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In this work, we present a fiber optic refractive index (RI) sensor based on a dual inline semi-
distributed interferometer (SDI) device. The SDI is formed within a telecom-grade optical fiber
by simply splicing a short length of a high-scattering fiber; the presence of a high density of
scattering centers induces a distributed cavity effect, forming a low-finesse interferometer. Here,
we propose an approach based on two serial SDIs, with few millimeters spacing between the two
cavities; the outer SDI encodes the changes of surrounding RI, while the inner probe is RI-
insensitive and can be used as a reference. Experimental analysis shows that the dual-SDI de-
vice has RI sensitivity of 111.2-466.2 dB/RIU with RI-sensitive mode, and 0.4-3.7 dB/RIU with
Rl-insensitive mode, with a ratio up to 1165.5 between sensitive and insensitive modes. In
addition, the Vernier effect can be interrogated by detecting the wavelength shift of the narrow
spectral lines, with sensitivity of 0.303 nm/RIU.

The dual-SDI structure maintains the same fabrication ease of a single SDI, since all process is
made through splicing and cleaving fibers with a telecom-grade fiber. The key advantage is the
availability of modes having both high and near-zero RI sensitivity, which therefore can be used
for a referenced RI detection as an in-situ probe.

1. Introduction

The measurement of refractive index (RI) is an important asset in the field of sensing, particularly through the use of compact and
miniaturized devices. The RI is a constitutive parameter of materials and defines its electromagnetic properties, and particular the
speed of light propagation into the medium. In general, refractometers measure the RI variation from a baseline value [1]; in modern
sensing systems they play a substantial role, particularly for the analysis of gases [2] (where RI ~ 1), and aqueous media (RI ~ 1.33)
[3]. The latter is of particular importance for the development of label-free biosensors [4], in which a refractometer is subsequently
functionalized by means of silanization or nanomaterial layers [5] with the addition of bioreceptors to bind to a target biomolecules

resolving their concentrations [6].

Fiber-optic technologies are an excellent candidate for the RI sensors, as they allow the realization of intrinsic or extrinsic probes
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capable of sensing the RI changes surrounding the fiber [7]. Several methods have been presented for RI sensing using large-core
multimode fibers, typically using surface plasmon resonance [8] or lossy mode resonance [9] effects in metallic or 2D materials
[10], as well as U-bent fiber shapes [11], and inline tapered sensors labeled as Waveflex [12,13], and combinations of inline tapers and
plasmonic effects [14]. Other methods make use of single-mode telecom-grade fibers for the RI detection [15]: such devices either
maintain single-modality over the whole propagation length, for example using ball-tip resonators [16], exposed core fibers [17], or
tapers [18], or using a single-mode fiber to excite cladding modes such as in tilted fiber Bragg gratings and in long-period gratings [3],
with the possibility of etching the fiber to control the cladding modes sensitivity [19,20].

Interferometry is another popular method for RI sensors having high performance; all-fiber interferometers reproduce in an optical
fiber the free-space interferometric configurations, such as Mach-Zehnder [21], Fabry-Perot [22], or Sagnac [23], whereas the
resulting spectrum is a result of interfering waves propagating along multiple optical paths.

The most popular way to design an RI-sensitive fiber-optic interferometer is to manipulate the structure of the fiber such that the RI
changes affect the optical path length along one or multiple branches of the interferometer. Since the free spectral range of the
interferometer varies with the changes of the optical path length, this method allows the realization of high-sensitivity RI sensors and
biosensors that translate the RI changes into wavelength shift of spectral features, such as spectral peaks or valleys [24]. This method is
at the base of several interferometric schemes relying on core-exposed microfibers [25,26], harmonic gratings [27], tapered or knotted
microfibers [28,29], modal interferometers [30,31] among others.

