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Abstract: Tilted fiber Bragg gratings (TFBGs) are highly sensitive refractometric probes, but
their broad cladding-mode spectra have long been considered incompatible with wavelength-
division multiplexing. As a result, TFBG refractive-index sensors are generally restricted to
single-point operation, despite their inherent advantages. Here, we demonstrate for the first
time that multiple bare, uncoated TFBGs (inscribed with distinct grating periods and tilt angles)
can be cascaded within a single-mode fiber and independently interrogated over an 80-nm
bandwidth. Although the cladding-mode spectra strongly overlap, we show that first-order
derivative spectrum analysis isolates the local slope of each cut-off mode, effectively suppressing
the envelope distortions typically induced by upstream gratings. This enables reliable and
decoupled multipoint refractive-index sensing, with sensitivities of 52-58 nm/RIU that are
fully consistent with intrinsic TFBG performance in aqueous media and remain stable after
cascading. The derivative method enhances the demodulation accuracy by up to 65% and
preserves linearity (R? = 0.94-0.98) while maintaining cross-talk below 0.03 nm. These results
overturn the longstanding belief that TFBG refractometers cannot be multiplexed, paving the way
for compact, low-cost, and scalable quasi-distributed chemical and biological sensing networks
based on TFBG arrays.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Tilted fiber Bragg gratings (TFBGs), first introduced by Erdogan and Sipe in the 1990s [1],
have attracted considerable attention due to their unique ability to couple core-guided light into
cladding modes. Unlike uniform FBGs, which reflect light at a narrow Bragg wavelength, TFBGs
are usually inscribed with a small tilt angle (typically less than 10°) between the refractive index
modulation planes and the perpendicular to the fiber axis. This structural asymmetry enables
coupling from the core mode to a broad range of cladding modes, producing a rich transmission
spectrum that is highly sensitive to changes in the surrounding refractive index (SRI) [2—4].

Among these spectral features, the cut-off mode, i.e. the cladding mode at the boundary
beyond which the mode is no longer guided within the fiber’s cladding, plays a critical role in
TFBG-based SRI sensing. As the SRI increases, the cut-off wavelength redshifts due to changes
in the effective refractive index of the cladding boundary, enabling highly sensitive and label-free
detection of chemical or biological interactions at the fiber surface [5—7]. This mechanism has
made TFBGs attractive for a variety of applications, including gas sensing [8], biosensing [9-11],
and environmental monitoring [12—14].

TFBGs offer several advantages: high RI sensitivity of the order of tens nanometers per
refractive index unit (RIU), the ability to support single-ended interrogation, and a broad spectral
response with tens to hundreds of cladding-mode resonances. These properties have spurred
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innovations in TFBG design, including coated gratings, multi-tilt configurations, and hybrid
systems integrated with interferometers or resonators [15—17]. Functional coatings such as gold,
graphene, or responsive polymers have further enhanced the selectivity and sensitivity of TFBGs
to targeted analytes [18-20]. Additionally, the complex spectral content of TFBGs has enabled
the use of advanced signal processing techniques, such as principal component analysis (PCA)
and linear discriminant analysis (LDA), which are particularly suited for intelligent sensing
platforms [21,22].

However, despite their sensing performances, TFBGs face practical limitations when it comes
to multiplexing, especially in distributed sensing architectures. In contrast to uniform FBGs,
which exhibit narrow reflection peaks (Full Width at Half Maximum (FWHM) usually between
0.15-0.6nm) and are naturally compatible with wavelength-division multiplexing (WDM),
TFBGs typically generate a broad cladding-mode spectrum spanning 70-80 nm, often occupying
the entire usable bandwidth of a commercial optical interrogator [23-25]. As a result, most
implementations are limited to one TFBG per optical channel, constraining the number of
sensing points and increasing system complexity and cost. Early work on cascaded TFBG-based
refractometric sensing was reported in [26], without overlap between the 3 TFBG amplitude
spectra, enabling conventional wavelength-shift demodulation in an SRI range around 1.4.

