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a b s t r a c t

Reflective Tilted Fiber Bragg Grating (TFBG) sensors have intriguing sensing capabilities due to the
resonance-peaks present in their transmitted spectrum. Previous works measured the external refractive
index (ERI) in which the TFBG sensor is placed, by considering the wavelengths or the envelope of the
cladding-modes resonances. In this paper, primarily, we demonstrate the effectiveness of an alternative
global technique, based on Delaunay triangulation, to analyze the TFBG spectrum for refractometer pur-
poses. Hence, we performed the correlation between the area subtended by the upper and lower
cladding-modes peaks and the ERI. An investigation on the goodness-of-fit correlation functions is also
presented for TFBG sensors written in standard- and thin-optical fibres and considering different values
of the fundamental triangulation parameter a.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access article under theCCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Short-period gratings with periodicity around 500 nm, other-
wise called Fiber Bragg gratings (FBGs), are formed by a permanent
modulation of the core of a single-mode (SM) optical fibre (OF). The
variation of the refractive index can be imposed with several
refractive index profiles along the length of the Bragg grating
which modify the propagation of electromagnetic waves inside
and, hence, the spectrum of the FBG. Depending on the application
of the FBG, uniform, chirped, Gaussian and apodizating are profiles
commonly used [1]. In the case of tilted FBG sensors, the previous
profile scan is written with a so-called tilt angle with respect to the
fibre axis, so that the Bragg gratings are single-sided or, even
double-sided tilted [2]. Adjusting the tilt of the gratings, the TFBG
transmission spectrum acquires unique features which make it
suitable in several applications. Indeed, the detection of the shift-
ing in the spectrum of different peaks allows the separate and
simultaneous measurement of strain and temperature at the sen-
sor location [3–7]. Furthermore, the TFBG spectral bandwidth is
composed of multiple resonance peaks, called cladding modes, that
are more or less sensitive within a determined range of external
refractive index (ERI) variations, based on the Bragg grating’s char-
acteristics. Therefore, changes of the wavelength and amplitude of
these resonances can be exploited to use the TFBG as a refractome-
ter [8–13]. Also, cladding modes with high effective refractive
index are susceptible to macro-bending applied to the OF [14–
16]. In other FBG types (such as uniform, chirped, Gaussian and
apodizating), cladding resonances are seldom visible in the trans-
mission spectrum; as a well-designed grating keeps the light in
the core mode [1,2]. Long Period Gratings (LPG) sensors have been
applied for refractometer purposes because their spectrum con-
tains a number of attenuation bands coming from the coupling
between the core guided mode and a subset of cladding modes
[1]. The resulting peaks are sensitive to external refractive index
changes [8], however, as a refractometer, LPGs suffer of some
metrological issues, high temperature-strain-bending cross-
sensitivity, their grating’s length prevents point measurements,
short RI sensitivity range and higher cost of the sensor [5,10].
While, in the case of TFBGs, the cross sensitivity is a key point, in
fact, a three-parameter optical sensor based on weakly slanted
short-period gratings can be developed as the spectral response
offers the possibility to considering the shifting of determined
peaks and its total transmission power to detect simultaneously
strain, temperature and ERI [5,17]. In the last years, attractive sens-
ing abilities have arisen from the embedding of TFBG sensors
inside composite materials to monitor their thermo-mechanical
deformation state [18,19] and the degree of cure of the resin during
the composite manufacturing [20,21]. The interest for refractome-
ters based on TFBGs is also increasing in chemical and biochemical
fields, because they offer the possibility of using an optical
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approach to detect chemical and biochemical species without
resorting to luminescence- or absorption-based measurements
[22,23]. A common application is the measurement of solute con-
centration in a liquid solution [24,25].

In this work, we propose a new technique based on a-shape
modified Delaunay triangulation to demodulate the TFBG trans-
mitted spectrum and perform a correlation with the ERI. The
demodulation technique allows the calculation of the envelope
area of the upper and lower cladding resonance peaks easily and
quickly by considering the TFBG spectrum as a point set for which
the Delaunay triangulation is applied. Then, the correlation
between the normalized envelope area and the ERI range used dur-
ing the calibration here performed. Then, we demonstrate that by
changing the a-shape value of the triangulation a higher matching
can be obtained between the fit functions and the correlation
curve.
2. Correlation methods between ERI and TFBG transmission
spectrum