These structures, despite the high sensitivity often exceeding the 10,000 nm/RIU figure [32], require a complex fabrication process
to manipulate the microfiber, and often lead to a very fragile structure due to the thin diameter which hampers the
surface-functionalization processes; in addition, most of these sensors work in transmission. Thus, recent studies have focused on much
simpler interferometric structures that encode the RI changes into the variation of reflectivity observed on the fiber tip; then, a
Fabry-Perot cavity is fabricated by means of splicing a short fiber section that introduces a mirror-like reflectance within the fiber
propagation path. Such systems have been presented by Zhu et al. [33], labeled as supermode interferometer and using a multicore
fiber as a cavity, and by Rakhimbekova et al. [34], defined as semi-distributed interferometer (SDI) and using a nanoparticle-doped
fiber with enhanced scattering to provide an interferometric spectrum. These approaches have an extremely simple
splice-and-cleave fabrication type with telecom-grade splicers; they encode the RI changes into variations of the intensity of each
spectral peak/valley, with estimated sensitivity up to 787 dB/RIU [24].

One of the main drawbacks of the sensing devices based on SDI or supermode interferometers is that all the modes of the inter-
ferometer are RI-sensitive; in a practical application, users might not be able to disambiguate the spectral changes due to surrounding
RI variations from the power fluctuations occurring in the system (for example, the power drifts of a laser source).

In this work, we introduce a dual inline SDI configuration, formed by cascading two SDI interferometers interleaved by a short
single-mode fiber section. The overall structure behaves as a combination of two interferometers, whereas the inner one does not sense
RI changes and the outer one is RI-sensitive. While the fabrication process remains simple, and based on the same splice-and-cleave
approach of a single SDI [24], the dual-SDI structure provides modes that are both sensitive and insensitive to the RI and introduces the
Vernier effect [35].

Vernier effect @
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Fig. 1. Schematic of the dual-SDI probe formed by two inline SDI interferometers. (a) Schematic of the sensor; (b) equivalent electromagnetic
model, formed by cascades of random mirrors with random reflectivity and spacing; (c) sketch of the types of graphic core defects forming the
enhanced backscattering fibers.



2. Working principle and setup
2.1. Working principle

The working principle of the SDI is sketched in Fig. 1. A single SDI is an interferometer that resembles the Fabry-Perot cavity, and is
formed at the interface between an enhanced backscattering fiber (EBF) and a single-mode fiber (SMF) [34]: the small reflection
occurring at the EBF/SMF interface form a low-reflective mirror, that acts as one side of the cavity. In a dual-SDI, we exploit two SDI
cavities, one inner cavity formed by a SMF-EBF-SMF structure and entirely included within the propagation path, and one external
cavity formed by SMF/EBF interface and an external mirror, formed by the Fresnel reflection between the cleaved EBF and the outer
medium. The EBF fibers here play dual functions: (1) a beneficial role forming a weak mirror when interfaced with a SMF, which
simply by splicing allows forming one side of a Fabry-Perot cavity; (2) due to the inner and random reflections, produce an additional
random phase shift in each fiber section, which causes the resulting spectra to randomize the spectral envelope. The ARI changes
occurring at the outer mirror cause variations of the reflection coefficient of the rightmost mirror of the interferometer.

Fig. 1(b) shows the electromagnetic model of the dual-SDI probe, whereas we convert each element of the system into its equivalent
transmission matrix. The inner SDI is formed by two external mirrors formed at each SMF/EBF interface, each with reflectivity ~107°
that can be measured on the analyzer [36]; the high concentration of scattering centers induces a distributed set of reflections, that act
as a series of mirrors with random reflectivity and spatial distribution. The outer interferometer has a similar pattern, with the external
mirror formed as the RI-dependent Fresnel reflection between the fiber and the surrounding medium. The SMF fiber that separates the
SDIs forms a further cavity between the two interferometers, which introduces an inline Vernier effect [37] that modulates the spectra
of both interference fringes. The dual-SDI probe has been validated using different types of EBF, drawn with different parameters and
having multiple types of scattering defects within the fiber core; a scanning electron microscopy (SEM) view of the inner portion of the
fiber core for fibers drawn in similar conditions is reported in [38].