In this work, we address this fundamental limitation by proposing a spectrally-engineered
multiplexing strategy based on cascaded TFBGs with different periods and tilt angles, inscribed at
different positions along a single-mode optical fiber. By carefully tuning the fundamental physical
parameters of each grating, we control the cut-off wavelength of the cladding-mode coupling for
each TFBG. This approach ensures that the cut-off mode positions of multiple gratings occupy
non-overlapping segments of the interrogator bandwidth, allowing them to be simultaneously
interrogated within a single optical channel. To enhance demodulation accuracy and minimize
spectral interference, we apply first-order derivative spectrum analysis. This method improves
the detection of small wavelength shifts and increases robustness against background variations,
enabling reliable and independent SRI measurements at multiple locations along the fiber.

Hence, this study presents, for the first time, multiple TFBGs with strongly overlapping
cladding-mode spectra are multiplexed within a single interrogation channel, and their individual
refractive-index responses are independently recovered. Our approach retains the intrinsic
advantages of TFBGs (high sensitivity, rich spectral information, and single-ended operation)
while overcoming their longstanding multiplexing limitations. This architecture significantly
reduces hardware requirements, lowers system cost, and opens the door to dense, real-time, and
spatially resolved SRI monitoring in compact and integrated fiber-optic sensing networks.

2. Materials and methods
2.1. Grating inscriptions and fundamental principle

TFBGs were inscribed in a standard single-mode optical fiber (Corning SMF-28) with three
different phase masks using a pulsed Excimer laser at 193 nm (Noria system from Northlab
Photonics). The careful selection of dedicated phase masks with different periods and tilt angles
can ensure a good distribution of the cut-off mode region for each TFBG within the interrogator
bandwidth. The grating length was uniformly set to 10 mm. The main parameters of the three
TFBGs used in this work are summarized in Table 1.

Table 1. Main parameters of the 3 TFBGs used in our experiments

# Grating Period (nm) Tilt angle (°) Length (mm)
TFBGI1 541.80 7 10
TFBG2 544.65 8 10

TFBG3 566.14 7 10
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Different periods and tilt angles determine the coupling characteristics between the optical
core mode and the different cladding modes. When the grating plane is tilted, the most obvious
effect is the strong enhancement of the cladding mode resonances, in addition to the core mode
coupling at the Bragg resonance. The relationships defining the resonance peak of the fiber core
mode at the wavelength (1) and the wavelength of the jih cladding mode (A¢q4,), are [27]:

eff A

Ap = chbrem M
/lclad,i = (niere + n?lﬁ;d,i) (2)

cos 6
where @ is the tilt angle of the grating plane with respect to the perpendicular to the axial direction
of the optical fiber, nfgm is the effective RI of the core mode, nffiz 4 18 the effective RI of the ith
order cladding mode, and A is the grating period. ’

According to Eq. (2), the effective RI of each cladding mode directly affects its resonance
wavelength, so the SRI can be accurately measured by monitoring the change of the cladding
modes’ effective RI.

2.2. Test procedure for refractometric sensing

To evaluate the response of each TFBG structure to variations in SRI, calibration measurements
were conducted using a set of standard RI solutions. Ten LiCl-water mixtures were prepared
to calibrate the refractometric response of the sensors. Lithium chloride fully dissociates in
water (LiCl — Li* + CI7), and therefore the solution concentrations are expressed in terms of
LiCl molarity. The solutions were prepared using a standard dilution procedure based on the
conservation of mass (C;V; =C,V;). An initial stock solution was obtained by dissolving a
known mass of LiCl in deionized water, followed by successive dilutions through progressive
addition of water. The refractive index of each solution was measured using an Abbe refractometer
at a wavelength of 589 nm, providing a measurement precision of 2 x 10~* RIU. The resulting
refractive indices ranged from 1.3331 to 1.3349, with an associated uncertainty not exceeding
+0.0002. The TFBG region of the optical fiber was sequentially immersed in each solution,
allowing a stabilization period of one minute before spectral acquisition. TFBG amplitude
spectra were recorded using an FBG interrogator and subsequently processed using a dedicated
demodulation technique that enabled the accurate measurement of the cut-off mode shift. The
resulting wavelength shifts were plotted as a function of RI, and linear regression analysis was
performed to determine the sensor sensitivity and the coefficient of determination (R?). This
procedure was repeated for single, double and triple cascaded TFBGs configurations in order to
compare their respective measurement accuracies and RI decoupling capabilities.

