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We propose and evaluate a technique for the fabrication and interrogation of fiber-optic refractive index
(RI) sensors based on etched MgO-based nanoparticle doped fibers. The discussed method does not require
to inscribe a reflective element into the fiber. Instead, light backscattered by the fiber can give sufficient
information that is necessary for detection, by performing the cross-correlation of Rayleigh scatter signatures
in the etched zones. The performance of the sensor is monitored using distributed sensing, which allows to

interrogate several points along the length of the fiber. The sensitivities of several etched fibers are compared.
The largest sensitivity that has been achieved is 45.95 nm/RIU (RI units), with the possibility of implementing

temperature compensation.

1. Introduction

In recent years, optical fibers have become a valuable tool in
the development of various sensors due to their miniature form fac-
tor, biocompatibility, immunity to electromagnetic interferences, and
detection in multiple locations along the same fiber [1-3]. A very
important area of optical fiber sensors technologies is represented by
refractive index (RI) sensors [4,5]. RI sensors are an important tool in
clinical diagnostic, medical instrumentation, industrial process control,
agriculture, and environmental sciences [6]. A miniaturized fiber optic
probe can measure the RI of liquid or oil solutions that comprise
the surrounding environment of the sensor. The functionalization of a
RI sensor using thin film coatings allows the design of accurate and
selective optical biosensors with miniature size [6]. Another example
is the implementation of DNA biosensors using microstructured optical
fiber [7] and microfiber Bragg grating [8]. Photonic crystal fibers were
used to create an interferometer that was able to detect Streptavidin
and Biotin [9]. Surface plasmon resonance sensor capable of measuring
ammonia gas concentration [10] was also reported. Another example
of a sensor based on optical fibers is a configuration used to detect
cholesterol, which was enhanced by golden nanoparticles [11].

Several technologies have been proposed for RI sensors based on
optical fibers, using a robust and reliable spectral-based interrogation
of the probe [6]. Most RI sensors can be divided into three areas,
depending on the working principle. The first group of RI sensors
and biosensors makes use of non-standard fiber Bragg gratings (FBG)
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inscribed in the fiber. The underlying principle is to modify the fiber
structure so that the RI changes affect the waveguide properties, thus
varying the effective RI of the fiber [12]. This principle is exploited by
etched or thinned gratings [13-15] that encode the RI change in the
Bragg wavelength, by tilted FBG [16,17] that make use of RI-dependent
cladding modes in the transmission spectrum, and by long period
gratings [18,19] that combine core and cladding transmission modes.
Another method is the use of surface plasmon resonance (SPR) in a
fiber: the p-polarized transmission spectra of a multimode fiber [20,21]
or of a tilted FBG [16,22] show RI-dependent wavelength shift with
high sensitivity. A third method for RI sensors makes use of interferom-
eters, such as single-multi-single mode fibers [23], Sagnac ring [24],
or tapered fibers [25]. In these works, the RI variation is converted into
a change of the optical path variation of the arms of an interferometer.
The proposed RI sensors in general require the inscription of gratings
into the optical fiber, or micro-machining of interferometers.

In this work, we propose an alternative concept labeled “reflector-
less” sensor that does not need a grating to operate. Similar to the
aforementioned approaches, the method involves the detection of the
surrounding RI change by an etched fiber section. However, rather
than encoding spectral features in the grating, they are encoded in the
Rayleigh scattering signature that is already present in the fiber. In this
sense, the “reflectorless” label means that the reflective element is a
natural component of the fiber used for sensing, rather than an ad — hoc
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Fig. 1. Schematic of the measuring system.

device that the user needs to manufacture. As shown by Froggatt and
Moore [26], the Rayleigh scattering of the fiber acts as a series of
spectral signatures, emitted over the infrared bandwidth and detected
with an optical backscattering reflectometer (OBR). From the optical
point of view, the etched reflectorless sensor acts as an Iadicicco’s
thinned FBG [13] but without the grating, with similar sensitivity but
different spectral features.