2.2. Fabrication of the dual-SDI probe

The fabrication process for the dual-SDI sensor is shown in Fig. 2. All the process takes place by splicing SMF fibers (Corning SMF-
28e+) and EBF fibers, customized with the core doped with a high density of nanoparticles in order to substantially increase the
backscatter signal over 5 orders of magnitude [39]. The entire process has been carried out by means of telecom-grade splicer and
cleaver (Fujikura 12-S) using SMF-SMF splicing protocol. The first SMF was spliced to an EBF, which was then cleaved and spliced to a
further SMF span to form the inner SDI. This section was subsequently spliced to a second EBF, which was then cleaved on the tip to
form the Fresnel reflection.

This process allows a simple fabrication, with duration of few minutes and using all telecom-grade splicing methods. Due to the
manual cleaving process, the operator cannot set the length of each of the two SDIs and the SMF fiber that spaces the two cavities. In
addition, the random nature of the scattering defect within each EBF induces stochastic reflective patterns within each SDI cavity.
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Fig. 2. Fabrication process for the dual-SDI probe.



The fabrication of the EBF fibers was carried out according to previous works [38]. To obtain the fiber, first a preform was prepared
based on the Modified Chemical Vapor Deposition (MCVD) process [40]. A silica porous layer doped with germanium was deposited
inside the silica substrate tube. Lanthanum ions were incorporated in the core through the solution doping step. 0.7 mol/1 of
LaCLgwere dissolved in ethanol. Then the solution was removed and the tube was collapsed to form the preform. The diameter of the
core is 0.8 mm (external diameter: 9.6 mm). Its refractive index cannot be measured due to the high scattering induced by the
La-silicate nanoparticles (the preform core is white). This preform was drawn at three different temperatures and two different
drawing speed: 2050 °C (21 m/min), 1950 °C (21 m/min) and 1800 °C (32 m/min). The fiber core diameter is (about 10 um (external
diameter of the fiber is 125 um).

In order to analyze the behavior of the dual-SDI probes with different types of defects, three sensors have been fabricated using
different drawing parameters, as shown in Fig. 3. The first fiber has been drawn at 21.3 m/min speed at 2050 °C, which forms smaller
defects within the fiber core. The second and third fibers have been drawn at 21.3 m/min speed at 1800 °C, and at 32 m/min speed at
1950 °C respectively; these fibers form more elongated defects within the fiber core. The scattering parameters of the fibers, listed in
Fig. 3(b-c), have been measured using an optical backscatter analyzer (OBR). All three fibers have similar scattering gain (55.6 —
60.3 dB), defined as the increment in scattering of the EBF with respect to a standard SMF [41]. The two-way attenuation values differ
substantially between the first fiber (0.04 dB/mm) and the other two fibers (1.37-1.84 dB/mm), due to the different impact of the
scattering defects [24].

2.3. Interrogation and calibration of the sensor

Experimental results have been carried out using an OBR analyzer (Luna OBR4600), operating on the telecom wavelength range
(1535-1610 nm). RI measurements have been performed by using different sucrose mixtures, with refractive index ranging from
1.34761 to 1.35845; this small signal analysis, operating on a RI range of 10.84 x 10~ RIU (refractive index units) in steps of ~2.1 x
1073 RIU mimics the operation of fiber-optic biosensors in aqueous media, where changes in surrounding RI of 103 - 1072 RIU are
observed [3].

The double-inline-interferometer structure of the dual-SDI probe enables multiple methods for the interrogation, as illustrated in
Fig. 4. A first method relies on the spatial discrimination capability of the OBR, or a generic optical frequency-domain reflectometer
(OFDR) [42,43]. On the OBR, the spectral detection can be split by separately interrogating the outer SDI, which encodes the RI
sensitivity, and the inner SDI which is insensitive to the RI and can be used as a reference (for example, to estimate drifts of the light
source or temperature variations [44]). This method can be only achieved with an OFDR source, and has the drawback of possible
crosstalk between the two interferometers.

