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HIGHLIGHTS

® We report the fabrication and characterization of a low-loss high-scattering fiber for distributed sensing.

® The fiber is fabricated having MgO-based nanoparticles in the core.

® The scattering increment of the fiber is 48.9 dB with two-way losses of 14.3 dB/m.
® The impact of the fiber in distributed fiber sensor networks is discussed, through a performance analysis.

® The fiber is suitable for long-wavelength optical backscatter reflectometry.

ARTICLE INFO ABSTRACT

Keywords:

Distributed sensors

Rayleigh scattering

Optical backscattering reflectometry (OBR)
Nanoparticle-doped fiber

Optical fiber

We present the fabrication and characterization of a low-loss enhanced backscattering fiber, having the core
doped with MgO-based nanoparticles (MgO-NP), for distributed sensing application. The fiber has a scattering
increment of 48.9 dB and two-way attenuation of 14.3 dB/m; these are the largest Rayleigh scattering increment
paired with the lowest losses for this type of fiber. In this work, we provide a thorough characterization of the
fiber performances, and their impact on distributed sensing networks, using scattering-level multiplexing where
a 2.4 - 4.0 times extension of sensing length can be achieved.

1. Introduction

Distributed sensors are an established optical fiber technology,
which allows the interrogation of multiple weak reflections occurring
within the propagation of light waves [1]. From a technological
standpoint, the importance of distributed sensing units is emerging as
they allow resolving physical parameters such as temperature [2-3],
strain [4], shape [5-6] as well as biochemical parameters such as sur-
rounding refractive index [7-8] or humidity [9] in real time and with a
narrow spatial resolution, below the centimeter scale; the combination
of speed and sensing resolution over distance is unmatched by other
sensing technologies such as lab-on-chips or wireless sensor networks
[10].

Generally, we can identify two main approaches for distributed
sensing, depending on how the weak reflections in the fiber are gen-
erated. On one side, we have the possibility of inscribing reflectors in
the fibers, such as continuous or ultralong fiber Bragg gratings [11-13],
which yield a continuous amount of reflection. The second approach,

relies on the scattering properties of the fiber, which provide an ex-
tremely weak yet detectable reflection signal at each point of the span.
Systems have been designed using both elastic Rayleigh scattering,
which is used in optical backscatter reflectometry (OBR) [3], as well as
Raman scattering for temperature sensing [14] and Brillouin scattering
for acoustic sensing [15].

Rayleigh scattering is one of the primary loss factors of an optical
fiber, hence limiting the performance and span lengths of tele-
communication systems [16]; as such, research has focused for many
years on engineering fibers to reduce their losses down to their theo-
retical minimum. Since the fibers used in distributed sensing are stan-
dard single-mode telecom fibers (SMF), the sensing units have been
engineered with photodetectors capable of detecting and resolving ex-
tremely low power levels (around the fW level).

However, thanks to the advent of OBR and other distributed sensing
units capable of detecting elastic scattering, we are observing a re-
novated interpretation of the scattering in fibers. Since the Rayleigh
scattering is, simply, the amount of power at the detector at each
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distance, fibers with enhanced backscattering, i.e. a higher scattering
content than a SMF, allow a better signal-to-noise ratio [5-6], and ul-
timately allow the formation of complex and multi-dimensional sensing
networks. The most recent and significant technique has been labeled as
scattering-level multiplexing (SLMux) [17-18], in which the scattering
level of the fiber is modulated in intensity and length to interrogate
multiple channels in a simultaneous scan; this method has been used in
multidimensional (2D and 3D [18]) temperature sensing and in 3D
shape sensing [19], where a plurality of fibers have been mounted on a
minimally invasive medical device. SLMux is an approach that finds its
main focus in medical applications.

The techniques proposed by Westbrook et al. [20], Yan et al. [3],
and Monet et al. [13] increase the backreflection of the fiber through
weak distributed gratings; Loranger et al. [21] proposed instead a
method based on UV exposure of the fiber. Albeit low-loss, these
methods have a very slow fabrication (in the order of hundreds of
micrometers per second) and require stripping the fiber jacket, reducing
its tensile strength that is needed for medical devices. The most elegant
solution has been proposed by Beisenova et al. [17-19], using MgO-
based nanoparticles-doped fibers (MgO-NP) [22-23]. The fabrication of
these fibers is performed by a standard drawing tower, hence at the
same speed and with the same preform of SMF fibers; they also can be
stripped, cleaved, and spliced to SMF fibers using the same telecom
splicers, as their sizes and fusion properties match the SMF (ITU-T
Recommendation G.652). The scattering amount is incremented well
over a thousand times (37-46 dB), but the high fiber losses (30-292 dB/
m) limit the sensing lengths.

