluctuates well over 30 dB in few micrometers; however,
these transition regions, well visible in Fig. 2 with a ripple
artefact, are not interesting for sensing, but rather belong to the
distribution network. Using this result, we can solve Eq. (1):
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Considering that |[E| > |E_| due to the small amplitude of
scattering events, we can neglect the second term in Eq. (6):

OE_ (Z) — _J/; Ag (Z) E+€_j2/}:- (7)
0z 2 €

Now, as shown in [21], [48], we can integrate the left and

right term over z:

+00
E_(o) =10 / 28 iy, (®)

The left term of Eq. (8) is the backreflected wave, acquired on
the OBR instrument with the swept-laser system of Fig. 1(a).
The right term, aside from a constant, is the Fourier transform
of the local permittivity change, which is the signature of the
fiber under analysis, evaluated at twice the wavenumber of the
input wave:

E_(z)=

—JBE+ [Ae(z
|

Computationally, this is the same result that we observe
from a standard fiber. The work from Froggatt and Moore [21]
shows how evaluate the fiber signature from the backreflected
wave at the same frequency, exploiting the properties of the
Fourier transform. This process is performed by the OBR
software.

The results of Eq. (1)-(9) have been obtained for OBR
working with a single fiber. For a SLMux system with N
channels as described in Fig. 1, the E_ wave is formed by
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the sum of the N signatures Aeg;/e, wherei =1, ..., N refers
to the i-th channel.

Nevertheless, we can still solve the OBR system as in a
single-fiber system, but imposing 2 assumptions. The first
one is that, as shown in [38], [49], the i-th and k-th sig-
natures behave almost as statistically independent random
signals, since the scattering elements in each different fiber
are unrelated. This assumption is valid for both SMF and EBF,
and has been experimentally shown in [38], where the cross-
correlation between different signatures have been shown to be
very approximated with an additive white Gaussian process.
The second assumption is the scattering diversity, which is
the underlying SLMux principle: given that the i-th EBF fiber
sensor has length L; and is located within the lengths z;
(starting point) and z; + L; (end point), no other k-th EBF
fibers is located in the same location; in formula:

[zi = (zi + Li)] € [zx + (zx + Li)]

Hence, on each i-th fiber, we see the overlap of one and only
one high-scattering fiber and (i-1) SMF fibers. The worst case
scenario is for the shortest branch of the distribution network,
which interferes with (N-1) other channels. Nevertheless, the
OBR can be still resolved as in Eq. (9) only on the EBF spans,
if we assume that:

Vi k. (10)

(11)

where EBF and SMF subscripts refer to each type of fiber,
respectively. To verify the limit of this statement, we can
consider the backscattered trace P;(z) which is the power
detected on the OBR at each location. Since we are resolving
the system only on the z;<+ (z; + L;) intervals, the power
follows the attenuation law [47]:

E_Egpr(2) > NE_ smr (2).

P; (2) = GPsype 2750, (12)

The parameter G defines the scattering gain, which is
defined as the ratio between the power scattered by the EBF
and the power Pgy r backscattered by a SMF [29]. Results in
[26-37] show that the scattering gain of EBF can be 30-55 dB,
hence very significant although well within the limits of OBR
theory. The term 2a refers to the fiber losses, accounted both
forward and backward since the fiber is reciprocal.

Since one EBF fiber interferes with (N-1) SMF signatures
in the worst case, all statistically independent on each other,
we define the signal-to-interference ratio (SIR) as the ratio
between the Pj(z) and (N-1) times Pgpy r, assuming that the
channel 1 is the shortest in the distribution network:
Ge—Za(:—:l)

N -1
By imposing the minimum SIR required to work in the

system, we can finally evaluate the maximum length of each
EBF sensor L,,x:

SIR (z) = (13)

Lmu.\' ( 14)

1 I G
24| SIR(N—1)
which is in accordance with [30]. This result can be empir-
ically verified in Fig. 2, where we observe that despite the
high losses of the EBEF, at the end of each sensing length

the backscattered power is still >30 dB higher than the
combination of all SMF values. Eq. (14) provides an estimate
of the maximum length of a SLMux network given the fiber
parameters G and 2a and the number of channels.