The second method can be implemented with any spectral analyzer, such as an optical spectrum analyzer or a fiber Bragg grating
interrogator. In this approach, the whole spectrum of the dual-SDI probe is detected, which includes a plurality of modes with regular
periodicity, overlapped to the spectral comb due to the Vernier effect [35]. The spectral comb can be mitigated using a low-pass filter
that extracts the envelope from the overall spectrum; in this work, we employed a digital Butterworth filter (5 taps, cut-off 0.02). The
obtained envelope contains several modes each having various RI sensitivity ratings, and therefore we can obtain modes having either
high or negligible RI sensitivity to be use for sensing or for reference, respectively.

A third method instead focuses on the interrogation of the wavelength shift, applied to the spectral comb due to the Vernier effect,
due to the phase shift of the reflection coefficient of the outer interferometer [45]. In this way, the spectral comb appears to have a
small wavelength shift, which can be estimated using a fitting method [46].
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Fig. 3. Parameters of the three EBF fibers used for the dual-SDI probes. (a) Drawing parameters (speed, temperature) of the fibers; (b) Scattering
gain for each fiber; (c) Two-way fiber attenuation values.
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Fig. 4. Interrogation methods proposed for the dual-SDI probe. (a) OBR-based methods, interrogating each interferometer separately; (b) Spectral
analysis, using a low-pass to extract the envelope of the dual-SDI probe; (c) Spectral analysis, interrogating the wavelength shift obtained in the
Vernier effect.

3. Experimental results

Fig. 5 shows the spectra of a dual-SDI sensor, providing an assessment on the spectrum of the device in reference RI condition. The
inner SDI displays an interferometric-like spectrum, similar to the one observed in [24] and characterized by several modes having free
spectral range up to about 10 nm. The return loss ranges between —78 dB and —43 dB, while the distributed reflections occurring
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within the EBF fiber result in a quite chaotic envelope of the reflection spectrum. The outer SDI, fabricated with the same fiber, has a
higher return loss (-43 dB to —31 dB), due to the fact that the external mirror has a much higher reflectivity with respect to an
EBF/SMF interface; the spectrum appears with a quasi-periodical pattern, with a different pitch that is due both to the length of the EBF
span and to the reflection pattern within the fiber.

When interrogating the whole spectrum of the dual-SDI, the Vernier spectrum appears; this can be well visualized in the Fig. 5(f),
where we observe the envelope of the spectrum modulated by a comb with 23 pm width between each peak/valley. The envelope of
the whole spectrum results as a combination of the two interferometers, obtaining a resulting modulation of the intensity of each peak/
valley.

The effect of RI sensitivity on each element of the dual-SDI can be observed in Fig. 6, which displays the spectra of inner and outer
interferometer, as well as the envelope of the dual-SDI spectrum, for two different RI values. The spectrum of the inner interferometer
is independent on RI, as the two spectra are almost perfectly overlapping over the whole wavelength range of analysis. The outer
interferometer, on the other hand, displays a plurality of modes each having a positive or negative RI sensitivity, as observed in [24].
The dual-SDI spectrum, obtained by low-pass digital filtering the overall spectrum, results in a combination of the previous spectra; the
RI sensitivity is well visible in the dip around 1555 nm, but the surrounding peaks do not feature any perceivable RI sensitivity.

The RI sensitivity for a dual-SDI probe can be visualized in Fig. 7, which reports the spectra for the probe fabricated with the fiber 1
for 6 values of refractive index. The spectrum displays a dense set of peaks and valleys, with RI sensitivity that appears different for
each spectral feature. This can be observed for some features in Fig. 7(b), where we see the rightmost spectral peak with a steep RI
sensitivity, while the other three peaks have RI sensitivity that appears significantly inferior. The sensitivity to RI can be estimated
from each peak or valley, as shown in Fig. 7(c) whereas the intensity for each peak is reported as a function of RI. Due to the reduction
of the Fresnel reflection at the interface between the fiber and the outer medium, the increase of RI causes a reduction of the reflection
spectrum that has a high linearity (R? > 0.95). Each spectral feature can be determined using a peak extraction method, with sensitivity
up to 171 dB/RIU.