In this work, we present and characterize a MgO-NP fiber optimized
for long-range SLMux sensing. The fiber has scattering gain (i.e. the
increment of scattering over a standard SMF) of 48.9 dB and average
losses of 14.3 dB/m (two-way), which are the highest gain and lowest
losses recorded so far for MgO-NP fibers. Using the OBR, we perform a
complete characterization of the fiber properties, including attenuation
spectra, loss uniformity, polarization-dependent losses, strain- and
temperature-dependent losses; then, we discuss the impact of the fiber
characteristics on SLMux performance.

2. Experimental setup

The MgO-NP fiber has been fabricated with a process similar to
[22-23]. The preform was fabricated by conventional MCVD (Modified
Chemical Vapor Deposition) process, except the solution doping step
which was modified. A Ge-doped silica porous layer of the core was
immersed in 3x5 mL of the doping solution (0.1 mol/] of MgCl, and
1.10~* mol/1 of ErCls dissolved in ethanol) injected in the horizontally
rotating tube and then dried at 1000 °C under an oxygen gas flow
(2000 cc). The porous layer was densified at 1800 °C. The tube was
collapsed into the preform by heating above 2200 °C. The diameter of
the preform was around 10 mm with a 1 mm core diameter. The optical
fiber was drawn on a drawing tower by heating the preform at ap-
proximately 2000 °C. The fiber sizes are 250/125/10 pum (jacket/clad-
ding/core diameter).

The working principle and experimental setup of the work is sket-
ched in Fig. 1. The interrogator used for the analysis is a commercial
OBR based swept-laser interferometer (Luna OBR4600, Luna Inc.,
Roanoke, US). A span of MgO-NP of length 2.81 has been connected to a
standard single-mode fiber (SMF) of length 3.7 m. The MgO-NP has
been spliced to the SMF through a standard telecom fiber (Fujikura 12S,
SMF-SMF recipe). The OBR laser has been operated on the 1525.0 —
1610.5 nm range, with 10 um spatial resolution, 3 Hz speed, and no
electrical amplification. Time-domain measurements have been per-
formed with a decimation factor of 32 (0.32 mm gauge length); fre-
quency-domain measurements have been performed with 0.2 m in-
tegration width, 515 MHz spectral resolution.

Measurements have been acquired on a single channel, in order to
eliminate any interference from the analysis, as shown in Fig. 1(a—c).
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The fiber is intended for use in a SLMux system as shown in Fig. 1(d),
using the scattering diversity principle.

3. Results
3.1. Scattering parameters

The scattering trace of the MgO-NP fiber, reporting the power
backreflected to the OBR, is shown in Fig. 2. The trace, in dB units, has
the typical sawtooth shape observed in SLMux systems [17-19]. The
MgO-NP fiber under analysis is a 2.81 m span, beginning at the location
3.71 m; the SMF to MgO-NP splice is almost lossless (loss < 0.1 dB),
hence we can observe the difference between the power backscattered
by a SMF (—100.9 dBm) and the lead-in portion of the MgO-NP (—52.0
dBm). We define the scattering gain as the increment of scattering be-
tween a SMF and the MgO-NP, which is equal to 48.9 dB. The fiber
attenuation adheres to an overall linear profile; the average attenuation
has been estimated with a linear regression (R% = 0.9990) to 14.3 dB/
m, accounting for both forward and backward scattering.

3.2. Attenuation uniformity

The random nature of the nanoparticle size and distribution ob-
served on a MgO-NP implies that the attenuation properties of the fiber
might vary along the fiber length. By performing a piecewise linear
regression, we can estimate the attenuation in each location. The results
are shown in Fig. 3. From the first chart, we observe that the attenua-
tion has a fluctuating pattern, well visible in the fact that the trace
appears to deviate from the inner mean value. The attenuation appears
to rise in the first span, and lower at the end. The statistical analysis of
the 135 attenuation samples (2.1 cm each) is shown in Fig. 3(b), with
the histogram that reports the probability for each value of attenuation.
The probability of attenuations are: 0.7% for 10-11 dB/m; 3.0% for
11-12 dB/m; 16.3% for 12-13 dB/m; 28.9% for 13-14 dB/m; 27.4% for
14-15 dB/m; 17.0% for 15-16 dB/m; 5.9% for 16-17 dB/m; 0.7% for
17-18 dB/m. A Gaussian fit of the histogram shows mean value of
14.0 dB/m, with standard deviation of 1.32 dB/m.