The level of SIR required for successful operation depends
on the method used to resolve the scattering signatures;
OFDR/OBR methods that resolve by correlation in the fre-
quency domain [19]-[22] can operate even with low SIR levels
since the correlation operator is noise-resilient and the over-
lapping signatures are statistically independent [38]. On the
other side, methods that operate directly on the backscattered
power require higher values of SIR to operate [26], [27].
In any circumstance, the losses of the system, including the
Ix N splitter, do not affect the SIR since they apply to both
the SMF and EBF fibers; instead, the SIR is affected by the
channel imbalances, e.g. channel-dependent loss of the splitter
and local variations of the EBF attenuations.

IV. FABRICATION AND CHARACTERIZATION OF
ENHANCED BACKSCATTERING FIBERS

The results presented so far are valid for any swept-
wavelength OBR working in the near infrared. The exper-
imental characterization of the fibers has been carried out
using a commercial OBR4600 (Luna Inc., Roanoke, VA, US)
interrogation system, with 88 nm laser sweep bandwidth and
10 gm spatial resolution.

A. Methods for Scattering Enhancement

As seen from Eq. (14), OBR networks that implement
simultaneous detection require high values of G while main-
taining low losses in order to operate over significant lengths,
since the lengths that can be interrogated grow with In(G) but
decreases linearly with a.

We can identify two approaches for achieving a high reflec-
tivity: design a fiber that is inherently high-scattering and can
be interfaced with a SMF; or manipulate a SMF or similar fiber
in order to locally increase its reflectivity. Table I reports the
performance achieved by each method.

The first approach relies on fabricating fibers having
tailored Rayleigh scattering and absorption, and the main
method that has been proposed is the use of nanoparticle-
doped fibers [50]-[54]. Dielectric oxide nanoparticles (NP)
are known to have very high elastic scattering, which makes
it a good candidate for EBF. Fibers doped with nanoparticles
have been reported in [50]-[52], and have mainly been used
for the design of random amplifiers and fiber lasers [55],
without however exceeding the performance and efficiency of
modern Er/Yb-doped fibers [56]. But thanks to the advent of
OBR, NP-doped fibers have now become a new technology
of interest.

Among this class of fibers, the most successful results have
been achieved through the use of MgO-based nanoparticle-
doped fibers (MgO-NP) [50]-[52], since the method of fab-
rication of this fibers is simple, and fibers can be design to
match the sizes of SMF fibers.

The process of MgO-NP fabrication has been described in
[52]. The fiber, originally designed as a 1550-nm amplifier,



TABLE |
COMPARISON OF SCATTERING-ENHANCEMENT METHODS AND THEIR
PERFORMANCES FOR OBR SENSING

y 2a
Reference | Method G (dB) (dB/m)
[26] MgO-NP fiber, NP ring 47.5 298
[27] MgO-NP fiber, NP ring 46.1 292
[28-29] MgO-NP fiber, inner-core 452 33.1
[30] MgO-NP fiber, inner-core 36.5 25.5
[31] MgO-NP fiber, inner-core 323 27.8
[32] Direct FBG inscription on 37.2+28.0 21
MgO-NP fiber (FBG) ’
(33] fs-laser inscription of 25 40-45 15-40
cm mini-grating on SMF
High-NA high-Ge-doped Not
(34] fiber 10 inferred
. Not
[34] UV-exposure of SMF fiber 20 inferred
UV-exposure of Hz-loaded Not
[35-36] | SMF fiber 37 inferred
p Not
[36] Ge/B doped Redfern fiber 10 inferred
Random optical grating by Not
(37) UV exposure 30 inferred

