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Abstract
Tilted fibre Bragg gratings (TFBGs) have a characteristic transmission spectrum in the form of a fine comb of
cladding mode resonances. This spectrum changes significantly when the sensor is immersed in a substance
with a specific refractive index (RI) value. Surrounding RI (SRI) values can be derived from the global
shape of the entire cladding mode spectrum or the local shape of a single mode. In this article, we present
comparisons of two types of TFBG spectra demodulation methods for SRI determination. The first approach
to determining the SRI is based on the local wavelength shift of a single mode and a group of cladding modes.
As a modification, a differential method of analysis of two modes and two groups of modes (spectral bands)
was proposed. As a result, differential methods with better resolution and linearity were obtained compared to
single-mode analysis. To determine the local shift, the centroid, fast phase correlation and cross-correlation
methods were used. The global spectrum analysis method with cut-off wavelength determination was used as
the other type of demodulation method. The cut-off wavelength shift was determined using the maximum
derivative method of the smoothed absolute value of the derivative of the optical spectrum. The best resolution
for SRI determination with the local method was 2.4 ·10−5 RIU, while for the global method it was 1.75 ·10−5

RIU for the SRI measurement range of 1.333 to 1.361 RIU.
Keywords: tilted fibre Bragg grating, fibre optics sensor, refractive index.

1. Introduction

Tilted fibre Bragg gratings (TFBGs) are sensors developed for use in the measurement
of various quantities [1, 2]. However, the most practical application of these structures is the
measurement of the refractive index. Refractive index measurements are used to determine
the content of various substances such as cholesterol solution concentration [3], paracetamol
concentration [4], simultaneous temperature and salinity [5]. The greatest advantage of TFBG
gratings is the absence of any physical change in the fibre cladding. This is due to the process of
their inscription in optical fibres. Therefore, TFBG sensors have many applications as biosensors
for diagnostics and health research [6]. The tilt of the grating planes in the fibre core causes the
formation of several dozen cladding modes. Immersing such a structure in a substance having
a specific refractive index (RI) value changes the spectrum of the cladding mode comb. Increasing
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the surrounding refractive index (SRI) shifts the so-called cut-off wavelength. Successive modes
from the side of shorter wavelengths broaden and decrease in amplitude. This is an effect similar
to signal smoothing that progresses towards longer wavelengths as the SRI increases. At the same
time, all cladding modes undergo a slight shift towards longer wavelengths. This shift is non-linear
and smaller for longer wavelength modes. The maximum sensitivity of a single mode, which is the
mode at the cut-off wavelength limit, can be 28 nm/RIU, but only in the range of 0.002 RIU [7].

Determination of the RI value on the basis of the measured transmission spectrum requires
an appropriate demodulation algorithm. Algorithms can be ction in any medium, provided that the
article is properly cited, the use is non-commercial, and no modifications or adaptations are made.
Article history: received April 9, 2025; revised May 14 divided into global ones, which use the entire
spectrum of cladding modes, and local ones, which use a single resonance spectrum. The amplitude
or wavelength shift parameters can be determined. The first algorithm was used to determine the
surface area between the upper and lower envelopes of all cladding modes [8]. Global amplitude
methods also include the calculation of the spectral length parameter [9]. Global spectral variations
can also be localised and assigned to a specific wavelength. Algorithms using this property look
for shifting the cut-off wavelength with increasing SRI [10, 11]. Local techniques include the
analysis of a single-mode spectral shift [12]. An interesting method of using the shifts of many
resonant peaks is to use a greater shift of the peaks for shorter wavelengths in relation to the peaks
for longer wavelengths [13]. Among the methods that use spectrum transformations, the Fourier
transform was used to determine the SRI as a method of pre-processing data [10]. The shape of the
Fourier amplitude spectrum can also be used to determine the SRI [14]. In addition to the methods
presented, there are a few others that are discussed in our previous works and in the references.

The shift of the position of the spectrum shapes is determined by two basic methods: centroid
and phase analysis in the frequency domain. The fast phase correlation method [15] is used to
demodulate the fibre Bragg grating (FBG) with high accuracy. Both methods derive information
from subpixel resolution. The FBG spectrum has one peak, which changes its position under the
influence of the interacting quantity but maintains its shape. Demodulation of the FBG spectrum
consists in searching for the shift of the spectrum peak. The phase correlation method works
well for the shift of a single peak measured in the reflection mode. The TFB grating has several
dozen modes and is measured in the transmission mode. The TFBG spectrum therefore requires
appropriate transformation before applying the demodulation methods used for classical FBGs. In
the case of local demodulation methods, additional spectrum preprocessing consists in averaging
the shapes and shifts of several modes. The spectrum processed in this way can be directly analysed
using methods known from demodulation of FBG grating spectra. In the other case, the shift of the
mode group is analysed, which can be determined using the analysis of the main cross-correlation
peak. The correlation is calculated between the spectrum for the known reference SRI value and
the spectrum for the sought SRI value.