Substantially, for refractometric purposes, all the demodulation
approaches exploit the correlation between the cladding loss-
peaks in the spectrum and the ERI variation. However, a funda-
mental distinction can be considered between those methods
using wavelength-encoded information (wavelength shifting [10]
and cutoff resonance [26]), and information contained in transmis-
sion spectral changes of the cladding resonances (envelope [8] and
area method [17], standard deviation method [24], and contour
length approach [27]). These two demodulation classes are respec-
tively called wavelength shift and global methods. Although the
wavelength methods are easy to be applied, as they are based on
the wavelength shifts of cladding resonances peaks caused by
and ERI changes, the use of these techniques would require the
temperature and RI sensitivities coefficients of some selected clad-
ding resonances to be known during the calibration step. That
makes these techniques sensitive to the cladding resonances to
parameters. Moreover, in case of multi-parameter measurements,
the coefficients of the sensitivity matrix are fundamental to uncou-
ple opportunely the different perturbations (if the coefficients are
close then it is not possible to separate individual effect). The sec-
ond demodulation group is more suitable for simultaneous multi-
parameter measurements because these methods are independent
of thermo-mechanical perturbations and they offer precise mea-
surements in a certain ERI range. However, often these approaches
have to follow many steps and they are time consuming to per-
form. In fact, as the spectral peaks of cladding modes are not uni-
form in amplitude and wavelength distribution, the process of
obtaining the envelope of the upper and lower peaks is not always
straightforward to perform. In this context, both the envelope
curves can be smoother than the spectrum and/or the integral of
the transmission, may undergo approximations to better adapt to
the mathematical trend. Furthermore, the envelope functions are
often generated through piecewise-functions whose integration
process is computationally heavy and slow. In this paper we want
to introduce a new global approach based on the Delaunay triangu-
lation (also known as Delone triangulation) [28], to calculate the
cladding resonances area in the TFBG spectra. This technique is
simple and fast to implement, and its performance is independent
of the shape of the spectrum of the TFBG. The technique is applied
to analyze the cladding resonances of weakly tilted short-period
gratings spectra when the sensors were totally surrounded by sev-
eral liquids with different well-defined refractive indexes
(±0.0002). Hence, the correlation between the spectra and the
ERI variations was performed for several values of a fundamental
triangulation parameter, the triangulation radius. This approach
allows each minimal variation of shape peaks to be considered (ac-
cording to the resolution of the interrogator device used to obtain
the spectra), and moreover, based on the measuring ERI range, the
slope of the correlation curve can be increased so that the resolu-
tion of the measurement system to the ERI change increases.
3. Weakly tilted FBG theory and spectrum

In a standard FBG, since the multiplexed gratings are approxi-
mately perpendicular to the optical axis of the fibre, coupling is
only allowed between the modes propagating inside the core.
Specifically, the core forward-propagating light is coupled only
with the backward-propagating reflection core mode with a well-
defined wavelength determined by the gratings. However, when
a tilt angle is imposed, the tilted grating reflects part of the light
into the cladding layer of the fibre, where it can be coupled from
the cladding modes to the surrounding medium. Hence, a double
coupling system occurs inside the core, and in the case of tilt angles
h < 45�, the core forward-propagating mode is also coupled with
the core and cladding backward-propagating modes [29]. When
the tilt angle reaches a range close to 45�, a great amount of the
reflected light in the cladding is irradiated out of the optical fibre,
this effect is called radiation mode coupling. The angle range, in
which radiation modes are present, depends on a critical angle that
can be easily calculated by knowing the cladding and surrounding
medium refractive indexes [30]. The radiation mode coupling gen-
erates a lack of resonances in the TFBG transmitted spectrum as
the cladding modes are no longer guided as they are coupled out
from the OF. With a further increase of h, out of the radiation range,
the cladding modes are reflected so that they change their propa-
gation direction from backward to forward and then the coupling
with the core mode occurs in this same direction. The coupling
modalities influence strongly the transmission spectrum of TFBGs,
as well as the tilt angle affecting the coupling between the in-fibre
propagating modes, consequently the shape of the TFBG transmis-
sion spectrum depends an the value of h imposed by the Bragg
gratings. In this work only weakly tilted FBGs (h < 10�, also called
reflective TFBGs) were used because the unique features of their
spectra are more suitable for aerospace applications (for real-
time and parallel thermo-mechanical measurements), however
the approach introduced below could be applied to any kind of
TFBG spectrum.

Inside the TFBG, the light radiation conditions, with varying the
tilt angle, can be represented by the core Kcore, grating KG and radi-
ated KR light wave vectors. Specifically, the strongest modes cou-
pling occurs when a phase-match condition is satisfied, which is
written as:

KR ¼ Kcore þ KG: ð1Þ
Since the refractive indices of the core and cladding are similar,

we can consider the weakly guided OF approximation to be appli-
cable. As a consequence the amplitudes of Kcore and KR may be
assumed to be approximately the same.

In Fig. 1, d is the radiation angle, KG is the grating period, K is
the nominal grating period and h the tilt angle. From the vector
compositions, it is possible to see that, for a tilt angle of less than
45�, the light of the core mode is coupled to the backward-
propagating core mode and the cladding modes. KR is completely
dependent of the inclination of the Bragg gratings. This kind of
mode coupling involves special spectral features when the FBG
has a tilt angle of less than 10�. Specifically, three main regions
can be identified in the spectrum: Bragg peak, Ghost peak, and
cladding-mode resonances (Fig. 2).

The Bragg peak is obtained by the same core-core mode cou-
pling that generates the main peak in FBG spectrum. The Ghost res-



Fig. 1. Phase-matching condition for weakly tilted FBG.