Fig. 8 reports the RI sensitivity observed for the inner SDI, the outer SDI, and the dual-SDI after eliminating the Vernier comb with
low-pass filtering; this interrogation mimics the spectral analysis that can be performed on OFDR or OBR analyzers. The inner SDI is
insensitive to the RI, with only one peak having a visible RI sensitivity (possibly due to cross-talk in the OBR traces), with median
sensitivity below 5 dB/RIU. When integrating only the outer SDI, we observe sensitivity values up to 261.0 — 713.5 dB/RIU depending
on whether we detect peaks or valleys in the spectrum; these results are consistent with previous works using high-scattering fibers
with elongated defects [24]. The dual-SDI analysis shows several modes with sensitivity >100 dB/RIU, but the median mode has low
RI sensitivity and therefore the spectrum contains both high and low sensitivity to RL

In practical applications, interrogators such as Fiber Bragg grating analyzers or grating-based spectrometers with coarser resolution
are employed, having cost and portability more affordable with respect to bulky OBR systems [46]. Besides the lack of spatial reso-
lution, these analyzers have a narrower dynamic range and a higher noise floor, which results in the spectral dips have a lower visibility
over the noise floor. Hence, in order to evaluate the performances of a dual-SDI probe in a real-case scenario, we focus on the detection
of only the spectral peaks over the dual-SDI spectrum that can be detected with >2 dB prominence.

This analysis is reported in Fig. 9, which reports the sensitivity ratings for each of the three dual-SDI probes. For the first fiber, the
maximum RI sensitivity is 135.6 dB/RIU, while the lowest one is 0.7 dB/RIU, while the average sensitivity is 35.5 dB/RIU. For the
second fiber, the maximum sensitivity is 556.6 dB/RIU, the lowest sensitivity is 0.1 dB/RIU, while the average sensitivity is 4.1 dB/
RIU. For the third fiber, the maximum sensitivity is 244.8 dB/RIU, the lowest sensitivity is 1.2 dB/RIU, while the average sensitivity is
28.5 dB/RIU.

A good metric to evaluate the reliability in RI detection is to take into account the average of the 5 highest RI-sensitive modes (H5),
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and the average of the 5 modes that have the lowest sensitivity (L5) and can be used as a reference. For the first fiber, we have H5 =
111.2 dB/RIU and L5 = 3.7 dB, with H5/L5 = 30.1; for the second fiber, H5 = 466.2 dB/RIU, L5 = 0.4 dB/RIU, and H5/L5 = 1165.5;
for the third fiber, H5 = 148.4 dB/RIU, L5 = 2.6 dB/RIU, H5/L5 = 57.1.

These values show that the RI performances appear superior for the second fiber, drawn at the lowest temperature and charac-
terized by elongated defects within the fiber core. In this fiber we record the highest sensitivity to RI, but also a plurality of modes that
are almost RI-insensitive; in fact, looking at the sensitivity data points, the modes are almost perfectly split between modes with high RI
sensitivity (>50 dB/RIU) and modes with negligible sensitivity (<4 dB/RIU), whereas in the other fibers the distribution of the
sensitivity values across each mode appears more regular.

For all the dual-SDI sensors it is however possible to guarantee the RI sensitivity with a reference system, since all sensors have a
sensitivity >100 dB/RIU (much higher than simple Fresnel effect [47] or other inline Fresnel-based Fabry-Perot interferometers [33],
while having a plurality of well-detectable modes with low sensitivity that can serve as a reference, for example to compensate laser
power drifts over long operations.

Looking at possible biosensing applications, we can evaluate the impact of the presence of high and low sensitivity to RIL. A case
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scenario might be considered the detection of CD44 cancer biomarker [4], where the RI change is 0.014 RIU from the blank sample to
the highest concentration. Using the H5 metric, this RI interval would correspond to 1.55 dB, 6.52 dB, 2.08 dB for each of the three
fibers; the RI-insensitive mode, for the same RI change would detect a fluctuation of 0.05 dB, 0.01 dB, 0.04 dB, which is compatible
with the noise floor of the interrogator (~0.02 dB). Similar considerations can be drawn for low-contrast proteins such as thrombin
[48]. This confirms that the L5 metric can be used for power compensation, or thermal detection.