Single-mode shift analysis methods are temperature sensitive. To counteract this phenomenon,
an offset correction using information from the Bragg peak is used. However, for some reason,
this peak cannot be clearly seen as a result of an incorrect TFBG tilt angle or spectra measurement
issues. For gratings with a tilt angle of 6-8%, the Bragg mode has a very small amplitude compared
to the amplitudes of cladding modes. Demodulation of such a mode is therefore ineffective. Then,
the low order cladding mode peaks farther from the cut-off wavelength can be used instead of the
Bragg peak as their SRI sensitivity is minimal. They can therefore be used to correct the shift of
modes lying closer to the cut-off wavelength. Several such modes can also be used for correction
at the same time [16]. The use of the grating spectrum by dividing it and determining the shift
difference is an algorithmic differential method. Its main advantage is lack of a second separate
measuring channel dedicated to temperature correction.
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The purpose of this article is to show the properties of the presented methods and to evaluate
them with regard to determining the SRI based on the TFBG spectrum. A range of the measured SRI
values was selected to compare local and global methods, and proper comparison is only possible for
simultaneous analysis of the same spectral measurements. The main novelty achieved in the article
is the comparison of the resolution of local and global methods for the same measurement system
and the range of measured SRI values. As for local methods, new ways of spectrum processing
were used, consisting in averaging the shift of several modes. In addition, a differential method
was used for two groups of modes. For both local and global methods, the feature enhancement
method was used to raise the processed spectrum to the second power (power transformation).

2. Shift demodulation methods of a single mode and a group of modes

Demodulation algorithms that use phase changes calculate the shift difference between two
measured spectra. An appropriate part of the spectrum measured in distilled water was selected as
the reference vector 𝑅1 for calculations. If the grating is immersed in a solution with a higher SRI
coefficient, the measurement vector 𝑅2 can be defined as:

𝑅2 (𝜆) = 𝑅1 (𝜆 − Δ𝜆), (1)

where 𝜆 is the wavelength and Δ𝜆 is the shift between 𝑅1 and 𝑅2. The simplest algorithm for
determining the wavelength shift is the centroid algorithm, which is equivalent to calculating the
centre of gravity of the FBG grating spectrum shape:

𝜆𝐵 =

∑
𝑛
𝜆𝑛 · 𝑅(𝜆𝑛)∑
𝑛
𝑅(𝜆𝑛)

. (2)

We can now compute the Fourier transform of both vectors:

𝑋1 (𝑘) =
𝑁−1∑︁
𝑛=0

𝑅1 (𝑛) · 𝑒
−2𝜋 𝑗𝑛𝑘

𝑁 , 𝑘 = 1, 2, . . . , (𝑁 − 1), (3)

𝑋2 (𝑘) =
𝑁−1∑︁
𝑛=0

𝑅2 (𝑛) · 𝑒
−2𝜋 𝑗𝑛𝑘

𝑁 , 𝑘 = 1, 2, . . . , (𝑁 − 1), (4)

where 𝑁 is the length of both the 𝑅1 and 𝑅2 vectors and 𝑘 is the index of Fourier spectra vectors.
The Fourier transform can be represented as an amplitude modulus and a phase 𝜙:

𝑋2 (𝑘) = |𝑋2 (𝑘) | · 𝑒− 𝑗 𝜙2 (𝑘 ) . (5)

We analyse the range of the optical spectra that does not change significantly and the modes
that are only shifted. The change in the shape of a specific mode can be quantitatively assessed by
analysing the change in the mode amplitude and its half-width. This means that the moduli of the
Fourier spectrum amplitudes will be the same:

|𝑋2 (𝑘) | = |𝑋1 (𝑘) |. (6)

Only the phases of both Fourier spectra will change:

Δ𝜙(𝑘) = 𝜙2 (𝑘) − 𝜙1 (𝑘) =
2 · 𝜋 · 𝑘 · Δ𝜆(𝑘)