has size matching the SMF-28 telecom fiber (10/125/250 um
core/cladding/jacket diameter). The first step is the fabrication
of the preform, which is performed using MCVD (modified
chemical vapor deposition); the preform is made of silica
glass, and the core is doped with a solution of MgCl, and
ErCl3, which contributes for an additional scattering increase.
The final step is fiber drawing, which is performed in a
standard draw-tower; during the MCVD process, due to the
high temperature, the separation of silica and alkaline-earth
ions produces a compound rich of MgO spherical particles,
which are elongated in the fiber; the particles have diameter
from few nm up to hundreds of nm [51], [52]. MgO-based
nanoparticles within the silica fiber are the main contributors to
the Rayleigh scattering enhancement, and they do have scatter-
ing signatures very similar to SMF [38]. MgO-NP fibers have
been reported in [26]—[32], using two different type of designs.
In [26-27], MgO-based nanoparticles have been deposited in a
ring around the fiber core, while in [28]-[31] nanoparticles are
distributed all around the core. The ring configuration achieves
gain over 46 dB (40,000 times a SMF), but the penalties
are high two-way losses, approaching 300 dB/m. The second
configuration, in which the inner part of the core is doped with
MgO-based NP, achieves a gain of 32-45 dB, but losses are
an order of magnitude smaller (22-33 dB/m). MgO-NP fibers
perform much better than Ge-doped [34] and Ge/B-doped [36]
fibers, in which G is limited to ~10 dB.

The second EBF approach starts from SMF fibers, and
locally increases the reflectivity. A possible solution is the
exposure of the fiber to UV (ultraviolet) light. The solution
proposed by Loranger et al. using a setup originally designed
for fiber Bragg grating (FBG) inscription, and documented in
[34], makes use of a 213 nm laser source exposing the fiber
for 4 seconds per each 50 um fiber length (spot size of the
laser). The setup uses a motion controller for exposing a long
fiber length to continuous UV light. This arrangement allows
achieving a gain of 20 dB [34] to 37 dB [36], depending on

whether the SMF fiber is hydrogen-loaded in a pressurized
chamber, and the losses are undisclosed and appear to be low.

The alternative solution is to inscribe a grating reflector in
the fiber; although this method is not formally equivalent to
Rayleigh scattering, since the grating provides a continuous
backreflection that is not a scattering event, direct inscription
of random structures into SMF fibers yields a result that is
very similar from the OBR point of view. Yan et al. reported
a method based on femtosecond laser inscription of a narrow
grating over 25 cm of SMF [33], achieving similar results
to MgO-NP (40-45 dB gain, 15-40 dB/m losses). The setup
used in this approach is derived from the inscription of long
regenerated gratings [57]. Along this line, Monet et al. have
recently reported a random optical grating inscribed with a
UV laser, that achieves a 30 dB reflectivity enhancement over
8 nm bandwidth, suitable for OBR-based sensing. In [37],
an FBG over a MgO-NP fiber was demonstrated, raising the
reflectivity level by an additional 28 dB. As a key distinction,
while the inscription of long weak FBGs is based on a
periodical refractive index modulation [19], [33], [32], [57],
a random-grating approach scrambles the periodicity of the
refractive index which result in a wide increase of the reflective
bandwidth [37], [58].

In terms of sensing network design, the two approaches
have different characteristics. MgO-NP fibers is today a well-
consolidated technology, and they are handled as a standard
fiber: MgO-NP fibers can be drawn spooled like all com-
mercial fibers in kilometers per each preform, they can be
stripped, cleaved, and spliced as a standard SMF fiber using
the SMF-SMF splicing modes with minimal losses (<0.1 dB),
and the fiber used in sensors maintains its original protective
jacket which is essential in medical devices. Most importantly,
the fabrication is suitable for a standard drawing tower for
telecom fibers. The main drawback is the need for a distrib-
ution network that requires splicing several SMF fibers with
different length (from the splitter lead to each EBF), but this
can be potentially circumvented using programmable delay
lines [42]. On the other side, gratings and UV exposure have
the advantage that the user can expose any part of the fiber,
arbitrarily, simplifying the distribution network. There are
however 2 main drawbacks: at first, the process of inscription
is very slow (0.1 to 2 mm/s in Yan et al.’s work [33]), which
complicates the design of large sensing networks. In addition,
both grating inscription and UV exposure processes require
stripping the fiber jacket, which significantly reduces the fiber
tensile strength, limiting the application.

B. Characterization of Sensing Properties of MgO-NP

The key optical parameters of MgO-NP that affect the sens-
ing performances are: (1) profile of the mode transmitted into
the fiber; (2) sensitivity to strain/temperature; (3) sensitivity
to the surrounding refractive index as a function of fiber
thickness.