The experimental sensing setup is illustrated in Fig. 1. Two-pass transmission spectra were
recorded in a single-ended configuration, where the Fresnel reflection at the flat-cleaved fiber-air
interface (~4%) served as the return signal for the interrogator [28]. The tests were performed
iteratively for different TFBG configurations subject to controlled variations in SRI, by immersing
the bare grating region into calibrated LiCl-water solutions. First, TFBG1 was connected to the
interrogation system, and its surrounding RI was varied ten times using calibrated LiCl-water
solutions. Next, the cascade with TFBG1 and TFBG2 was tested. To investigate TFBGI target,
the RI around this grating was varied nine times starting from 1.3331 up to 1.3349. For each RI
value around TFBGI, the RI around TFBG2 was varied across ten values, resulting in a total of
100 combinations of RI values. Afterwards, the roles were then reversed to investigate target
TFBG?2: the TFBG2 RI was varied (10 values in total), while for each RI value around TFBG2,
the TFBG1 RI was varied (10 values in total), resulting in another total of 100 combinations of
RI values. Finally, TFBG1, TFBG2 and TFBG3 were connected in cascade. The RI surrounding
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TFBG1 and TFBG?2 was fixed at 1.3331, while the RI of the solution around TFBG3 was varied
ten times to complete the third configuration.
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Fig. 1. (a) Design of experimental sensing schemes; (b) Schematic diagram of the
experimental set-up used to interrogate the cascade of TFBGs.

For each configuration, the two-pass transmission amplitude spectra were recorded by optical
interrogator (NATIONAL INSTRUMENTS, PXle-1071) and the resonance wavelengths corre-
sponding to each TFBG were extracted. Although the two-pass transmission spectra were used
in this work, it is worth to recall that the sensing mechanism and refractive-index sensitivity were
equivalent to those observed in transmission. As shown in Fig. 1(b), the system consists of three
main components: (1) a TFBG array consisting of maximum 3 TFBGs, cascaded along a single
optical fiber with a flat-cleaved end; (2) an FBG interrogator featuring a tunable laser source and
a spectral resolution of 0.004 nm, used to capture the two-pass transmission spectra in the range
1510-1590 nm; and (3) a data processing unit, where the recorded spectra were analyzed in real
time using a derivative-based algorithm, as explained hereafter.

During all the experiments, the ambient temperature was kept within the range of (22 +0.5)
°C. The wavelength shift caused by temperature (=10 pm/°C for silica) was negligible compared
with the RI-induced spectral shift. For field applications, temperature compensation can be
implemented using a reference grating [29].

Figure 2(a-c) show the individual two-pass transmission amplitude spectrum of TFBGI,
TFBG2 and TFBG3, respectively, measured in the wavelength range [1510-1590 nm] when they
were immersed in a 1.3331 RI solution. The cut-off mode region is highlighted in color for each
grating and is respectively located around 1514, 1537 and 1577 nm. Figure 2(d) depicts the full
spectrum corresponding to the 3 cascaded TFBGs. The spectral overlap is such that it becomes
tricky to precisely locate the cut-off mode region, especially for TFBG2. Hence, the standard
interrogation method based on the tracking of the cut-off mode wavelength shift [30] can no
longer be applied and we had to consider another demodulation method, as explained in section
2.3 hereafter.

2.3.  Analysis method for derivative spectrum

The first-order derivative technique is widely applied in spectral analysis to enhance feature

visibility and extract fine variations in spectral profiles [31,32]. Given a spectral signal I (1),

where A denotes the wavelength and I the corresponding intensity, its first-order derivative is

defined as:

I(A + 42) - 1(2)
44

aw _
dl 4150
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Fig. 2. Two-pass transmission amplitude spectrum of TFBG1 (a), TFBG2 (b), TFBG3 (c)
and the cascade TFB1-TFBG2-TFBG3 (d), each immersed in a 1.3331 RI solution.

This expression quantifies the local rate of change in intensity with respect to wavelength and
corresponds to the instantaneous slope of the spectral curve. In practice, the first-order derivative
was computed numerically using a central finite-difference scheme applied to the uniformly
sampled spectra delivered by the interrogator (44 = 0.004 nm), yielding a reliable estimation of
the local spectral slope rather than a strict continuous derivative.