𝑁 · 𝛿 , (7)
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where 𝛿 is the wavelength resolution. The actual measurement vectors differ not only in their
position, but also in shape. This means that only a certain number 𝑀 of the initial frequency
components have phase values reflecting the shift of the considered shapes [15]:

Δ𝜆(𝑘) = Δ𝜙(𝑘) · 𝑁 · 𝛿
𝑘 · 2 · 𝜋 , 𝑘 = 1, 2, . . . , 𝑀<𝑁. (8)

Estimation of the spectral shape shift value can be determined using the median of the shifts
resulting from 𝑀 initial components [13]:

Δ𝜆̂ = median(Δ𝜆(𝑘)), 𝑘 = 1, 2, . . . , 𝑀. (9)

The spectral shift can also be calculated as the maximum correlation between two spectra:

𝑋𝐶 𝑗 =

𝑁−1∑︁
𝑖=0

𝑅0 (𝜆𝑖)𝑅1 (𝜆𝑖+ 𝑗 ), 𝑗 = 1, 2, . . . , (2𝑁 − 1). (10)

The wavelength shift based on the calculated cross-correlation function can be determined
using the centroid algorithm or the fast phase correlation algorithm.

The last algorithm used to enhance the spectral features and the cross-correlation function is
the algorithm based on raising the spectra to a power of 𝑃 [17]:

𝐺 (𝜆) = 𝑅𝑃 (𝜆). (11)

This relatively simple mathematical operation is called the power transformation and increases
the signal-to-noise ratio [18]. Additionally, the power transformation narrows the spectrum peak
and reduces any asymmetry in its profile. The power transformation is also used to improve the
properties of time windows [19,20]. All algorithms and signal processing methods were developed
by the authors using the MATLAB programming environment.

3. Wavelength shift of the individual cladding modes
For the measurements, we used a grating inscribed in a standard optical fibre using the phase

mask method. Before the inscription process, the optical fibre was subjected to a hydrogenation
process in order to increase its sensitivity to ultraviolet light from the excimer laser. The grating
has a tilt angle of 6 degrees obtained by rotating the phase mask during the writing process. The
transmission spectrum of the grating immersed in water-glucose solutions was measured. The
refractive index values were measured using a reference laboratory refractometer. The refractive
index was measured in the range of 1.333 to 1.361 for nineteen values and twenty repetitions. The
measurements were performed using a Yokogawa AQ6370D optical spectrum analyser (OSA)
and a Superluminescent Diode (SLD) as the radiation source. The measurements were performed
in the transmission mode with a spectral resolution of 0.004 nm. The diagram of the measurement
system is shown in Fig. 1.

Fig. 1. Drawing of the measuring system of the TFBG grid immersed in a liquid with a specified SRI value.
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Changes in the TFBG grating spectrum under the influence of changes in the surrounding
refractive index can be divided into global and local. Global changes in the shape of the TFBG
spectrum are shown in Fig. 2. They are related to the leakage of successive cladding modes as
a result of shifting the cut-off wavelength. The largest changes in amplitude and position occur for
modes that lie close to the cut-off wavelength. Local changes are shifts of individual cladding
modes with wavelengths longer than the cut-off wavelength (Fig. 3).

Fig. 2. Global changes of the TFBG spectrum under the influence of changes in the SRI value.

(a) (b)

Fig. 3. Spectra of two cladding modes shifted under the influence of a change in the SRI coefficient, a) mode at 1511.2 nm,
and b) mode at 1530.4 nm.

The shift of individual modes is greater for modes with shorter wavelengths. Figure 3 shows
two modes, one of which lies near the cut-off wavelength and the other 19 nm further away.
The shift of the peak at wavelength 1511.2 nm is greater than that of the peak at 1530.4 nm.
Shorter wavelength modes are higher-order modes. Such modes penetrate deeper into the liquid
surrounding the optical fibre cladding, hence their greater sensitivity to SRI changes. A comparison
of the shift values of several cladding modes is shown in Fig. 4. The nonlinearity for the most
sensitive curves can be up to 30%.
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Fig. 4. Wavelength shift values for several modes in the 1474–1505.3 nm range.

Single modes that are located at a certain distance from the cut-off wavelength do not undergo
significant changes in shape (wavelengths beyond 1505 nm in Figs. 5 and 6). The spectra of
these resonance peaks meet the conditions for use in the analysed method. In order to analyse
a single peak, a fragment of the spectrum must be properly chosen. In Fourier analysis, special
shapes called windows are used for this. They have the property of reducing spectrum leakage
in the frequency domain. During the analysis of the algorithms, several types of windows were
tested, and finally the Hanning window was selected. As the centre of the 𝑊 (𝑚) window, the peak
wavelength of a given mode was selected for the middle value of the SRI range (Fig. 5).