The profile of the LPyp; mode transmitted though the
fiber allows evaluating the mode confinement, and whether
the NP shape and distribution affects the properties of the
light through the structure. As in [26], [31], we simulated
the shape of the LPOl mode, simulated with COMSOL



Fig. 3. Profile of the LPgy mode propagating in the MgO-NP fiber
configuration. The chart shows the scanning electron microscopy (SEM)
view of the NP-doped core (the width of the pictures corresponds to
10 um) in the background, and in transparency the estimated field
intensity of the light by means of 2D-grid simulation. (a) Fiber with MgO-
based nanoparticle arranged in a ring around the core [26]; (b) Fiber with
MgO-based nanoparticles located in the core [30].
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Fig. 4. Sensitivity evaluation of a MgO-NP fiber to (a) temperature and
(b) strain. Data have been acquired by recording the wavelength shift
from the reference condition for each temperature/strain value.

Multiphysics (Comsol Inc., Burlington, US), for ring-based
nanoparticles [26]-[27] and for inner-core nanoparticles
[28]-[31]. The result is shown in Fig. 3, where the
transparency in background shows the SEM (scanning
electron microscopy) view of the core cross-section. Overall,
the mode has a shape similar to the SMF LPj; mode, which
implies that the SMF-EBF mode conversion is efficient. The
results in Fig. 3 suggest that the effect of nanoparticles,
which is evident in the scattering gain, has a minimal effect
onto the fiber propagation, and therefore we can treat the
EBF as a standard fiber on the OBR interrogation.

In Fig. 4 we report the temperature and strain sensitivity
of the MgO-NP EBF, which are defined as the wavelength
shift, recorded in each section of the fiber, per each unit of
temperature or strain change. The chart, obtained through an
experimental calibration, shows that the sensitivity of the fiber
is linear, and similar to a standard SMF. The thermal coeffi-
cient is 11.8 pm/°C, while the strain coefficient is 1.06 pm/pe.
These values are similar to the nominal sensitivity of glass
fibers (10 pm/°C, 1 pm/u e [59]), since they depend on the fiber
compound, which is made of silica; the effect of nanoparticles
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Fig. 5. Change of the effective refractive index Angg of the MgO-NP
fiber nggras a function of the change of the radius of the fiber cladding, for
different values of refractive index; the inset shows the thin fiber portion.

TABLE Il

OBR SETTINGS FOR DISTRIBUTED SLMUX SENSING
Parameter Settings
Wavelength scan range 1525 -1610 nm
Measurement frequency 3 Hz
Group index of the fiber 1.464
Sensor spacing 0.101 cm
Gage length 0.249 cm
Electrical amplification None
Sensing range 8to 120 cm
Wavelength shift calculation Normalized cross-correlation
Digital filtering Butterworth low-pass S order

on the sensitivity is negligible (NP volume fraction is about
few %). Results have been obtained by calibrating a single
MgO-NP fiber in a single point, but they are well repeatable
throughout the MgO-NP fibers used in experiments [28]-[32].

The possibility of detecting refractive index changes with a
MgO-NP fiber has been explored in [26], [31]. In this case,
the cladding thickness has to be thinned, through wet etching.
When the fiber cladding gets thinner, the fiber becomes sensi-
tive to the surrounding refractive index (RI), as shown in the
simulations of Fig. 5. When the cladding radius gets thinner,
moving onto the right part of the chart, we observe a change
of the fiber nsr, similar to the change experienced by strain
or temperature change. The sensitivity increases exponentially
with the fiber thickness reduction, and as seen in the inset, for
a defined thickness we experience a variation An,yr, of the
effective fiber refractive index, which allows the measurement
of RI.

With these parameters, we have implemented distributed
sensing using the OBR settings listed in Table II.

V. APPLICATIONS OF ENHANCED BACKSCATTERING
OBR SENSING NETWORKS
The SLMux-based distributed sensing networks based on
EBF fibers have found several applications, mainly in biomed-
ical engineering where there is a strong need to fit numerous
fibers in a small volume for multi-dimensional sensing [8].



Emerging applications also show the EBF properties in harsh
environments [60].