The main problem of this technology is that an etched standard
single mode fiber (SMF), or a similar fiber, would not work in this ar-
chitecture, because the backscattered power is not sufficient to sustain
the evanescent wave losses, which are over 25 dB for a fiber with deep
etching [27]. For this reason, the pivotal work proposed by Sypabekova
et al. [28] made use of a fiber having a ring of nanoparticles around
the core. As a result, the Rayleigh scattering was increased by a
substantial amount, which was sufficient to detect a wavelength shift
with resolution up to 1.53 nm/RIU (refractive index units).

In this work, we propose a reflectorless RI sensor obtained by wet-
etching a fiber having the core doped with MgO-based nanoparticles,
which was done to increase the Rayleigh scattering component in
fabrication. The approach is not based on conventional technologies
of FBG. A similar setup was previously described in the work by
Korganbayev et al. [27]. However, in the currently reported case, the
fiber has been analyzed using distributed sensing in length domain
reflectometry. With this solution, we demonstrate the possibility to
achieve sensitivity equal to 45.95 nm/RIU, and report the sensitivity
and performance of several sensors fabricated with this method. The
fiber has been analyzed using distributed sensing in length domain
reflectometry. The method allows to thoroughly interrogate a fiber link
over a specified length [29] and identify the point with the highest level
of sensitivity using only the information about light backscattered by
the fiber.

2. Experimental setup and fabrication
2.1. Experimental setup

The fiber used in the experiments has been fabricated according
to the previous work from Blanc et al. [30,31]. The fiber preform has
been fabricated by MCVD (modified chemical vapor deposition), with
a solution of MgCl, added to the silica (SiO,). The high-temperature
phase occurring during the fiber drawing causes the separation of the
alkaline ions from the silica, resulting in the formation of particles (20—
100 nm diameter) within the fiber core. The particles are responsible
for the increase of Rayleigh scattering. The fibers fabricated with this

process have been designed to match the sizes of a standard telecom
fibers (core diameter 10 pm, cladding diameter 125 pm, outer jacket
250 pm). Therefore, it is possible to make a lossless splice (<0.1 dB)
between the high-scattering fiber and a standard SMF.

The schematic of the whole system is shown in Fig. 1. It simply
includes the etched high-backscattering fiber, with a lead-in SMF,
connected to an OBR (Luna OBR4600, Luna Inc., US). The minimalistic
view of the sensing unit shows the concept of the reflectorless sensor, in
which the entire sensing principle is encoded in the scattering analysis.
The OBR measures the Rayleigh scattering signature of the reflected
waves, in each location of the fiber. The changes of the Rayleigh
scattering indicate alterations of the surrounding medium that need to
be detected.

During the experiments, the fiber was interrogated using the OBR
in distributed sensing mode. In this mode, the OBR processes points in
a select region of the fiber in length domain (denoted as z). The light
was scanned by the OBR in a range from 1525.0 to 1610.5 nm. Gage
length and resolution during the measurements were 0.5 and 0.1 cm,
respectively.

2.2. Working principle

The working principle of the RI sensor relies on changing the
effective RI of an etched optical fiber by exposing it to the outer RI
variation. This change is then converted to a wavelength shift. In order
to evaluate this operation principle, we show in Fig. 2 the result of
simulations performed on COMSOL Multiphysics, following the same
method as in [32].

The first chart shows the effect of the etching process on the
propagated fundamental mode. As the etching progresses, and the fiber
becomes thinner, we observe that the outer borders of the mode shrink,
causing a change of the confinement factor of the mode, and resulting
in an effective refractive index change. The results of the simulations
for 3 different RI values are shown in Fig. 2(b—c): as the diameter ap-
proaches 20 pm, we observe that the effective refractive index changes
exponentially, and starts to diverge between each different curve.