The first-order derivative signal exhibits positive values on rising edges, negative values
on falling edges, and crosses zero at local extrema, thus enables accurate identification of
peak positions. Furthermore, the derivative process effectively suppresses slowly varying
baselines while amplifying subtle spectral features. These properties make it a powerful tool in
applications such as multipoint peak detection, shoulder feature enhancement, and wavelength
shift demodulation in fiber-optic sensing systems. Higher-order derivatives were also tested, but
they amplified noise and introduced spectral distortion. The first-order derivative was therefore
adopted, as it provides clear feature separation with minimal noise enhancement. We will see in
the following that, because of the shoulder feature enhancement, it contributes to enhance the
refractometric sensitivity of the probe.

3. Results and discussion

3.1.  Surrounding Rl measurements with TFBG1 using derivative method

To evaluate the advantages of the derivative method proposed in this work for RI measurements
based on a cascade of TFBGs whose cladding mode resonances overlap, the spectrum response of
TFBG1 was processed comparatively with different RI values (1.3331-1.3349). All sensitivities
were calculated based on the wavelength of the selected spectral feature. Figure 3(a, b) show
respectively the evolution of the two-pass transmission amplitude spectrum as a function of the
surrounding RI value and a zoomed-in spectrum around the cut-off mode. The minimum of the
latter can be reliably followed to find its central wavelength whose shift reflects well the changes
in the surrounding RI values, as depicted in Fig. 3(e). The obtained sensitivity is 30.52 nm/RIU
(refractive index unit), which is consistent with previously published results [33].

In contrast, the derivative method results shown in Fig. 3(c) and Fig. 3(d) clearly amplify
the variation trend at the cladding mode edges. As illustrated in Fig. 3(f), the coefficient of
determination R? is improved from 0.89 to 0.98, and the sensitivity is 50.34 nm/RIU increased
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Fig. 3. (a) Evolution of the two-pass transmission amplitude spectrum of TFBGI as a
function of the surrounding RI value; (b) zoomed-in spectrum around the cut-off mode
resonance; (¢) evolution of the derivative of the two-pass transmission amplitude spectrum of
TFBGI as a function of the surrounding RI value; (d) zoomed-in derivative of the spectrum
on the most sensitive region corresponding to the cut-off mode location; (e) wavelength
of the cut-off mode resonance as a function of the surrounding RI value; (f) wavelength
of the local maximum of the derivative-based demodulation method as a function of the
surrounding RI value.

by approximately 65%. These results indicate that the derivative-based method effectively
suppresses spectral fluctuations and enhances the detection of weak signals, making it more
suitable for high-precision sensing applications [34,35].

While comparable sensitivities can be obtained without derivatives for a single isolated TFBG,
derivative processing becomes essential in cascaded configurations, where overlapping spectral
envelopes prevent reliable tracking of cut-off extrema using raw spectra.

3.2.  Surrounding Rl measurements with TFBG1 and TFBGZ2 in cascade

The system yielded a stable and representative composite two-pass transmission spectrum. For
target TFBG1 and TFBG?2 as a function of surrounding RI, two distinct regions (~1514 nm
and ~1537 nm) of spectral variation emerge, as shown in Fig. 4(a) and Fig. 4(c), respectively.
Furthermore, when the composite spectrum was processed using the first-order derivative
spectrum analysis, as illustrated in Fig. 4(b) and Fig. 4(d), the variation trends of the cladding
mode edges were significantly enhanced. Figure 4(e) and 4(f) present the locally enlarged region
spectral around the cut-off mode of TFBG2, extracted from the corresponding original and
derivative spectra. In Fig. 4(e), the two-pass transmission spectra show the gradual shift of
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the cut-off resonance near 1537 nm as the surrounding refractive index increases from 1.3331
to 1.3349. Figure 4(f) displays the first-order derivative spectra of the same region, where the
zero-crossing and peak features become more distinct with the derivative processing, allowing
clear identification of the cut-off mode. These illustrations highlight the effectiveness of the
first-order derivative method in resolving overlapped spectral features and confirm that the cut-off
mode of TFBG2 is indeed captured in the measured data. This transformation enables clear
distinction between previously overlapping spectral features, thereby improving the resolution of
multipoint sensing.
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Fig. 4. Evolution of the two-pass transmission amplitude (a) and derivative (b) spectrum
~1514 nm of the TFBG1-TFBG2 cascade, as a function of the TFBG1 surrounding RI value
(TFBG2 RI: 1.3331); evolution of the two-pass transmission amplitude (c) and derivative (d)
spectrum ~1537 nm of the TFBG1-TFBG2 cascade, as a function of the TFBG2 surrounding
RI value (TFBG1 RI: 1.3331) (e) enlarged region and (f) derivative spectral around the
cut-off mode of TFBG2.