Fig. 2. Bragg, Ghost and cladding resonances in the transmission spectrum of a 5� tilted FBG written in Fibercore SM1500(9/125)P OF.
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onance appears in the spectrum slightly away from the Bragg peak,
and it is the result of a group of low-order and strongly guided
cladding modes coupling with the core light. A possible explana-
tion for why the Ghost peak is single, although the coupling hap-
pens between multiple low-order cladding modes, could be that
the wavelength resonance of each coupling is near to each other.
This means the contribution to the reflection of each of these
modes is such that, in transmission, the Ghost peak is a single peak
but with larger bandwidth than the other resonances peak (as it is
already possible to see in Fig. 2). These Ghost modes have a low
interaction with the interface between the cladding and the sur-
rounding as they propagate in a well-confined region of the clad-
ding layer with a strong interaction with the fibre core. The
Bragg and Ghost peaks are typically present in the spectrum of
FBG with small tilt angles (h < 10�), however they become invisible
for greater grating inclination.

The wavelengths of the Bragg peak and the cladding resonances
in the spectrum can be determined by applying the phase-match
condition (Eq. (1)) and substituting the parameters characterizing
the coupling between the modes. Then, the wavelengths of the
Bragg (kBragg) peak and cladding (kclad,i) resonances are obtained
[31]:

kBragg ¼ 2neff ;core K ¼ 2neff;core
KG

cos h
; ð2Þ

kclad;i ¼ neff;core þ neff ;clad;i
� �

K ¼ 2 neff ;core þ neff;clad;i
� � KG

cos h
; ð3Þ

where neff,core and neff,clad,i are respectively the refractive index of
the core and cladding modes. As the above equations show, after
the coupling, the spectral position of each resonance is dependent
on the effective refractive index neff,i of the modes and the tilt angle
and period of the gratings KG. Although, all the peaks are sensitive
to thermo-mechanical perturbations (the wavelength shifting
occurs when a temperature or strain variation is applied to the grat-
ings), in the case of ERI variation, only the cladding resonances are
affected by wavelength and amplitude peak loss [8,10]. Indeed, due
to the surrounding RI changing, each cladding mode fits to the new
condition, propagating with a different effective refractive index.
The amplitude of the peaks is also affected when the surrounding
RI becomes closer to the effective RI of the i-th mode, these modes
become less guided within the cladding and its resonance is weak.
While, when the external RI matches the effective RI of i-th mode
then the mode is irradiated out and the relative resonance does
not appear anymore in the spectrum. Specifically, the i-th cladding
mode propagates out from the fibre because, being that the mode
and the surrounding medium have the same refractive index, there
is no boundary between the two layers and then the internal reflec-
tion is missing. Furthermore, the influence of strain and tempera-
ture variation on the cladding resonances amplitude and on the RI
measuring needs to be considered. As demonstrated in [17,32],
although a translation of the whole spectrum is observed with the
application of strain to the OF, the area coming from the envelope
of the cladding resonances is unaffected, and moreover, the only
effect of a temperature variation on spectrum area is generated
by the change of the surrounding RI.

This is the physics theory behind the mechanisms that are the
basis of the transmitted signal demodulation techniques presented
in this section. The new approach, proposed in this paper, exploits
the cladding resonances decay and the change in transmitted spec-
trum shape caused by the ERI effect.



4 L. Fazzi, R.M. Groves /Measurement 166 (2020) 108197
4. Delaunay triangulation

Triangulation methods allow the partitioning of complex poly-
gons into multiple triangles (in 2D) and polyhedrons into tetrahe-
drons (in 3D), which can then be used to compute the area, volume
or to discretize a point set into a convex hull. Other applications in
which triangulation is useful are the creation of interpolation func-
tions and the generation of a refined mesh for FEM analysis of com-
plex body parts [28,33]. Several algorithms based on different
triangulation strategies have been developed over the years: recur-
sive diagonal insertion, ear cutting, prune and search, decomposi-
tion into monotone polygons, divide and conquer, sweep-line,
Graham scan, randomized incremental, and using bounded integer
coordinates [34]. However, all these algorithms have a common
triangulation definition such that the following mathematical con-
ditions are satisfied:
8 t �T ) convðSÞ ¼ [tn;
8Pi � fSg � Vi;

convðSÞ \ tn � Vi _ lm _£:

8><
>:

ð4Þ
S is a set of points, T is the ti triangles array or triangulation whole,
Vi and lm are the vertices and edges of triangles, while i, m and n are
the indices of the relative elements. The first expression in eq.4
describes the convex hull of S and is the union of all the triangles
generated by the triangulation. The second condition in eq.4 estab-
lishes each point of S as a vertex of the generated triangles. The last
third condition implies that the intersection between the convolu-
tion of the point set and the triangles, generated by the triangula-
tion, coincides with the vertices or the edges of the triangles, or it
is empty. Although the previous mentioned strategies may result
in a more or less efficient triangulation algorithm, often the
obtained triangles are skinny and with long edges. This is undesir-
able because the triangulation might be non-uniformly distributed,
and consequently, the convex hull of the discretized point set may
be different from the appropriate one. Indeed, the vertices of some
triangles may tend to be spread out from each other or to not be
connected properly to each other. Delaunay (D-)triangulation can
be considered to avoid these issues and obtain well-shaped and uni-
formly distributed triangles (Fig. 3) [35]. Starting from Eq. (4), D-
triangulation can be defined by adding the so-called empty circum-
circle property:

– let S = {P1(x1,y1), P2(x2,y2),. . ., Pi(xi,yi)} point set in R2,
– let T = {t1, t2,. . ., tn} D-triangulation array of S,
Fig. 3. Delaunay triangulation of a 7 point set.
) 8 lm 2 T 9 cn : lm \ cn � Vi ^ Vi ^ cn ¼ £: ð5Þ

where the (xi,yi) coordinates are in the plane of several points and cn
are the circles generated during the triangulation. Briefly, Eq. (5)
means for each edge of the triangles generated by the triangulation,
a circle exists such that the end of the edges (vertices) are on the
boundary of the circle, but at the same time, no other vertex of S
is in the interior of the same c. When Delaunay triangulation is
not applicable then the constrained version can be used, where
two vertices of the same triangle of T must be coincident on the
boundary of c and the third can be interior or outside of the circle
cn [34].

As Fig. 3 shows, each point of the set is a vertex of one or more
triangles generated on the circles, and simultaneously, each point
is outside by any circle. Moreover, since for three points only one
circle can intersect, therefore the written triangle, with vertices
the same points, is unique.
5. D-Triangulation demodulation approach

In this section Delaunay triangulation is applied to the TFBG
spectrum with the aim of calculating the cladding resonances area,
and successively, to correlate it to the external RI variation. For the
reasons reported in Section 3, the demodulation technique was
applied to the bandwidth corresponding to the cladding reso-
nances and half of the Ghost peak. This choice allows the spectral
variations that happen in the bandwidth between the Ghost and
the first peak of the cladding resonances to be taken into account.
In Fig. 4, the TFBG transmission spectrum is processed as a
sequence of points, for which their coordinates in the plane are
known, these can be treated as a set S (Fig. 4).

Each point in the spectrum is potentially a vertex of Delaunay T.
However, if the technique was applied globally to S then the con-
vex hull, resulting by the triangulation, most likely would be differ-
ent from the actual envelope of the cladding resonance peaks.
Indeed, without a parameter to control the proper connection dis-
tance between the vertices, very long edges l could be generated,
by the algorithm, between vertices placed in far bandwidths. This
issue can be easily overcome by introducing the notion of a-
shape in the algorithm of Delaunay triangulation [36,37]. Substan-
tially, in this way, T occurs based on the Delaunay definition but,
simultaneously, the triangulation is kept under control through
the parameter a that represents the r radius of the circles cn, and
to which can be attributed under different conditions. Specifically,
to yield a suitable D-triangulation for our aims, let us consider:

– Delaunay T = {t1, t2,. . ., tn},
– P1(x1,y1), P2(x2,y2), P3(x3,y3) = Vi (from Eq. (5)),

) p
x1 � xrð Þ2 þ y1 � yrð Þ2

� �
¼

¼ p
x2 � xrð Þ2 þ y2 � yrð Þ2

� �
¼

¼ p
x3 � xrð Þ2 þ y3 � yrð Þ2

� �
¼ r 6 a:

ð6Þ

Triangles generated inside circles with r � a are allowed by the
algorithm, as this allows small variations of the cladding reso-
nances area to be considered and the ‘mesh’ to appear smooth
and uniform. During the demodulation phase, we noted that the
triangular mesh elements usually have smaller sizes when they
are internally used in the convex hull of the spectrum (where the
vertices concentration is higher), while longer edges l are used
for the border elements. The a value influences strongly the result-
ing spectrum triangulation, and, with the aim to calculate accu-
rately the cladding peaks area an optimized value should be
applied to perform the discretization.



Fig. 4. TFBG transmission spectrum data as a point set.
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Fig. 5 shows the D-triangulation of the point set of Fig. 4 per-
formed for several values of a. For a values of 0.1 and 0.5 the trian-
gular elements are not large enough to mesh the entire set point,
hence, holes are present. Increasing the maximum permissible
radius (a = 1), there are no more holes inside convex hull of the
spectrum, but the borders do not match smoothly the peaks in
some regions.