By applying the OBR interrogation [26], and selecting one RI as
reference, the change of RI induces a change of effective refractive
index. An example of that is shown for the diameter change from 10.5
to 12.5 pm in Fig. 2(c). Such change can be converted into a wavelength
shift on the OBR [28], which is recorded by operating in distributed
sensing mode.

The results obtained in Fig. 2 confirm a trend similar to an ex-
ponential function that relates the effective refractive index change
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and the reduction of the fiber diameter. This outcome is in agree-
ment with the sensitivity models estimated for a single-mode etched
FBG that have been proposed and experimentally validated by Kuhne
et al. [33], hence showing that the presence of nanoparticles increases
the Rayleigh scattering but still allows a significant dependence of the
effective RI on the surrounding RI.

2.3. Fiber preparation

48% hydrofluoric acid (HF) was used as an etching solution to nar-
row the diameter of a region on the fiber tip. As a result, the thickness
of the cladding decreased over time, as shown in Fig. 3. The interaction
between this exposed region and the surrounding environment leads
to a formation of evanescent waves. If the RI of the external medium
changes, the evanescent field also changes, affecting the effective RI of
the etched fiber. Hence, the Rayleigh scattering signature of the fiber
is altered, which can be detected by the OBR.

With this process, we fabricated 14 sensors. We report the most
significant results for 4 sensors. Their traces in z-domain are shown
in 4, reporting the reflected signal to the OBR at each location. In
each case, the power of the light reflected over a 1 cm region on the
etched tip of the fiber was observed on the interrogator. In each graph,
there is a sudden rise in amplitude from below —90 dB to a level of
approximately —60 dB. The scattering trace has a sawtooth shape, that

was already observed in [27,28]. As the light enters into the high-
scattering fiber, we observe a substantial scattering increment (around
45 dB). In cases from Fig. 4(c,d), this gain is followed by an attenuation
(32.79 dB/m and 67.57 dB/m, respectively). In cases from Fig. 4(a,b),
the signals were not significantly attenuated due to the short lengths of
the custom fibers. The gain provided by the custom fiber compensates
for the losses caused by etching, which are visible in Fig. 4-inset in
proximity of the region, and are only partially visible on the OBR due
to the vicinity of the Fresnel reflection at the fiber tip, that accounts
for the reflection spike at the fiber end.

By setting the OBR to acquire the Rayleigh signatures within the
etched region and surrounding, it is possible to estimate then the
wavelength shift for each signature within the etched area. Outside
of the Rl-sensitive etched zone, the fiber becomes unsensitive to the
external RI. However, this portion of fiber can be used for temperature
compensation. As shown in [28], the spatial resolution of the OBR is
sufficient to resolve the wavelength shift in each etched portion without
suffering from the Fresnel reflection on the tip.

The trace of the fiber that experienced etching in two points is
shown in Fig. 4(c). Hence, contrary to the other three cases, two distinct
amplitude spikes can be seen at the tip of the fiber instead of one.
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Fig. 5. Wavelength shifts for different RI values, recorded longitudinally on the etched portion of (a) the 1st fiber, (b) the 2nd fiber, (c) the 3rd fiber, and (d) the 4th fiber.

2.4. Data processing

A change in the Rayleigh scattering signature considered in this
work is the wavelength shift between the traces. Firstly, a portion
around a specific point on the reference spectrum in z-domain is
chosen. This particular region, defined by the value of gage length, is
converted to wavelength domain (4). The procedure is repeated for a
solution under analysis. After that, the cross-correlation of the resulting
signal (x) and the reference (y) is obtained:

Ry, (4.2) = Y\ x(4,2) - y(4,2) (1
7
Then, the shift that results in the maximum value of the cross-
correlation is calculated [34]:

44,(z) = argmax R, (A — 44, 2) 2

AA(z)

The spectrum of the fiber immersed into water is taken as the ref-
erence. During the experiments, water has been consecutively replaced
with solutions that have different RIs in order to test the sensor. The
solutions were prepared by mixing different amounts of sucrose with
water, according to the procedure described in [28]. The shifts recorded
for each solution need to be plotted against the corresponding RIs. A
relationship between 44,(z) and RI (44,(z) = y(RI, z)) is compared to

a linear function (n is the amount of the tested solutions):

Adsir(2) = a(z) - RI + b(z) 3
— where a(z) and b(z) are obtained through a common linear regres-
sion method.