Specifically, the peaks of the derivative wavelengths of cut-off modes of TFBG1 and TFBG2
shift with increasing RI in the 1514.6-1514.8 nm and 1537.0-1537.3 nm bands, respectively. The
two spectra do not overlap, clearly highlighting the effectiveness of the tilt-angle-based design in
achieving spatial multiplexing.

The interference between TFBG1 and TFBG2 is investigated below. As shown in Fig. 5(a),
the derivative of the two-pass transmission amplitude spectrum of TFBG1 around the cut-off
~1514 nm remained essentially stable with a maximum shift of less than 0.03 nm, when the
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surrounding RI environment of TFBG2 was changed. This result demonstrates that dual-
point measurements can be achieved within the same spectral channel with a high degree of
independence and negligible cross-sensitivity. It confirms that the interference between TFBGs
in the cascaded structure is minimal, enabling truly independent RI sensing at two locations. The
refractometric response of TFBGI around the cut-off ~1514 nm is shown in Fig. 5(b), with a
sensitivity of 52.96 nm/RIU and a R? value exceeding 0.98 by linear regression.
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Fig. 5. (a) Derivative spectra of TFBG1 around the cut-off ~1514 nm at fixed RI values of
TFBGI and varying RI of TFBG2 between 1.3331-1.3349; (for each TFBG1’s RI, TFBG2’s
RI changes from 1.3331 to 1.3349); (b) evolution of derivative spectral peak of TFBG1
around the cut-off ~1514 nm with varying TFBG1 RI between 1.3331-1.3349; the error bars
represent the standard deviation (RMS value) of the extracted derivative-peak wavelength
induced by varying the surrounding refractive index of the non-target TFBG2 over the full
calibration range.

For target TFBG2, as shown in Fig. 6(a), although small fluctuations are observed, the induced
wavelength variations remain limited (<0.04 nm) and significantly smaller than the RI-induced
wavelength shift of the target grating, confirming negligible cross-talk, when the surrounding RI
environment of TFBG1 was changed. Figure 6(b) presents the refractometric response of TFBG2
with a sensitivity of 54.25 nm/RIU and a R? value exceeding 0.94 after linear fit. For Fig. 5(b) and
Fig. 6(b), the error bars were calculated as the standard deviation of the demodulated wavelength
over all combinations of refractive-index variations applied to the non-target grating.

These results indicate that the two TFBGs exhibit negligible mutual interference when the RI
of the other changes, demonstrating the feasibility of independent dual-point measurements. This
enables simultaneous, independent multipoint RI monitoring within the same spectral window.

3.3.  Surrounding Rl measurements with TFBG1, TFBG2 and TFBG3 in cascade

Building upon the dual-TFBG cascade, a third grating (TFBG3) was introduced to form a
three-point cascaded sensing system. As shown in Fig. 7(a), the two-pass transmission amplitude
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Fig. 6. (a) Derivative spectra of TFBG2 around the cut-off ~1537 nm for fixed values
of TFBG2 RI and varying TFBG1 RI from 1.3331 to 1.3349; (b) evolution of derivative
spectral peak of TFBG2 around the cut-off ~1537 nm with varying TFBG2 RI between
1.3331-1.3349; the error bars represent the standard deviation (RMS value) of the extracted
derivative-peak wavelength induced by varying the surrounding refractive index of the
non-target TFBG1 over the full calibration range.

spectrum response of the cascaded configuration when the surrounding RI of TFBG3 was varied
from 1.3331 to 1.3349. The first-derivative spectra reveal a pronounced peak near 1578 nm with
enhanced sensitivity and reduced spectral noise, facilitating accurate wavelength identification
as illustrated in Fig. 7(b). Figure 7(c) shows the zoomed-in derivative curves around 1578 nm
demonstrating a consistent shift as the TFBG3 surrounding RI value increases, without distortion
of the peak profile. The peak wavelength extracted from the derivative spectrum exhibits an
excellent linear relationship as the TFBG3 surrounding RI value increases (R? = 0.97), with a
sensitivity of approximately 57.53 nm/RIU as shown in Fig. 7(d).