Fig. 5. Method of cutting a part of the spectrum using the apodising window.

The fast phase correlation method was used for subsequent cladding modes. Fig. 6a shows the
mode spectra for the two extreme SRI values measured. We calculate the resolution parameter by
repeated measurements [21]. Resolution is calculated as the standard deviation of the refractive
index value determined from twenty repeated measurements of the spectrum. The best measurement
resolution is shown by modes near the cut-off limit in the range of 1503–1508 nm. For subsequent
modes above the wavelength of 1509 nm, the resolution value slightly deteriorates. Subsequent
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resolution calculations were performed for individual modes with wavelength shift correction.
The mode with a wavelength of 1535.5 nm was used for correction. The calculated resolution
value decreased about twice (Fig. 6b).

(a)

(b)

Fig. 6. a) Part of the spectrum for the two measured SRI values, b) resolution of the SRI measurement for several cladding
modes.

The transmission spectrum of the grating has several tens of cladding modes. In order to
simultaneously use information from several modes, the input signal for the algorithm should be
properly prepared. For this, the sum of the shifted modes can be used:

𝑇𝑎 (𝑚) = 1
𝑁

𝑁−1∑︁
𝑛=0

𝑇 (𝑚 + 𝑘𝑛) ·𝑊 (𝑚), (12)

where 𝑚 is the index of the spectrum vector 𝑇 , 𝑊 is the cutting window and 𝑘𝑛 is the shift of
subsequent modes.

At the same time, the shift of each mode kn is slightly different and is determined for the
spectrum measured for the middle value of the considered SRI range (Fig. 7). Individual values of
𝑘𝑛 differ from each other due to uneven distances between modes, which results in an averaged
mode, with an averaged amplitude change and an averaged wavelength shift. At the same time, in
order to take advantage of the advantages of the differential method, the modes presented in Fig.
7 were summed up. As basic modes, those in the range of 1504-1521 nm were selected. Modes
in the spectral range of 1526–1539 nm were used for correction in the differential method (Fig.
8). The basic set contains 16 modes, the correction set 18. A valuable property of such a method
is the more linear dependence of the differential shift on the SRI (Fig. 8). The resolution of the
method for such prepared data (peak averaging) is 3.4 · 10−5 RIU.

The averaged modes for the two extreme values are shown in Fig. 9. Figure 9a shows the mode
averaged based on the modes from the fundamental spectrum, while Fig. 9b shows the mode
averaged from the modes of the correction spectrum. The amplitude of the fundamental mode
decreases, because it consists of modes at the cut-off boundary and after the cut-off. Such modes
decrease in amplitude and are subject to broadening.
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Fig. 7. Method of creating an average peak as a sum of shifted resonance peaks.

Fig. 8. Spectrum of selected cladding modes.

(a) (b)

Fig. 9. Averaged modes for two parts of the spectrum, a) the basic part of the spectrum, and b) the part of the spectrum to
be corrected.

Figure 10 presents the characteristics of dependence of the wavelength shift difference on SRI.
The first two differences are calculated directly for the averaged modes shown in Fig. 9 using the
centroid and fast phase correlation (FPC) algorithms. The next two characteristics show shifts
calculated after performing cross-correlation. These characteristics overlap for both algorithms
(centroid and FPC).
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Fig. 10. Dependence of the shift of the averaged mode on the SRI value.

Figure 11 shows the value of spectral resolution depending on the power to which the spectrum
is raised for direct methods and the cross-correlation function for correlation methods. A significant
decrease in the resolution value is noticeable, especially for calculations performed with the
centroid method, both directly and after cross-correlation. The minimum resolution value was
2.4 · 10−4 RIU for the algorithm consisting of cross-correlation and centroid. Computing the
correlation improves the resolution for both algorithms calculating the shift.

Fig. 11. Resolution of SRI determination as a function of the power value 𝑃 for the 4 demodulation methods analysed.