The slope of the function in Eq. (3), a(z), indicates the approximated
sensitivity of the fiber. Hence, a(z) is measured in nanometers per RI
unit (nm/RIVU). In addition, the coefficient of determination (R2(z))
needs to be found in order to define the quality of approximation
provided by the fit:

Z:,=1(Aﬂfit,i(z) - A’le,mean(z))z

R(2) = =3 ©)
Zi:] (Ale,i(z) - Aﬂe,mean(z))z
— where 44, ,,,,(2) is the average value of the shifts:
1 n
Bemean(®) = 5 ; 4ii(2) )
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3. Results
3.1. Calibration and sensitivity analysis

The fibers in Fig. 4 have been calibrated with 8 sucrose solutions of
different RIs (1.33299, 1.33679, 1.34830, 1.35631, 1.35837, 1.36040,
1.36245, and 1.36353), which were estimated using a refractometer.
The etching process increases the propagation losses, due to the evanes-
cent wave losses in the etched region. However, the losses do not
affect the wavelength shift estimation, as the cross-correlation peaks
estimated in Eq. (2) do not depend on the level of the signals. The
wavelength shifts were recorded for several points that comprise the
ranges of interrogation up to the point where the fibers terminate,
shown in Fig. 5. In certain regions, the shifts had become progressively
larger as RI increased. Then, the values of the wavelength shifts were
processed at each longitudinal point.

It is clear from Fig. 5 that the 1st fiber experienced the largest
changes in the Rayleigh scattering as a result of exposure to different
RIs, since the corresponding shifts reached a level higher than 1 nm.
In the case of the 2nd fiber (Fig. 5(b)), the highest shift was registered
in a very close proximity of the tip. Hence, there was no descending
pattern to the right of that point. The second largest value of shifts
was registered for this fiber (around 0.4 nm). The lowest shifts were
observed in the case of the 4th fiber.

The measurements of the shifts between the Rayleigh scattering
signatures shown in Fig. 5(a) were repeated 3 times for each of the
tested solutions. The resulting sensitivities and the coefficients of de-
termination can be seen in Fig. 6(a, b). Variations across different trials
are reflected in the values of standard deviation, which are plotted in
the form of error bars. In all of the trials, the point at 3.6717 meters
had the largest sensitivity, as well as an appropriate coefficient of
determination. A trend followed by the shifts at this point is shown
in Fig. 7. According to Fig. 4, the amplitude change there is equal to
—10.92 dB. The second largest sensitivity with the proper R?> (> 0.9)
value was 23.93 nm/RIU. It was found at 3.6690 m, where the positive
amplitude change of 8.37 dB was shown by the trace after etching.

The same solutions were also tested for the rest of the fibers.
Similarly, the most sensitive points were identified. The results are
summarized in Table 1. The sensing range was defined as a range of
points where sensitivity and R> were at least 1 nm/RIU and >0.9,
respectively. Trends, followed by the shifts at the most sensitive points
of the fibers, are shown in Fig. 7.

The smallest sensing range, equal to 1 mm, was determined for the
2nd fiber. In all of the other cases, it was 3 mm. The explanation is
that etching was done closer to the tip of the 2nd fiber, as it has been
indicated previously when considering the shifts in Fig. 5. A smaller
area of etching may also be a reason why the 2nd fiber is less sensitive
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Table 1 in Fig. 8 that shows two regions with R?> > 0.9. The largest sensitivity,
Calibration data of 4 etched fibers. equal to 12.36 nm/RIU, was achieved in the first region of etching.
Fiber Most sensitive Sensitivity R*  Sensing Scattering  Two-way fiber In the second region, the most sensitive point (3.69 nm/RIU) was at
N point (m) (nm/RIU) range (m-m) gain (dB) losses (dB/m) 4.2120 m. This figure shows the possibility of detecting 2 independent
1 3.6717 45.95 0.97  3.669-3.672  45.30 - RI values on the same fiber, with a multifunctional probe.
2 3.6651 16.40 0.96 3.664-3.665 45.77 -
3 4.2019 12.36 0.96 4.201-4.204 45.29 32.79 3.3. Thermal characterization
4 3.7922 3.78 0.96 3.791-3.794 45.27 67.57 e