3.3. Attenuation spectra

Attenuation spectra have been measured on the OBR by acquiring
the Rayleigh scattering signatures at multiple locations around the
fiber. The comparison between the amplitude of the return loss at the
start and at the end of the MgO-NP span allows estimating the loss
spectrum of whole fiber. The result is shown in Fig. 4, in which the
measured data have also been filtered with a low-pass digital filter
(Butterworth 5th order, cut-off 0.005) to remove the noisy pattern in-
trinsic in the fiber signatures. We observe that the attenuation has a
large variation in the 1525-1610 nm range of the OBR: the attenuation
peak is 23.5 dB/m at 1533.3 nm, and it rapidly decreases outside of this
range to 16 dB/m at 1527 nm. The rightmost part of the spectrum is the
most important part, as we record the lowest losses; here we can apply a
2nd order polynomial fit, which describes the attenuation in the 1541.4
—1610 nm in an almost perfect way. The attenuation reaches a plateau
at 1590-1610 nm, with minimum value of 10.8 dB/m.

In Fig. 5, we report the evaluation of the local attenuation, in order
to evaluate the variability of the fiber losses at each location. Fig. 5(a)
shows the return loss at each location, which confirms the trend in
Fig. 4 with the return loss dip around 1533 nm. By calculating the
differential between each location and the next one, and normalizing by
each distance, we can evaluate a set of local attenuation data, each
spaced by approximately 30-40 cm. The measurement is very noisy,
due to the intrinsic noise affecting the backreflection pattern [4,24]; we
can observe however some qualitative trend. All data have an at-
tenuation peak around 1533 nm, with different amplitudes, which is in
line with the fluctuating trend of the attenuation. The second order
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Fig. 1. Sketch of the experimental setup and con-
cept of the work. (a) Schematic of the setup, with
an OBR interrogator connected to the MgO-NP fiber
through a SMF span. (b) Working principle of the
enhanced backscattering fiber, having local re-
flectivity significantly higher than a SMF. (c) View
of the power P backreflected at each location z in
logarithmic units, with estimation of scattering
gain G and two-way losses 2a. (d) Typical scat-
tering-level multiplexing setup, with a N-channel
system; each channel is separated with a 1xN
splitter and a network of SMF fibers with different
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Fig. 2. Backscattering trace of the MgO-NP fiber, reporting the power reflected to the OBR for each location.
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Fig. 4. Attenuation spectrum of the MgO-NP, on the 1525-1610 nm wavelength range. The chart compares the measured data, digitally filtered data to compensate
for the noisy pattern, and a second order polynomial fit on the 1541.4 — 1610 nm range.

polynomial fit can also be applied to this measurement, and well de-
scribes the attenuation pattern; here we see that all curves appear to
have a plateau around 9.0-12.0 dB/m, while the attenuation at
1541 nm is 17.3 — 25.2 dB/m, with a variability within 3 and 8 dB
depending on the wavelength.

3.4. Polarization-dependent attenuation

As shown in [3 25], the MgO-NP fiber as well as other scattering-
enhancement methods appear to have a polarization-dependent pat-
tern. Using the OBR, we can analyze independently the polarization
components, dividing between P (parallel) and S (perpendicular) to the
input light source. The measurement has been performed by comparing
the attenuation spectra at the input and output side of the MgO-NP
fiber, in two points separated by 2.4 m, having the same backscatter
level of P and S signals. The results are shown in Fig. 6. We observe that
the difference in behavior of the 2 polarizations is not negligible; the S
polarization appears to have a lower attenuation at the peak (0.5 dB
difference at 1533 nm); however, the losses at the longer wavelengths
are higher, 0.7 dB higher than the polarization P, reversing the trend.
The differential between P and S is maximum at 1542 nm, equal to
2.2 dB.