The average shift of the mode group can also be obtained by calculating the cross-correlation
of a specific spectrum range. The correlation is calculated with the reference spectrum that is
measured for the SRI of distilled water. Figure 12 shows the autocorrelation function of the
spectrum measured for SRI = 1.333. Part 11a shows the autocorrelation of the basic part of the
spectrum, while part 11b shows the spectrum used for offset correction. The autocorrelation has
the typical shape characteristic of a periodic or almost periodic signal. Figure 13 shows the main
cross-correlation peak between the spectrum measured for distilled water with two spectra. The
first is another spectrum also measured for distilled water, and the other is measured for the SRI
with a value of 1.3606. The dependence of shift difference between the cross-correlation function
for the basic and correction spectrum ranges is shown in Fig. 14. The characteristics of both
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(a) (b)

Fig. 12. Comparison of the autocorrelation function for two parts of the spectrum – basic and correction.

(a) (b)

Fig. 13. Comparison of the central part of the autocorrelation function for two parts of the spectrum – basic and correction.

algorithms (centroid and FPC) overlap. The resolution from the value of the power factor 𝑃 is at
a level similar to the one determined for calculating correlations for averaged modes. Raising it to
the second power significantly reduces the resolution calculated for the centroid algorithm from
4.3 · 10−5 RIU to 2.5 · 10−5 RIU, but only slightly for the FPC algorithm from 2.6·10−5 RIU to
2.5 · 10−5 RIU. The best resolution result obtained is 2.5 · 10−5 RIU and this is a result at a level
similar to the mode averaging method. Values of the power of 𝑃 larger than two are not beneficial
because they result in increased resolution values for both algorithms.

4. Cut-off wavelength shift determination

Precise determination of the cut-off wavelength based on the TFBG spectrum is possible only
for selected SRI values, for which the cut-off boundary is exceeded by a specific mode. This is
because such a mode stops shifting and its amplitude begins to decrease. The position of the
cut-off wavelength between modes can only be approximated. For measurements of SRI values
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Fig. 14. Dependence of the main lobe shift of the cross-correlation part of the spectrum on the SRI value.

based on the cut-off wavelength, calibration must be performed. In such a case, it is not necessary
to precisely determine the cut-off wavelength but to shift it relative to the reference spectrum.
The determination of the cut-off wavelength shift can be performed in several ways. In each case,
the use of several digital signal processing algorithms is required. In this article, we used the
initial differentiation of the spectrum. Thus, we eliminate the constant component and slowly
change the components of the spectrum which do not carry information. Then, we calculate the
absolute value of the differentiated spectrum. In the next step, we use a non-causal filter with a
finite impulse response. Such a filter does not shift individual components of the spectrum. In
our calculations, we used a filter with a Gaussian impulse response shape. In the next step, we
calculate the derivative (first difference) (Fig. 15b) of the previously smoothed spectrum (Fig.
15a). The position of the cut-off wavelength was determined by using the centroid algorithm. The
dependence of the cut-off wavelength shift on the SRI is shown in Fig. 16. The characteristic is
linear and has a determination coefficient 𝑅2 of 0.9994. Raising the processed spectrum to the
second power reduces the resolution value from 1.97 · 10−5 to 1.75 · 10−5 RIU. This is a noticeable,
but not significant change. As for the previous algorithms, increasing the power of 𝑃 above 2 does
not improve the resolution value.

(a) (b)

Fig. 15. Smoothed absolute value of the derivative of the optical spectrum a) and its derivative b).
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Fig. 16. Dependence of the cut-off wavelength on the SRI value.

5. Conclusions

We performed a comparison of properties of local and global wavelength shift algorithms. The
local shift was determined by two methods: centroid, fast phase correlation, and its combination
with cross correlation. Three differential data configurations were used. These are differences
in shifts of individual peaks, differences in shifts of averaged peaks in certain spectral ranges,
and differences in shifts of two spectral ranges. The great advantage of the differential method
of two spectral ranges (mode averaging and direct) is that you can obtain a better linearity of
the dependence of the shift on the SRI. The resolution of the local method was 2.4 · 10−5 RIU.
However, the global wavelength shift method turned out to be much more advantageous. This
method uses the following steps: applying a differentiating filter, calculating the absolute value,
smoothing the signal, and calculating the derivative of the smoothed signal. The global method
for determining the cut-off wavelength shift is a linear method and its resolution was 1.75 · 10−5

RIU. In the case of both types of algorithms, it is advantageous to raise the processed spectrum to
the second power, which significantly improves the resolution. The sensitivity of the wavelength
method is 500.1 nm/RIU and is much higher than the average differential sensitivity of the local
method of 3.6 nm/RIU. The comparison of methods proves much more favourable for the global
method. It is characterised by much higher sensitivity and better resolution of SRI determination.
Additionally, the method of determining the cut-off wavelength is linear and allows determining
the refractive index in a wider range of values.
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