A. Multidimensional Temperature Sensing in
Thermotherapies

The in situ measurement of temperature with minimally
invasive devices plays a significant role in modern ther-
motherapies [8], as thermometry is the physical driver behind
surgical operations. The main application of SLMux networks
has been reported for minimally invasive thermal ablation
of tumors [61]-[63]. Several thermal ablation methods have
been reported, using radiofrequency, microwave, laser, or high-
intensity focused ultrasound sources [63]; the common factor
of these processes is to deliver electromagnetic energy from
a miniature applicator to the surrounding tumor, in order to
heat the cells over their mortality rate [64], [65]. In such
fashion, thermal ablation is a rapid percutaneous procedure,
which usually requires local anesthesia [62].

Thermal dosimetry models suggest that the cytotoxicity
levels of cancer cells starts at 42-44 °C [64], while the protein
coagulation occurs, almost instantaneously, around 60 °C [65].
In order to correctly estimate the amount of tissue ablated in
real time, and therefore ensuring that the thermal dose is suffi-
cient to treat the volume of the whole tumor, fiber optic sensors
[8], [61] and imaging [66], [67] have been used. Here, the key
and unprecedented advantage of SLMux network is that they
can interrogate multiple distributed sensors at the same time,
hence they are prone to perform 2D or even 3D sensing with
narrow spatial resolution. The fiber can operate in situ thanks
to its biocompatibility, in accordance to ISO 10993 standard
concerning the biological evaluation of medical devices [68].
Alternative methods, such as one-fiber OBR arrange on a plate
[7], are usable only as a laboratory tool, but EBF fibers enable
to bring this technology, potentially, in vivo.

The first SLMux work recording 2D temperature patterns
have been reported in [28], using 4 MgO-NP fibers to detect
the temperature during an ex vivo radiofrequency ablation
of a liver. The fibers have been arranged on a x x y grid
of 2.5 mm x 5.0 mm step (x = spatial resolution of OBR;
y = distance between adjacent fibers), with size 40 mm x
15 mm; hence, the 68 sensing points are laid on a grid with
pixel size 12.5 mm?. Upon reconstructing the temperature
data, the authors obtained a 2D thermal map in real time;
a sketch of the thermal map, at 5 seconds interval, is shown
in Fig. 6. The results obtained with 2D sensing have been
recently reported also for laser ablation of tissues, with a
similar 4-fiber architecture [69], [70].

This result has been extended to 3D sensing, using a
highly dense SLMux configuration with 12 fibers, as shown
in Fig. 7 and reported in [71], to record thermal maps dur-
ing microwave ablation of liver tissue. The xyz grid has
been arranged by displaying 8 fibers along a 16 mm grid,
and 4 fibers at the vertices of a 8 mm square around
the applicator, located at the origin of the axes. The spa-
tial resolution along y is 2.5 mm. Data reported in Fig. 7
show the inner part of the overall volume of 10,240 mm?,
on which 204 sensing points have been located, for an aver-
age voxel size of 50.2 mm?, which is a result comparable
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Fig. 6. 2D thermal map acquired with a 4-channel SLMux [28]; the chart
shows the temperature on the xy grid after 10 s, 15 s, 20 s, 25 s elapsed
time. The shape of the ablated region can be inferred from the 60 °C
isothermal contour. The color bar shows temperature in °C.

(©)

Fig. 7. 3D thermal map acquired with a 12-channel SLMux; the chart
shows the temperature in a 3D space, with 12 fibers laying on the xz
plane along y axis.

with magnetic resonance imaging [66], [67]; SLMux how-
ever has significant advantages in terms of accuracy, cost,
and stability due to respiratory rate of patients [61]. The
data in Fig. 7 show the potential of 3D sensing: thermal
maps have been sliced in a plane-by-plane view (for the
sake of visualization, only 5 planes are shown), and allow
an estimation of the heat delivery in each radial direction
with a method that is faster (0.3 Hz vs 2 Hz) and more
accurate (£0.4 °C vs 2 °C) than MRI (magnetic resonance
imaging) [67].

Overall, in vivo thermal sensing is a significant application
for OBR densely multiplexed network, as it allows the real-
time detection of the ablated tissue and isothermal regions
in real time, providing clinicians with a tool to increase the
clinical efficacy through advanced thermometry.