3.5. Temperature- and strain-dependent attenuation

In order to evaluate the dependency of the MgO-NP fiber attenua-
tion on the physical parameters (temperature and strain) detected in
the sensing network, two separate calibrations have been performed. In
the first one, a spool of 2 m of fiber has been immersed in a water bath,
which has been heated (33-95 °C) with a hot-plate to measure at-
tenuation spectra at the start and at the end of the heated fiber. In the
second experiment, about 1.5 m of fiber have been locked into two
micropositioners, applying a calibrated strain (0-900 pe); in a similar,
fashion, the fiber attenuation has been calculated through the differ-
ential of the return loss at the input and output of the strained portions
of the fiber.

The results are shown in Fig. 7 for both temperature and strain. The
effect of temperature on attenuation is visible; within the 33-95 °C
range, which is common in temperature sensing [16], the attenuation
follows an almost linear rule with an increase of 4.44 x 10~° dB/m
pear each °C increase, which corresponds to a 1.9% attenuation change
(0.3 dB/m) for a range of 57 °C. The strain effects are more negligible:
the difference between the maximum and minimum value of attenua-
tion is 0.06 dB/m, and the linear fit shows a coefficient of 5.36 x 10>
dB/m pear each incremental pe.

Fig. 5.Local variation of attenuation
(b) spectra, and evaluation of the local at-
tenuation of the MgO-NP fiber. (a) Return
loss measured at 7 different locations within
3.88 and 5.70 m. (b) Evaluation of the fiber
losses for each location, from the differential
of return loss values; dotted lines = attenua-
tion data; solid lines = 2nd order fit on
1541.4 - 1610 nm range.
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reported for polarizations P and S separately.

3.6. Temperature and wavelength shift sensitivity

A final calibration that is important for sensing is the determination
of temperature and strain sensitivity of the fiber, which relate the wa-
velength shift measured in the return loss spectra at each temperature/
strain value. A similar experiment was carried out, using the OBR in
distributed sensing mode in one sensing point, to evaluate the wave-
length shift values; the results have been obtained by measuring, within
the MgO-NP fiber, the correlation peak shift between the measured and
reference fiber signatures, i.e. the Rayleigh scattering spectra at the
sensing zone.

The results of this calibration are shown in Fig. 8, and are in
agreement with [17-18]. The thermal coefficient of the MgO-NP fiber
has been estimated as 9.1 pm/°C, while the strain coefficient is 1.0 pm/
pe. These results are also matching the coefficients of standard silica
fibers [4] and Bragg gratings [24] (~10 pm/°C and ~1 pm/pe), as
expected from the fact that the fiber are based on a silica compound.
Hence, the presented MgO-NP fiber demonstrates sensitivity figures
similar to SMF and glass fibers, while having the best trade-off between
scattering gain and fiber losses presented so far.
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4. Discussion

The trade-off between scattering gain (G) and fiber forward and
backward attenuation (2a) is at the base of efficient SLMux structures.
The fiber presented in this work provides the best performance among
MgO-NP fibers and other backscattering enhancing methods. The fiber
reported in [8] has G = 32.3 dB and 2a = 27.8 dB/m, while the fiber
reported in [17] has G = 36.5 dB and 2a = 25.5 dB/m; the design of
these fibers is similar to the one proposed in this work, with MgO na-
noparticles distributed along the fiber core. The fiber reported in [26]
has G = 46.1 dB and 2a = 292 dB/m, while [7] has G = 47.5 dB and
2a = 298 dB/m. The attenuation figure presented in this work is the
lowest between MgO-NP fibers reported so far for SLMux; the fiber has
an attenuation that is almost half of the previous MgO-NP fibers re-
ported so far having the inner part of the core doped with the nano-
particles. On the other hand, fibers having a nanoparticle ring have a
better scattering gain, and the fiber presented in this work has about
2 dB extra gain over this type of fibers, which however have an at-
tenuation about 50 times higher. Overall, the increment on the gain and
attenuation is significant; the scattering of the MgO-NP is 77,600 times
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Fig. 7. Evaluation of the temperature and strain effect on fiber attenuation. (a) Temperature-dependent attenuation; (b) Strain-dependent attenuation.
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more powerful than a SMF fiber. It is to be noted that other enhanced
scattering fibers such as the Ge/B doped reported in [6] or the high-Ge
doped fiber with high numerical aperture reported in [21] have G =
10 dB, which makes them unsuitable for SLMux. The methods based on
continuous grating inscription have the advantage of having lower
losses, but the inscription method is very slow; the most rapid in-
scription method, reported by Yan et al. [3], achieves 1 mm/s direct
inscription, with gain around 35 dB an comparable losses (15 dB/m)
but it is limited to 15 cm length. Overall, these methods do not have the
same easiness of implementation of a standard fiber, but rather require
the preparation of each sensing region through a ultraviolet or femto-
second laser. Besides, these methods also require stripping the fiber
jacket, a major issue in biomedical devices.