Looking at other intensity-varying biosensors based on SMF fibers, the obtained sensitivity ratings of 111.2 dB/RIU up to 466.2 dB/
RIU intersect the values recorded for other RI sensors such as ball resonators (256.0 — 566.2 dB/RIU [49]) and polarization-resolved
ball resonators (366.6 — 6691.6 dB/RIU [16]), single-SDI fabricated with MgO nanoparticles (92.5 dB/RIU [34]) and silica nano-
particles (71.6 — 787.0 dB/RIU [24]).

Finally, we show in Fig. 10 the direct interrogation of the Vernier effect, which consist in the detection of the wavelength shift for
the overall reflection spectrum without extracting its envelope. The spectrum is characterized by densely packed modes, due to the
resonances between the inner and outer cavities, in which we observe a wavelength shift due to the phase variation in the reflection
coefficients as a function of the external RI. When the RI increases, we observe a detectable shift towards shorter wavelengths, with
slope of 303 pm/RIU. The sensitivity is however low, and is hard to estimate due to the resolution of the analyzer, and therefore this
interrogation can be hardly applied experimentally; besides it can also be affected by the temperature sensitivity (~10 pm/°C as
estimated in [44]). In this configuration, the Vernier effect does not contribute to increase the sensing performances in substantial way,
but it rather can be simply removed by using a digital low-pass filter.

4. Conclusions

In conclusion, we proposed a dual-SDI sensor for refractive index detection, having a very simple splice-and-cleave fabrication
process entirely based on telecom-grade splicers. The sensor is formed by cascading two semi-distributed interferometers; the working
principle is similar to a Fabry-Perot interferometer with each in-fiber mirror formed by the interface between a single-mode fiber and
an enhanced backscattering fiber, and an outer mirror formed by a fiber cleave.

The spectrum of a dual-SDI combines the envelope of both SDI interferometers, and is modulated by the mode comb due to the
Vernier effect. The interrogation can be performed either detecting each interferometer separately exploiting the OFDR principle, or by
interrogating the envelope of the overall reflection spectrum (as on most of the spectral analyzers). Unlike a single SDI, in which the RI
sensitivity is encoded in every spectral feature, the spectrum of the dual-SDI is characterized by features having high sensitivity as well
as spectral features with negligible RI sensitivity.

Three dual-SDI probes have been manufactured, varying the type of scattering defects within the fiber core. The best results have
been obtained with a fiber with elongated defects, achieving sensitivity up to 466.2 dB/RIU (average of the 5 most sensitive spectral
peaks), while low-sensitivity features have sensitivity of 0.4 dB/RIU, over 1000 times less sensitive. The other probes achieve sensi-
tivity of 111.2 dB/RIU and 148.4 dB/RIU, with Rl-insensitive features having ratings of 3.7 dB/RIU and 2.6 dB/RIU.

The dual-SDI probe, similarly to other inline interferometers, can be used both as refractometer for highly sensitive RI detection, as
well as for biosensing thanks to the high sensitivity in aqueous media and the possibility to host bioreceptors on the fiber tip. In
practical applications, the fact that the spectrum encompasses both RI sensitive and insensitive features provides a key advantage: as
the main vulnerability of intensity-based detection is the low tolerance to spectral offset (due for example to power drifts of the light
source), the dual-SDI provides a robust detection in which the differential between the RI-sensitive peaks and the reference peaks can
be estimated, achieving a more reliable RI detection. In practical applications, the dual-SDI probe achieves a two-fold advantage with
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Fig. 10. Estimation of the wavelength shift sensitivity in the interrogation of the Vernier-effect comb. (a) Inset on a spectral portion of 100 pm for
the dual-SDI spectrum; (b) Estimation of the wavelength shift as a function of the RI for the mode at 1544.8 nm wavelength (R? = 0.85).

respect to other SMF-based biosensors: 1) Ease of fabrication, as each sensor has a fabrication process that lasts a few minutes only and
can be scaled, since only a telecom splicer is used; 2) Encode the RI sensitivity in few spectral features, with the other spectral features
that can be used as reference, for example for temperature estimation or for compensating the drifts of the laser source.
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