Fig. 8. Anatomic sketch of shape-sensing OBR sensing network appli-
cations. (a) Epidural anesthesia scenario [28], where a Tuohy needle is
percutaneously inserted through the epidural space behind the ligamenta
flava (highlighted), within LO3 and L04 vertebrae. (b) Shape-sensing
of cardiovascular devices [35], where a flexible device is inserted in
proximity of the thoracic aorta, complementing imaging techniques.

B. Strain and Shape Sensing of Medical Devices

Exploiting the potential of multi-dimensional strain sensing,
OBR networks have been applied to shape sensing of surgical
devices. Two main applications have been recently demon-
strated, and sketched in Fig. 8, exploiting the multi-fiber EBF
sensing.

In the first one, reported in [28] and sketched in Fig. 8(a),
the shape sensing technology is applied to the narrow bending
of a rigid metallic percutaneous needle. The application pro-
posed by Beisenova et al. [28], [72] aims at providing a clinical
guidance for epidural anesthesia [73]—[77]. During an epidural
insertion, a Tuohy metallic needle (8 cm length, 1.32 mm outer
diameter, 90° bending on the tip) is inserted by a clinician
piercing the skin, through a layer of tissues (subcutaneous
fat, supraspinous and interspinous ligaments) to reach the
epidural space behind the ligamentum flavum located within
the LO3 and LO4 vertebrae, and highlighted in Fig. 8(a). The
sequence of layers having different stiffness impresses specific
bending patterns to the needle, according to [77]; a correct
insertion of the needle reaches a soft zone in correspondence
of the epidural space, after crossing a stiff tissue; an incorrect
insertion causes about twice as much bending in proximity of
the tip [75].

Solutions for epidural space identification has been pro-
posed based on qualitative parameters such as the drop of
resistance of the needle through the insertion [75]. Recently,
FBG-based optical sensors have been proposed, to detect the
change of pressure at the needle tip [73], [74]. The main
drawback of these techniques is that they can discriminate
whether the probe has reached the epidural space, but do
not help guiding the clinician to the target; this, according to
Arendt and Segal [76], is one of the failure causes of epidural
anesthesia.

The solution proposed by Beisenova et al. [28] makes use
of a quadruplet of fibers, mounted at the 4 cardinal points on
the outside of the needle. This solution allows computing the
directional strains along the direction of bending (east/west,
north/south) and the common-mode strain which resolves the
temperature compensation. By using a trigonometrical model
suitable for low curvatures, a 3D reconstruction of the needle

Fig. 9. Bending estimation in epidural anesthesia shape sensing [28];
left: correct insertion; right: incorrect insertion. Each marker shows the
location of a sensing point along the needle.

shape has been achieved. In the experiments, correct insertions
were characterized by bending angle <1.5°, while incorrect
insertions caused bending >2.5° in the inner needle section.
Fig. 9 shows the sequence of bending patterns provided in
[28]: in a correct insertion, the needle bends and then straight-
ens up as it crosses the softer layers; in an incorrect insertion,
the needle progressively increases bending, moving onto the
opposite direction. This elegant solution serves as a true
guidance, because it renders position, shape, and correctness of
the insertion in real time [28], [29], [72], and sensors mounted
externally to the needle do not affect the inner fluid delivery.

Multi-fiber shape sensing, with 3 fibers, has been exploited
also by Parent et al., and reported both for the monitoring
of a radiofrequency ablation multi-tip device [36] and, more
recently, as a guidance system for cardiovascular medical
devices [35]. This latter configuration is sketched in Fig. 8(b).

The shape-sensing method proposed in [35] addresses the
problem of trans-arterial guidance or a chemo-immobilization
device. The sensing head is formed by a fiber tripled, each fiber
at the vertices of an equilateral triangle in order to convert
the 3D forces into curvature, mounted on a 5-Fr (1.67 mm
diameter) device. The method uses OBR, with curvature
identification, in conjunction with a MRI angiography and
arterial tree segmentation, to form a guidance system for the
positioning and navigation of the medical device to the point
of treatment. This solution, which uses EBF in lieu of standard
SMF fibers [78], provides an improvement of shape detection
accuracy [36].

C. Refractive Index Detection

The possibility of using the EBF fibers for RI sensing is a
recent development, reported in [31] for a single-fiber system
and in [26] in multi-fiber, SLMux configuration. RI optical
fiber sensors, or optical fiber refractometers, are an important
tool for chemical and biological sensors, and find applications
in biology, diagnostics, food processing, agriculture and aqua-
culture, and environmental sciences [79].