The full characterization of the fiber allows drawing important
conclusions and design rules for efficient multi-channel OBR systems. In
SLMux or similar arrangement, based on a scattering diversity along N
channels as described also in Fig. 1(d) (i.e. one MgO-NP fiber back-
scatters a certain power at a generic location z, overlapping to N-1 other
SMF fibers), we can define the signal-to-interference ratio (SIR), defined
as the ratio between the power backscattered by the MgO-NP over the
(N-1) SMF fibers interfering with it [17]:

SIR(z) = G — 2az — 10log, (N — 1) )

where z is the location in the fiber (from the MgO-NP start), N is the
number of channels; SIR and G are reported in dB units, 2a in dB/m. By
imposing a target SIR, namely SIR,q4r.;, We can solve for z to obtain the
maximum length that we can interrogate, for each channel:

G — 1010g10(N - 1) - SIRtarget
2a @)

Linax =

The Rayleigh scattering losses, as shown in [18-19] and experi-
mentally validated in [17] can be approximated as white Gaussian
random processes. Hence, the term 2a refers to the average of the at-
tenuation over the working range of the OBR, considering that as in
Fig. 5(a) the return loss spectrum is not at the input side of the MgO-NP.

The other figure that we are going to investigate in conjunction with
Lnax is the spatial resolution Az. For the OBR, as for any swept-laser
method working in frequency domain [1 4], the spatial resolution is:

C
 2ngAf 3)

where c is the speed of light in vacuum, n.y is the effective refractive
index of the fiber (ng = 1.454 for MgO-NP), and Af is the sweep

frequency range of the laser source.

Now, we can use the characterization of the fiber to understand how
to optimize the OBR in terms of L., and Az and to quantify the im-
pairments. Commercial OBR systems such as the one used in this ex-
periments are based on lasers tunable in the range 1525-1610 nm
(equal to 10.61 THz) have a minimum Az equal to 9.72 ym and work
with 2a = 14.3 dB/m. However, we can select a larger spatial resolu-
tion, and operate on a portion of fiber where the attenuation is
minimum, i.e. at the longest wavelengths. For example, an OBR oper-
ating on the 1600-1610 nm would have a 82.6 um resolution, but
would see an attenuation of 11.0 dB/m, which would be 0.5 dB lower if
the system operates on a single polarization (P). In most commercial
systems the tunable laser can operate on submultiples of the 85-nm
range; we consider the cases of 85.0 nm, 42.5 nm, 21.3 nm, 10.6 nm,
and 5.3 nm as in the OBR used in this work. The summary of this
evaluation is shown in Fig. 9, where we report the value of L, as a
function of N for each operative case; we assume the target SIR to be
10 dB, which is a value suitable both for correlation resolving methods
[4] and time-domain analysis [26].

The first chart shows the L,,,,(N) function, for each operating con-
dition. As from Eq. (2), the sensing length decreases logarithmically
with N. In a full-bandwidth OBR, having the minimum spatial resolu-
tion, the maximum length ranges from 1.32 m (N = 64) to 2.46 m
(N = 2). Doubling the spatial resolution allows moving away from the
1533 nm attenuation peak, with a resulting increase of sensing length,
1.71 m (N = 64) to 3.20 m (N = 2), i.e. a 21-30% increase. Quad-
rupling the spatial resolution allows working in proximity of the 1600-
nm plateau, with L,,,, approaching 1.9 — 3.6 m. If we can also optimize
the polarization, we observe a marginal increase of the performance
(2-7 cm additional).