than the 1st fiber. Smaller sensitivities of the 3rd and the 4th fibers
can be attributed to the attenuation of the fiber, which was negligible
in the other two fibers due to their short length.

3.2. Multiple etching

We performed an experiment aimed at verifying the possibility of
fabricating multiple sensitive regions on the same fibers, in order to test
the possibility of detecting multiple analytes with a single probe [35].
In order to validate this feature, we performed etching in 2 distinct
regions of a high-scattering fiber, and the local wavelength shift sensi-
tivity to RI is reported in Fig. 5(c). We can notice that the RI sensing
is mainly implemented in two distinct regions on the fiber (at 4.202 m
and 4.212 m). The observation is supported by the data summarized

A thermal characterization of the unetched fiber has been carried
out to evaluate the relationship between wavelength shift and temper-
ature, shown in Fig. 9. The fiber was immersed into water that had been
gradually heated. Temperature measurements taken by the standard
fiber with 5 FBGs were used as a reference. Then, the sensitivity of 9.4
pm/C° was defined by matching the temperatures with the respective
wavelength shifts.

While the etched region of the fiber is Rl-sensitive, the unaltered
regions preserve the initial sensitivity of the fiber. Hence, we can
compensate the temperature by measuring the wavelength shift outside
of the etched region and subtracting it from the wavelength shift
detected at the point of the maximum RI sensitivity.

4. Conclusions

The reflectorless sensing configuration based on optical fiber was
presented in this work, forming a minimalistic implementation of a RI



sensor that does not require any grating, resonance, or interferometer.
The fiber is simply manufactured by wet-etching, a process common
in large-scale electronic manufacturing and therefore industrially scal-
able. All the sensing information is encoded in the Rayleigh scattering
signatures, which acts are already present in the fiber. In order to
compensate the fiber evanescent-wave losses, the fiber chosen in the
experiment is a high-scattering fiber having the core that was doped
with MgO-based nanoparticles, which allows a scattering increment of
45 dB.

The etched MgO-NP RI sensor proposed in this work has perfor-
mance and behavior that depends on the geometrical properties of the
fiber. The fiber thickness controls the sensitivity of the sensor, and
reflects on the propagation losses and the tensile strength of the sensor.

The proposed sensing system was tested on four different etched
fibers, with sensitivity ranging from 3.78 nm/RIU to 45.95 nm/RIU.
We also present a possible extension of the sensing region to multiple
etched regions for a multiplexed sensor. The result is a 30-fold increase
of sensitivity with respect to [28], with an RI sensitivity that even
overcomes etched or tilted FBG sensors [27]. Besides, the fiber has two-
way losses almost 50 times lower than [28], which makes it a good
candidate to be connected to the OBR without any intermediate SMF
spans. The OBR-based interrogation resolves the RI in multiple points,
and the sensitivity and R? analysis allows identifying the most reliable
and sensitive point of detection.

The novelty of the approach is that it does not require to inscribe
additional reflective elements into the fiber. As Rayleigh scattering is
already a feature of the fiber, and the fiber can be manufactured with
a process similar to telecom fibers, such a minimalistic architecture
allows high sensitivity and ease of manufacturing. Future work will
address the biofunctionalization of the structure for biological sensing,
and the further optimization of the scattering properties. The etching
at several points along the fiber could open the possibility of measuring
two analytes at the same time for biosensing purposes.
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