The influence of TFBG3 on the responses of TFBG1 and TFBG2 is minimal, resulting in
wavelength shifts of less than 0.02 nm, as shown in Fig. 7(e) and Fig. 7(f). This shift accounts for
less than 2% of the dominant mode’s response range, validating both the stability and scalability
of the system. The experimental results further confirm that the introduction of TFBG3 has a
negligible effect on the around the cut-off wavelength sensing region of TFBG1 and TFBG2,
demonstrating the feasibility of effective multiplexing. The derivative method enables clear
extraction of the three individual response signals, thereby achieving accurate multi-point RI
measurements.
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Fig. 7. (a) Evolution of the two-pass transmission amplitude spectrum as a function of the
TFBG3 surrounding RI value; (b) evolution of the derivative of the two-pass transmission
amplitude spectrum as a function of the TFBG3 surrounding RI value; (c) zoom around the
derivative of the two-pass transmission amplitude spectrum; (d) linear fit of the derivative
of the two-pass transmission amplitude spectrum; (e) in the TFBG1 around the cut-off
~1514 nm, and (f) in the TFBG2 around the cut-off ~1537 nm, evolution of the derivative of
the two-pass transmission amplitude spectrum as a function of TFBG3 surrounding RI value.

3.4. Discussion

By precisely controlling the period and tilt angle of each grating, the cladding mode responses
are effectively distributed across the wavelength domain, creating natural spectral separation.
The derivative method further amplifies the variation at the edges of the cladding modes, thereby
compensating for the sensitivity loss caused by spectral overlap in conventional intensity-based
approaches. It should be emphasized that the proposed multiplexing strategy requires TFBGs
with distinct grating parameters. Identical gratings producing overlapping cut-off modes cannot
be discriminated and therefore cannot be multiplexed using this approach.

As summarized in Table 2, the sensing performance of the proposed quasi-distributed TFBG
array remains stable and reliable after cascading multiple gratings along the same fiber. The single
TFBG1 measurements show that the use of the first-order derivative enhances the fitting accuracy,
with the linear correlation coefficient (R?) improving from 0.89 to 0.98 and the sensitivity
increasing from 30.52 nm/RIU to 50.34 nm/RIU. This improvement indicates that the derivative
processing effectively suppresses baseline fluctuations and enhances the spectral discrimination
of the cladding-mode resonances.
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Table 2. Comparison of key sensing performance metrics before and after cascading, and
with/without first-order derivative analysis

Sensor configuration Processing method Sensitivity Linear Noise level
(nm/RIU) correlation (R?) (nm)

Single TFBG1 (independent) Raw spectrum 30.52 0.89 -

Single TFBG1 (independent) 1st-derivative 50.34 0.98 -

Cascaded TFBG1 1st-derivative 52.96 0.98 0.03

Cascaded TFBG2 1st-derivative 54.25 0.94 0.04

Cascaded TFBG3 Ist-derivative 57.53 0.97 -

Compared with the tracking of the cut-off mode wavelength shift method, the derivative method
offers advantages in the following three aspects: (1) Amplification of subtle changes: Spectral
variations at the edges are significantly amplified after derivative processing, making the method
well-suited for low-concentration detection. (2) Suppression of spectral drift: The influence of
spectral power shifts on the fitting accuracy is reduced, thereby improving the linearity (R?) of
the response curves. (3) Enhanced spectral decoupling: The method facilitates the separation of
closely spaced envelope modes, improving the system’s ability to resolve multiple sensing points.