RI sensors are usually based on a reflection or transmission
device inscribed in the fiber [80]-[85]: the most popular
technologies make use of a Bragg grating [80], [81],
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Fig. 10. Sensitivity of 3 etched MgO-NP sensors to Rl changes.

an interferometer [82], or a surface plasmon resonance
device [83]-[85]. Recently, distributed RI sensors methods
have been proposed [4], [13] making use of in-line fiber
multiplexing.

In [31], Sypabekova et al. proposed for the first time the
design of a RI sensor based on an etched MgO-NP. Etching
the fiber, with a 48% solution of hydrofluoric acid, is an
industrially scalable process, similar for example to the etching
of photoresist layers in electronic circuits; hence, a RI sensor
based only on an etched fiber would be significantly easier to
fabricate. The principle of operation is that, when the cladding
of the fiber is progressively etched away, we observe a change
of nerr, which results in a wavelength shift. This is the same
principle of etched FBG sensors [80], but rather than encoding
the n.sr change into a notch-band FBG spectrum, it is encoded
into the Rayleigh scatter signature [21]. However, by etching
the fiber, we significantly reduce the confinement factor of
the electric field, introducing significant losses which become
higher as the sensitivity rises. An etched SMF would not
have enough reflectivity to sustain the additional losses due
to the lower confinement factor, which as shown in [26] are
as high as 30 dB (and account for up to 4.2 dB/mm in the
etched portion). On the other side, a MgO-NP fiber has enough
scattering intensity to sustain etching losses and still detect a
wavelength shift.

In this sense, the etched MgO-NP sensor can work in two
ways, depending on the domain of interrogation. In the pivotal
work presented by Sypabekova et al. [31], the etched MgO-
NP fiber has been interrogated in the wavelength (frequency)
domain, measuring the spectral shift of the Rayleigh spectral
signature, in a similar fashion to most biosensors. The sensi-
tivity obtained with this method depends on the thickness of
the fiber, as shown in Fig. 5. Given that the fiber is etched
along a portion, the sensor exhibits a sensitivity over multiple
points; it is possible then to interrogate the wavelength shift
in the most sensitive points.

In Fig. 10, we show the RI response of 3 different sensors
fabricated with etched MgO-NP EBF fibers. The sensitivity of
the probes ranges from 2.6 nm/RIU (refractive index units) for
the shallow-etched sensor to 19.7 nm/RIU for the deep-etched
version of the probe.
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Fig. 11. Prototype of a thrombin reflector-less biosensor.

(a) Design of the probe; (b) Wavelength shift as a function of thrombin
concentration.

As for temperature or strain sensors, given that the MgO-NP
sensors raise the scattering levels with a significant SIR,
Ayupova et al. [26] showed the possibility to multiplex RI
sensors into a SLMux network, for detection of a plurality of
RI and temperature sensors.

The second method of interrogation is in time domain,
according to the work presented by Korganbayev et al. [27].
The key principle is to convert the change of n.fr, into a
time delay, and correlate the fiber traces obtained at different
RI values. The sensitivity obtained with this method has
been reported as 9.69 ps/RIU, which corresponds to a length
change of 5.25 mm per each RIU change. This method, albeit
innovative, does not allow distributed sensing, but it can be
potentially be extended to simpler OFDR systems.

D. Reflector-Less Biosensors

RI sensors are the building block of biosensors, through a
functionalization step that makes the probe sensitive to the
specific analyte under investigation. The functionalization of
a MgO-NP EBF to protein sensing has been described in
[86]. This architecture is labeled as a reflector-less biosensor:
compared to sensors based on gratings, interferometers,
or surface plasmonics, in this architecture there is no
reflective (or transmission) element specifically inscribed in
the fiber, but the sensing information is entirely encoded in the
Rayleigh signature of the EBF, which is already a feature of the
fiber itself.

The work reported in [86] constitutes the first prototype
of MgO-NP fibers to protein biosensing and the main results
are listed in Fig. 11. The functionalization has been carried
out in a similar way to [87]: the etched fiber has been
gold-coated with a 50-nm thin film, and thrombin-binding
aptameters (TBA) have been deposited on the surface of the
sensor for detection of thrombin, an important biomarker for
cardiovascular diseases and thrombotic risks [87].