Increasing again (a = 2, 6), the spectrum is perfectly discretized
in triangles with a good peaks envelope. In these cases, due to large
values of a, some external regions of the spectrum are triangulated
as well (as the red arrows indicate in Fig. 5c) and d)). That could
seem to be an issue in calculating the resonances area, however,
as it will be afterwards demonstrated, it does not influence the suc-
cess of the correlation. Rather, since these external areas grow and
wane congruently with the cladding resonance peaks, a better fit-
ting function of RI correlation might be obtained resulting in an
higher predictability and smoother trend of the curve. Obviously
not all radii a allow a useful area measurement to be determined,
in fact a tradeoff analysis should be performed to select the opti-
mum a, however a radii range exists in which each a value returns
anyway an acceptable correlation (see Section 8).
6. Correlation ERI-normalized area

In this work, D-triangulation was applied for the demodulation
of tilted FBG spectra written in Fibercore SM1500(9/125)P stan-
dard (cladding diameter 125 lm) and thin-single mode OFs
(thin-SMF, cladding diameter 80 lm). Sensors were manufactured
using the tilted phase mask technique by FORC-Photonics com-
pany. The sensors were interrogated with a 4-Channel NI PXI-
4844 Universal Input Module based on Fabry-Pérot tunable filter
technology able to scan, with 4 pm of resolution, the wavelength
range between 1510 nm and 1590 nm. So, by considering the
working bandwidth, 20 � 103 points are available for triangulation
in the spectrum. A Cargille oils set was used to surround the OF
sensor in a well-defined RI environment, the employed liquids
had RIs from 1.3 until 1.7 with 0.01 interval and accuracy
of ± 0.0002 in the temperature range between 18 and 32 �C. The
following results are for a 5� tilted FBGs, 10 mm sensor length,
written in standard and thin-single mode fibre. The coating layer
(polyamide) was removed before the experiment to obtain a bare
OF for the entire length of the TFBG. The temperature of the
immersed sensor was monitored with a K-type thermocouple
and kept at 25 ± 0.75 �C. A digital camera microscope was used
to check that no air bubbles remained at the interface between
the oil and the cladding of the OF. Moreover, the OF was mounted
on a translation stage so that the TFBG sensor can be kept straight
during the dipping in a special polycarbonate bowl containing the
RI liquids. Once the spectra were acquired via the DAQ system,
these were processed by applying the D-triangulation through a
dedicated algorithm. Below, considering the TFBG in standard-
SMF, three overlapped spectra are reported after the meshing
was performed with the sensor surrounded by three oils with dif-
ferent RIs: the red spectrum is for oil with RI = 1.47, in yellow and
red when the TFBG is surrounded by a liquid with RI = 1.42, while
in the case of RI = 1.33 the spectrum is composed of blue, yellow
and red regions. As expected, Fig. 6 shows the reduction of the
region formed by the D-triangulation of the cladding resonances
as the surrounding refractive index increases. In particular, as
reported below, the correlation graph shows, for a refractive index
of 1.33, the triangulated cladding area is at its maximum (blue +
red + yellow in Fig. 6) and incorporates all the cladding resonances.
However, when the ERI grows, the upper and lower relative ampli-
tude peaks fall, hence, for 1.42, the same blue region decreases to
the yellow one and then to the red one for 1.47, so that, between
the several areas, a ‘funnel effect’ happens. This effect is also visible
for higher effective RI cladding modes after zooming into parts of
the spectrum as seen in Fig. 7.

Once the spectrum is discretized, the total area can be easily
calculated by adding up the areas of all the triangles:

AT nð Þ ¼
Xm
t¼1

At: ð7Þ

From Eq. (7) it is proposed that AT(n) is a function of ERI. To
investigate this, AT(n) for various ERI values is calculated, then
the correlation between them is determined. By convention, a nor-
malized area A is used to create the graph of the TFBG behavior
trend with the surrounding RI variation [8]. A is defined as the
ratio between the i-th area and a reference area:

A ¼ AT nið Þ
AT nrefð Þ ð8Þ

For this work, nref corresponds to the value obtained for a sur-
rounding RI of 1.33. This choice is arbitrary, however, as nref has
the maximum area, the correlation graph y-axis in Fig. 8 is then
between 0 and 1.



Fig. 5. D-triangulation of 5� tilted FBG transmission spectrum for: a) a = 0.1, b)
a = 0.5, c) a = 1, d) a = 2 and e) a = 6. The red arrows, see text for a detailed
description, indicate the triangulation outside the cladding peaks envelope. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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In Fig. 8, the two curves show a different trend although the
only parameter that is changing between the TFBG customizations
is the cladding diameter of the OF in which the sensors are
engraved. From the correlation graph it is possible to deduce some
features of the TFBGs spectra and behaviours. Starting from RI = 1,
the trend is substantially linear around 1.33 where both curves
have their maximum peak. In the said RI range, the same linear
trend was detected that was found in previous works [8,38], so it
was considered unnecessary to use RIs between 1 and 1.3 for the
correlation. In this same range, the red curve (thin-OF) is above
the blue curve, as the normalization condition is applied in same
way for both the correlations, therefore the ratio A is bigger for
the thin-OF TFBG. Considering that a reduction of the cladding
diameter generates an enhancement of cladding mode coupling
in TFBG sensors [38], the transmitted resonance peaks of the high-
est cladding modes (Fig. 9) have a much deeper loss than those
recorded for standard OF (Fig. 3). As a possible explanation, for
low RI values, is the high cladding mode peaks’ contribution to
building up the area is greater in the case of TFBG in-thin-OF writ-
ten than standard waveguides so that the ratio with the maximum
area is bigger. Moreover the two lines are not parallel, in particular
the red line has a more accentuated slope, this means the suscep-
tibility of cladding modes couplings to ERI is higher in a thin-OF
TFBG sensor.