The comparison of the present work with the other MgO-NP fibers is
reported in the second chart. Ring-based nanoparticle geometries can
be used to interrogate fiber lengths ranging from 7 cm to 13 cm, which
is very unpractical for medical applications. The work reported in [8]
has the best performance (33 cm to 103 cm). The present work has a
significant advantage both in terms of length, and in terms of slope of
the L (N) function. For N = 2 the increment is 2.4 times, but it raises
to 4.0 times for N = 64. The possibility of interrogating up to 64
channels, each with length of 2.46 m, means that the implementation of
SLMux with the fiber proposed in this work is suitable for multi-
functional devices measuring a combination of strain and temperature,
for example as in the endoscopes for colonoscopy [27] and gut analysis
[28] proposed by Arkwright et al. with Bragg grating sensors. Other
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applications for SLMux-based distributed sensing, enabled by a low-loss
high-gain MgO-NP fiber, include temperature sensing on 2-dimensional
or 3-dimensional grids [18], and shape and strain sensing of medical
devices [17,19].

Among the system penalties, the most evident ones are the local
variation of the attenuation, which affects the local SIR, and the tem-
perature-dependent losses in high-temperature measurements. The first
one is intrinsic in MgO-NP fibers; considering a variation within * 3
times the standard deviation measured in Fig. 3(b), i.e. (14.0 = 4.0)
dB/m, the attenuation can fluctuate between 10 and 18 dB/m; it cor-
responds to a 2.16 m — 3.89 m range for Lo, for N = 2, and 1.16 m —
2.09 m range for L, for N = 64. This is a large variation, which
requires further mitigation for marge networks. The temperature de-
pendency of the attenuation adds another ~2% penalty (or ~1% per
each 30 °C of working range) on the L, figure for thermal sensing
application. The results obtained in this simulation are in line with the
study reported in [29], which finds a logarithmic dependence on the
maximum length on the number of channels.

A final consideration can be drawn on the loss mechanism of the
MgO-NP and its sensing implications. Fig. 10 shows the attenuation or
absorption spectra of the MgO-NP, compared with some notable spectra
that include Er-doped fibers with high (Thorlabs Er110-4, 107.5 dB
peak absorption) and low (iXblue Er-doped fiber, 9.0 dB peak absorp-
tion) doping concentration, absoption spectrum of MgO as in [30], and
theoretical Rayleigh scattering according to [16].

As from the chart, the fiber attenuation has a pattern similar to Er-
doped fibers, with the peak having a slight shift towards longer wave-
lengths (about 5 nm difference). Rayleigh scattering plays a role in the
attenuation, having a A~* (A wavelength) trend that appears to
smooth the decrease of attenuation outside of the Er peak. Overall, the
fiber losses appear to have a strong influence on the Er-doping, with a
pattern also influenced by the scattering pattern.

Considering that the infrared losses of silica are not a factor in this
wavelength range, as they account for about 0.004 dB/m at 1800 nm up
to 2.5 dB/m at 2500 nm, this chart shows that it is possible that SLMux
system would me more effective at wavelengths longer than 1600 nm,
and therefore away from the classical third optical window.

5. Conclusions

In conclusion, we reported the fabrication and characterization of a

N

MgO-NP fiber optimized for distributed sensing. The fiber has 48.9 dB
scattering gain and 14.3 dB two-way losses, which are the highest and
lowest values reported so far for Rayleigh scattering enhancement. The
analysis of the fiber has been reported, reporting attenuation spectra
and uniformity, polarization-dependent properties, and thermal and
strain effects. The fiber has similar sensitivity to silica fibers to tem-
perature and mechanical strain (9.1 pm/°C and 1.0 pm/e).

A performance analysis shows that the use of this fiber allows ex-
tending the sensing range between 2.4 and 4 times the best previous
results, which is a remarkable result in designing long-range multi-
functional medical devices exploiting scattering-level multiplexing. In
addition, since the fiber attenuation has a peak at 1535 nm, it is pos-
sible to optimize the working range of the OBR, simultaneously ad-
justing the spatial resolution and sensing length. Future work will re-
volve on exploring OBR-SLMux at wavelength over 1600 nm, and on
the exploitation of the polarization-dependent properties of the fiber.
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T Fig. 10. Comparison of the MgO-NP attenuation
N spectrum, measured on the OBR, with other type of
fiber losses: Thorlabs Er110-4 fiber, heavily Er-
doped (absorption spectrum); iXblue Er-doped
fiber, light doping (absorption spectrum); absorp-
tion spectrum of MgO, reported at infrared wave-
length (absorption spectrum, normalized) [29];
Rayleigh scattering theoretical pattern, normalized
to match the MgO-NP losses [16].
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