The result in Fig. 11(b) show the wavelengths shift
measured for growing protein concentration from 0.62 to
20 pg/ml [87].

The possibility of designing reflector-less biosensors is a
significant step in terms of easiness and scalability of device
fabrication. Although the sensitivity is orders of magnitude
below the thousands of nm/RIU recorded for many plasmonic
devices or interferometers [79], the concept is the most
minimalistic version of a fiber-optic biosensor with robust
interrogation in the wavelength domain.



E. High-Temperature Sensing

The work reported by Yan et al. [33] extends the EBF appli-
cations to high-temperature sensing, exploiting the excellent
thermal stability of the grating-based defects inscribed into
the fiber to temperature values up to 800 °C. The micro-
gratings, directly written in the fiber with a fs laser, show
two key characteristics: no significant temperature-dependent
loss, from room temperature to 800 °C; and a continu-
ously linear sensitivity, equal to 11.9 pm/°C (0-250 °C) and
152 pm/°C (>250 °C). Although a spectral shift quality
decrease was observed, the cross-correlation calculation is still
reliable even at high temperature.

This work demonstrates the application of EBF in solid
oxide fuel cells temperature detection. The temperature control
of this type of cells allows an increase of efficiency and
lifetime span, as the quality of energy generation is directly
influenced by thermal stresses in the different locations of the
cell. This result is significant, as it demonstrates that the EBF-
based approach is more resilient to high-temperature sensing
with linear sensitivity than bare SMF fibers.

F. X-Ray Radiation Sensing

The detection of radiation with optical fibers is an important
sensing challenge, since fibers are suitable for operations
in harsh radiation-prone environments [60]. The detection
of radiation dosimetry in nuclear environment is concerned
with the detection of high variable doses (thousands of
Gy) [88]-[90], while medical applications require the
detection of small constant dose levels (few Gy units) [91].
The only multiplexed radiation dosimetry works presented so
far make use of FBG sensors, which show a low radiation
sensitivity [88], [89].

The recent work from Olivero et al. [92] proposes the use of
MgO-NP fibers for radiation sensing, using OBR interrogation.
The principle of operation is the effective refractive index
change as the fibers are exposed to radiation [90], which
causes a wavelength shift of the spectral signatures. In this
work, the authors observed a variation up to 72 pm, for a
dose of 700 Gy/min over 10 minutes, with a linear increase
of about 7.1 pm/min; this sensitivity value is about 5-fold
increase over a bare SMF [88]. Data were observed with 5 mm
spatial resolution, hence making the detection distributed.

VI. CONCLUSIONS

In conclusion, this work presents a tutorial on multi-fiber
EBF-based distributed sensing networks, and reviews the
present applications reported so far. The key innovation behind
this development is the possibility of customizing Rayleigh
scattering in optical fibers. For decades, the need to reduce
losses in long-haul telecom systems has pushed to minimize
Rayleigh scattering, down to its theoretical minimum. The
recent advent of OBR, instead, calls for reversing the trend:
increasing the Rayleigh scattering means augmenting the
signal at the OBR detector. Several of the proposed method
augments Rayleigh scattering from 3 to 5 orders of magnitude,
but it is expected that future developments can find a better
trade-off between scattering gain and fiber losses, as well as
controlling the polarization as an additional factor.

Reconsidering the use of nanoparticles in optical fibers is
a key asset, because this solution allows tailoring scattering
properties while having a fiber that can be spooled, spliced,
and easily interfaced. We envision that future OBR systems
might include the distribution network within the system.

Multiplexing is the key of addressing the most advanced
applications, and SLMux enables a new, high-density, mul-
tiplexing domain out of the scattering diversity. The main
result is that we can now extend the OBR to a multi-fiber
system. Distributed 2D/3D temperature sensing, as well as
3D-shape sensing, are inherently methods that require stacking
multiple fibers in a miniature device, and SLMux-based OBR
can now address these advanced applications. In addition,
the possibility of designing reflector-less biosensors is also
appealing, as it allows a facile fabrication of a fiber optic
biosensor without any grating or interferometer.
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