From RI = 1.33 the trend of both curves changes showing the
maximum TFBGs sensitivity to the RI variations. Though the
standard-OF TFBG is not very sensitive until 1.4, this sensor is
highly susceptible to RI variation between 1.4 and 1.46, and its
curve has a strong slope. Meanwhile the other sensor exhibits a
smooth trend and good slant along the entire range 1.33–1.46.
The above description demonstrates how the TFBG sensor cus-
tomization can influence their sensing abilities. Particularly, in this
case, the TFBG in standard-OF is extremely sensitive between 1.42
and 1.46, while the second is susceptible to a more broad range,
although having a lower sensitivity.

The last RI interval (1.46–1.7) in our wavelength working win-
dow shows substantially the same behavior of both the sensors,
which are more or less sensitive to RI changes. Although, the pur-
pose of this work is not to study this behaviour, we tried to explain
this phenomenon considering the effect of the internal reflection
and the refraction at the interface between cladding and surround-
ing. When the surrounding RI reaches that of the cladding material
all the cladding modes are irradiated out of OF because they prop-
agate as if the two materials are optically the same material. How-
ever, by increasing the external RI, the two materials become
optically different. In particular, part of the light continues to be
irradiated externally, while some modes return to be reflected
internally towards the core where they are coupled with the
forward-propagating core mode. In fact, in the cladding of the
OF, thousands of modes with different effective RIs are present
for which the critical angle (or cut-off angle) is not the same, and
in particular, when the RI is higher than the cladding RI, some
modes are reflected back internally at the cladding-surrounding
interface.

Once the correlation curve is obtained with the D-T demodula-
tion technique, a graphics and calculation time comparison with
the other methods can be performed. In particular, below in
Fig. 10, a graph containing several RI correlation curves obtained
by applying the D-T and other demodulation techniques (envelope
[8], wavelength shift separation [10] and area method [17]) is
reported. Moreover, the necessary times to demodulate a single
TFBG transmission spectrum in an auxiliary parameter (normal-



Fig. 6. D-Triangulation of 5� TFBG (in-written standard SMF) spectra immersed in 3 different RI liquids, the imposed a value is 2.

Fig. 7. Triangulated area zoom of medium-high effective RI cladding modes peaks. Also here the ‘funnel effect’ is visible as smaller ERIs produce greater areas incorporating
those obtained for lower ERIs.

Fig. 8. Correlation ERI-Normalized Area performed through D-triangulation for 5� tilted FBG sensor written in standard (blue curve) and thin-cladding (red curve) OF, a = 2.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Transmission spectrum of a 5� tilted FBG written in Fibercore thin-SM1500(9/125)P optical fibre surrounded by air.

Fig. 10. External RI correlation curves using several demodulation techniques.
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ized area or wavelength shift separation) for each used technique
are report in Table 1.

From Fig. 10, the envelope and the D-T triangulation techniques
provide very close correlation curves, however the area method
provides a correlation curve restricted in a smaller range of excur-
sion. The demodulation technique based on the wavelength shift
separation develops a correlation curve until 1.45 because the
selected peak was recognizable anymore after this RI value. From
the times reported in Table 1, the fastest demodulation technique,
between the main methods here analysed, is the wavelength shift
separation. However, the D-T technique is the fastest of the global
Table 1
Computational times of the analysed techniques to demodulate a single TFBG
spectrum.

TFBG demodulation technique Computational time (sec)

D-T demodulation technique 0.120
Envelope method [8] 1.198
Wavelength shift separation [10] 0.095
Area method [17] 1.998
demodulation methods. Although the difference in time between
the global techniques could not appear to be relevant, when a high
number of spectra have to be demodulated, the difference in pro-
cessing time-lapse between the techniques becomes important. It
is enough to note that the necessary time to demodulate a TFBG
spectrum using the Area method is the same as needed by the D-
T technique to process more than 16 TFBG spectra. Moreover, the
computational time factor is fundamental during the real-time
measurement because this value should be smaller than the detec-
tion rate of the interrogation system to perform appropriate real-
time monitoring.

The wavelength shifting method is faster, however, considering
the several drawbacks described in Section 2, the difference in
time-lapse is so small to do not justify the use respect the benefits
guaranteed by the D-T demodulation technique.
7. Fitting function of correlation curves

Once the correlation curve has been obtained, it is easy to
understand the RI applicability range of the TFBG sensor, or in
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other words, where its sensing capability is more effective. How-
ever, for practicality, an appropriate fitting function, describing
analytically the correlation curve, should be found in the range of
interest. That allows the RI value to be obtained directly from the
TFBG spectrum area, by solving the equation of the fitting function.
However, if a entire RI measurement range is taken into account,
then some normalized area values could give two different RIs.
This ambiguity may be solved by considering the two statistical
parameters Skewness and Kurtois during the demodulation tech-
nique as in [32], as the D-triangulation approach can be used with
these statistical parameters, however, this topic is not addressed in
this work.