In the cascaded configuration, the sensitivity values for the three sensing points remain within
the range of 52.96-57.53 nm/RIU, comparable to or slightly higher than those of the single
TFBG measurement, demonstrating that mutual spectral interference among adjacent gratings is
minimal. The linear fitting coefficients (R? = 0.94-0.98) confirm excellent linearity between the
wavelength shift and the refractive index variation. Although amplitude-based interrogation can
be considered, it is strongly affected by power fluctuations, polarization changes, and spectral
distortions in cascaded configurations. In contrast, wavelength-based demodulation benefits from
the high wavelength resolution of the interrogator (~0.004 nm) and the relatively large RI-induced
wavelength shifts (~0.1 nm), resulting in a superior signal-to-noise ratio. The derivative-based
wavelength tracking further suppresses baseline variations, making it particularly suitable for
multiplexed TFBG systems with overlapping spectra.

The measured noise levels (0.03-0.04 nm) are low enough to ensure a high signal-to-noise
ratio, corresponding to a refractive-index resolution better than 10~ RIU. These results verify
that the first-order derivative method enables accurate multi-point refractive-index interrogation
in a single-fiber system without significant degradation in sensitivity or linearity after cascading.

Although TFBGs support a large number of cladding modes, the cut-off mode region
concentrates the highest refractive-index sensitivity. Focusing on this single, well-defined feature
enables accurate and repeatable SRI measurements while preserving multiplexing capability. It is
important to note that the proposed demodulation strategy does not rely on tracking all individual
cladding-mode resonances. Instead, a single derivative-based spectral feature associated with
the cut-off region is used for each TFBG. This feature provides a monotonic and reproducible
response to refractive-index variations and therefore enables straightforward calibration.

In practical operation, it is important to emphasize that the proposed demodulation approach
is primarily intended for the detection of small refractive-index variations in aqueous solutions,
as typically encountered in chemical and biological sensing applications.

Given the 80 nm interrogation bandwidth and the fact that each TFBG cut-off region requires
approximately 8-10 nm of spectral allocation after derivative processing to ensure stable and
decoupled demodulation, we believe that up to seven TFBGs can be multiplexed within a single
optical channel. This estimate is intentionally conservative, as it accounts for spectral broadening,
noise margins, and cross-talk suppression. For practical implementation, a general design strategy
can be summarized as follows: (1) distinct grating periods should be selected to distribute the
cut-off wavelengths across the available bandwidth; (2) moderate tilt angles (6-9°) should be
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used to maintain strong cladding-mode coupling while limiting spectral congestion; (3) adjacent
cut-off regions should be separated by at least ~10 nm. These guidelines provide a straightforward
framework for designing scalable quasi-distributed TFBG sensing networks.

To further optimize the demodulation process in this case, future work could explore the
integration of machine learning-based spectral fitting or wavelet decomposition techniques to
enhance recognition accuracy and improve resistance to interference.

Finally, we believe that the first-order derivative method can also be applied to cascaded
TFBG-SPR sensors to enhance spectral feature discrimination. In this case, optimization of
the smoothing parameters, metal-film thickness, and grating tilt angle would be necessary to
maintain spectral separability and measurement stability.

4. Conclusions

In this work, we have demonstrated a novel and practical approach to overcome one of the
key limitations of TFBGs: their incompatibility with traditional multiplexing techniques. By
cascading multiple TFBGs with distinct tilt angles and grating periods along a single-mode
optical fiber, and by employing first-order derivative spectrum analysis, we successfully achieved
simultaneous, independent, and reliable interrogation of multiple sensing points using a single
optical channel, even in the presence of overlapping cladding-mode spectra.

This strategy enables quasi-distributed RI sensing without sacrificing the intrinsic strengths
of TFBGs, such as their high sensitivity, rich spectral content, and single-ended interrogation
capability. The proposed architecture not only simplifies system design and reduces hardware
complexity and cost, but also opens the door to high-density, spatially resolved chemical and
biological sensing in compact and integrated optical fiber platforms.

This work does not introduce the concept of cascaded TFBGs itself, but demonstrates for
the first time that strongly spectrally superposed TFBGs can be independently interrogated for
refractive-index sensing using derivative spectrum analysis. This overturns the conventional
assumption that spectral overlap inherently prevents multiplexing of TFBG-based refractometers.

Future work will focus on extending this technique to longer arrays, exploring dynamic or
in-situ applications in complex environments, and integrating functional coatings for enhanced
selectivity. The demonstrated multiplexing scheme represents a significant advancement toward
scalable, intelligent, and cost-effective TFBG-based sensing networks.
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