Since the optimum fitting can change based on the RI interval,
here, only the best sensitivity RI range is considered. To attribute
the goodness-of-fit to each function, the R-square (R2) statistical
approach was used. R2, also known as coefficient of determination,
is the square of the correlation between the response values and
the predicted response values, hence defined as the ratio between
the deviation of the regression and the total deviation. R2 is useful
because, being constrained between 0 and 1, it provides an intu-
itive description of the goodness of the fit. The closer R2 is to 1,
the closer the data points are to the regression line. In this work,
we attributed the R-square values to the fitting functions only with
the purpose of evaluating the quality of our calibration. The next
results show the fitting for the correlation curves of the standard
and thin-OF TFBG sensors used in the previous section. Fig. 11
reports a plot of the fitting curves of the correlation points with dif-
ferent polynomial degree along a RI interval ).

Though the linear regression is not properly able to represent
the correlation trend because the points appear spread out with
respect to the regression line, by already considering a quadratic
Fig. 11. Fitting of correlation points with several p

Table 2
R2 values of the several fitting curves considering defined RI intervals, correlation curve in

RI range R2

Fitting function degree of A RIð Þ
1 2

1.40–1.46 0.9625 0.97
1.41–1.45 0.9799 0.99
1.42–1.45 0.9958 0.99
degree, the fitting function is such that the fitting curve is closer
to the data points.

As described above, R2 allows the quantification of the goodness
of fit. In Tables 2 and 3 several R2 values are reported, taking into
account different RI ranges and polynomial degrees of fitting func-
tions. In most of the cases a quadratic function is already enough to
match the trend of A RIð Þ.

Taking into account the resolution of the interrogation system
used to detect the TFBG spectra, the resolution of the RI measure-
ment performed through the optical fibre sensor can be calculated.
In this case, the NI PXI-4844 interrogator was used to obtain the
TFBG spectral responses, which has a scanning wavelength of
4 pm and a power transmission resolution of 4 � 10�6dB. The min-
imum detectable variation area is then obtained and, consequently,
the minimum variation normalized value respect AT(nref). Consid-
ering for both the TFBG sensors, the same RI interval 1.41–1.45
and a triangulation parameter a = 2 with the respective linear fit-
ting functions, the obtained RI resolutions for the standard-OF is
3.774 � 10�4 and 3.585 � 10�4 in the case of the thin-OF at 1.44.
However, as previous works ([8,17]) have already demonstrated,
the resolution can be improved if a better RI reference is taken.
Moreover, the resolution can also be improved using a particular
a value and, of course, a different fitting correlation function.

At this point, a flow chart is reported below (in Fig.12), as a
summary and example of methodology to follow to integrate the
algorithms of the here introduced demodulation technique, in a
RI measurement system, also considering a possible real-time
application.

In the flow chart, the blue arrows show the way the analysis can
be performed during the real-time measurements, and it can be
noted that this is composed from only 6 steps. The reduction is
olynomial degrees, standard-OF TFBG sensor.

the case of TFBG imposed in standard-OF.

3 4

47 0.9965 0.9998
88 0.9999 1
95 1 –



Table 3
R2 values of the several fitting curves considering defined RI intervals, correlation curve in the case of TFBG imposed in thin-OF.

RI range R2

Fitting function degree of A RIð Þ
1 2 3 4

1.33–1.46 0.9757 0.9953 0.9977 0.9985
1.40–1.46 0.9882 0.9913 0.9973 0.9994
1.41–1.45 0.9991 0.99997 0.99999 1
1.42–1.45 0.9994 0.99997 1 –

Fig. 12. Flow chart representing the methodology of the D-T demodulation algorithm.
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due to the fact the TFBG was calibrated in advance, hence, its mea-
surement algorithm is already optimized for all the RI range.
Regarding the discretization or triangulation strategies, as
described in Section 4, there are many possible options whose
use depends substantially from the programmer; the here reported
analysis were performed using the triangulation with divide and
conquer method. For real-time application, the discretization in tri-
angles could be performed using a moving and adaptive mesh, this
would reduce the triangulation time and speed-up the calculation.
8. Influence of a-parameter on correlation curve

In this section, the problem posed at the end of Section 5, about
the influence of the a value used to perform the correlation, is
addressed. The first step was to audit the interval of a values in
which the correlation curve has a physical meaning. Each correla-
tion curve performed in this work and found in literature for any
TFBG customization, is characterized by a slightly increasing
upward trend until a maximum point. Then, from this peak, it
shows a greater sensitivity RI range with a strong decrease, and
from the minimum point the trend becomes again growing. Hence,
there are substantially three trend intervals which can be physi-
cally justified (Section 3). These trend intervals are expected to
remain constant if external disturbances (temperature fluctua-
tions, bending), remain constant. Developing several correlations
with many a values and taking into account the physical meaning
above described, two different a intervals were obtained. For the
standard-OF TFBG, the suitable interval is 1.6 � a � 6, while in
the case of the thin-OF TFBG any a greater than 0.8 is useful to per-
form the demodulation technique. At this point, since the correla-
tion curves keep essentially their same trends, it is not possible to
appreciate graphically in detail the differences of using different a
values in Fig. 13 and Fig. 14. For this reason, to evaluate how the
quality of our RI calibration of TFBGs changes, a study focused on
the variation of the R-square value of the fitting functions is neces-
sary. Taking into account some a radii, the same previous fitting
function polynomial degrees, and the widest sensitivity RI range
of the same TFBGs (in which the correlation curve has the better
slope), the calculated R2 values are reported in Tables 4 and 5. From
the R-square values, it is possible to suppose however that, any a
value is suitable to obtain an acceptable fitted correlation curve.

Nevertheless, using a specific a, we can study the fitting quality
during the calibration, for example: by considering the TFBG in
standard-OF, the best fit for functions of 2- and 3-th order can be
obtained using a = 6, while in the linear or 4-th order fitting func-
tion, the D-triangulation should be performed with a = 1.6. For
TFBG in thin-OF, an a = 4 provides the best fit quality by consider-
ing until a 4-th polynomial fitting function. However, when com-
paring the R-square values in Tables 4 and 5, as mentioned
before, the use of another allowable a value does not cause a seri-
ous drop in the goodness of the correlation.



Table 4
R-square values of several fitting curves in RI interval 1.40–1.46, for TFBG in standard-OF written.

a R2

Fitting function degree of A RIð Þ
1 2 3 4

1.6 0.96254 0.97474 0.99658 0.99985
2 0.96247 0.97475 0.99651 0.99979
3 0.95871 0.97484 0.99530 0.99955
4 0.95953 0.98015 0.99584 0.99979
5 0.95761 0.98328 0.99533 0.99729
6 0.96172 0.99166 0.99800 0.99939

Fig. 13. Correlation ERI-Normalized Area performed with several a values for 5� tilted FBG sensor written in standard OF.

Fig. 14. Correlation ERI-Normalized Area performed with several a values for 5� tilted FBG sensor written in thin-OF.
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9. Conclusions

In this study a new concept of demodulation technique for
tilted FBG sensors was introduced and demonstrated for refracto-
metric purpose. In principle, the approach is based on the use of
Delaunay triangulation to obtain the area of enclosed between
the upper and lower peaks of the cladding resonances in the TFBG
transmission spectrum, which are correlated to the surrounding RI.
The technique is fast and simple to implement, in fact, the triangu-
lation of the set of input data points from the interrogation of the
TFBGs is the unique operating step necessary to obtain the area of
the cladding resonances. In this way, the technique does not need
the determination of the peaks, the creation of envelope curves and
resolution of integrals, or the determination of sensitivity coeffi-
cients, saving time and reducing the computational power
required. After the spectrum has undergone the meshing, the total



Table 5
R-square values of several fitting curves in RI interval 1.33–1.46, for TFBG in thin-OF written.

a R2

Fitting function degree of A RIð Þ
1 2 3 4

1 0.97364 0.99526 0.99719 0.99859
2 0.97567 0.99533 0.9977 0.99855
3 0.97887 0.99607 0.99798 0.99874
4 0.97981 0.99643 0.99851 0.99902
5 0.97844 0.99606 0.99821 0.99887
6 0.97976 0.99596 0.99818 0.99886
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area is easily calculated by the sum of each area of the triangles
created in the spectrum. We demonstrated that this approach
can be applied for different kinds of optical fibre in which the TFBG
is written, and, there exists always an a range for which the corre-
lation can be performed or rather improved. This demodulation
technique can be applied for the analysis of a confined part, or
for the total length, of the spectrum, and moreover, since its appli-
cability does not depend on the spectrum shape, it can be used in
any kind of TFBG customization. Potentially, these features allow
this approach to be also exploited for real-time spectrum monitor-
ing with a moving mesh, and this demodulation method is besides
compatible with other techniques for simultaneous multiple mea-
surements. Furthermore, in both the case of real-time measure-
ments or data post-processing, when the spectrum is affected by
some disturbances like connectors power losses or bending of
the optical fibre, for which the TFBG signal could present some rip-
ples, this approach should be able to operate without particular
issues being insensible to the spectrum shape and power loss. In
this paper, the technique was applied substantially to correlate
part of the power transmitted by the TFBG with the surrounding
refractive index, however, the same may be used in all the case
where a power contained in a signal needs to be converted or cor-
related to another significant parameter. An immediate future
research objective is a work focused on multi-parameter sensing
using the demodulation technique based on the D-triangulation
technique.
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