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ABSTRACT

Tilted fibre Bragg gratings (TFBG) are used as sensors in the measurement of many physical and chemical quan-
tities. Measurement is performed indirectly by analysing the power of light transmitted at a specific wavelength
or in a selected range of light wavelengths. The wavelengths to be used are chosen arbitrarily by the researcher.
However, a change of parameters of the TFBG grating requires reselection of the wavelengths to be used in the
measurement. Due to the fact that the TFBG spectrum most often shows the most significant sensitivity to changes
in the measured parameters in the cladding mode range or a shift of the Bragg resonance, these are most often used
in measurements. The need for human selection of the wavelength range to use was the motivation to undertake
research into a method for automatic feature extraction of the TFBG spectrum. The method is designed to enable
the identification of the cladding mode minima, the range of wavelengths at which they occur, and the wavelength
at which the Bragg resonance occurs. In addition, the heights of the cladding mode minima and the Bragg mode
were calculated. The developed algorithm detects key features of TFBG transmission spectra for both P and S po-
larisation. It automatically identifies the cladding mode range, including their minima and maxima. Furthermore, it
allows the determination of the position and height of the Bragg mode for TFBGs with tilt angles up to 6 degrees.
The present solution is a pioneering work providing a basis for automating the selection of wavelength ranges or

spectrum features for use in TFBG-based sensors.
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INTRODUCTION

Tilted fibre Bragg gratings (TFBGs) are used
as sensors to measure many physical and chemi-
cal quantities [1, 2]. However, the measurement
effect obtained often depends on selecting appro-
priate parameters of the fibre and TFBG structure
[3, 4]. It is also important to use appropriate fibre
core material doping [5]. The spectral response
depends on the Bragg structure’s tilt angle, their
spacing, and the amplitude of refractive index
changes in the core [6, 7]. Also, the cut-off wave-
length shift caused by a change in the surround-
ings® refractive index (SRI) depends on the tilt
angle [8]. The spectral response of TFBG can be
analysed in its entirety, but in this case, the wave-
length range in which the light spectrum is mea-
sured is adjusted. This type of solution is used to

measure the bending radius or twist of an optical
fibre [9, 10]. An analogous situation occurs when
measuring the angle of rotation of the plane of
polarisation of light [11, 12]. Also, pH and pres-
sure measurements require selecting the correct
wavelength range of light [13, 14]. In the process
of detecting mercury ions, the shift of the se-
lected minimum of the cladding modes is studied
[15]. In the SRI measurements, the shift in cut-
off wavelength that occurs in the cladding mode
region is analysed [16, 17]. A problem found in
many works is switching between spectral peaks
caused by spectrum shift when SRI changes [18,
19]. TFBGs are also used to detect and measure
concentrations of various substances [20, 21].
This is possible by coating them with a thin lay-
er of a substance that changes its SRI under the
influence of absorption of the molecules of the
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detected substance [22, 23]. Also important is the
fact that the sensitivity of the sensor can depend
on the choice of the cladding mode or the wave-
length range of the light being analysed [24]. As
shown in [25], various modes of light propagat-
ing by TFBGs show varying levels of sensitivity
to temperature changes. It was demonstrated in
[1] that different portions of the light spectrum
exhibit sensitivity to different external factors.
In sensors that allow simultaneous measurement
of multiple parameters, it is necessary to identify
multiple features of the TFBG spectrum [26, 27].

In all cases presented, selected wavelength
ranges or specific spectral features are analysed,
such as the location of minima of selected modes
or distances between them. In the case of the de-
scribed solutions, the researcher arbitrarily selects
features or wavelengths to be used on the basis of
spectrum analysis. The use of TFBGs having dif-
ferent parameters forces a re-analysis of the spec-
trum and selection of the range of wavelengths
of light or features to use. This process could be
automated through the use of spectrum analysis
algorithms to identify its key features. Existing
methods for the analysis of the transmission spec-
trum of TFBGs focus on the extraction of single
spectral features dedicated to specific sensors.
This motivated the development of a method al-
lowing the identification of key features of the
transmission spectrum of TFBGs. The main goal
of the paper is to create a method for analysing a
spectrum of light propagating through the TFBG
and extracting its features, such as the position
of the Bragg mode, the wavelength range of the
cladding mode area, as well as the position of the
cladding mode minima and their heights.

The rest of the paper is organised as follows:
the related works section analyses existing signal
processing solutions used to analyse the spectral
response of TFBGs. The Materials and Methods
section discusses the basics of Bragg gratings,
presents the measurement setup and discusses the
proposed method for extracting selected features
of the TFBG spectrum. In the Discussion and re-
sults section, the results obtained are presented and
discussed. A summary and conclusions of the work
carried out are included in the Conclusions section.

Related works

Signal processing uses many methods. Vari-
ous types of transforms, filtering, machine learn-
ing, and deep learning, which find application in

many fields [28, 29]. Some of them can be suc-
cessfully used to process the light spectrum, but
to obtain satisfactory results it is necessary to
properly select features to examine [30].

The authors of [31] have developed a method
for determining the plasmon resonance wave-
length based on the analysis of the TFBG trans-
mission spectrum. They do this by determining
the superposition of a set of maxima or minima
near the plasmon resonance wavelength. The
light spectrum is pre-filtered to remove high-fre-
quency components. Filtering is done by calculat-
ing the light spectrum’s Fast Fourier Transform
(FFT) and removing the coefficients representing
the high-frequency components. The spectrum
is then aligned with the horizontal axis and low-
pass filtered again using the FFT. The minima
and maxima of the filtered signal are then deter-
mined by identifying the wavelengths of light for
which the derivative of the signal changes sign,
after which the heights of all peaks are calculated
and the position of the peak closest to the spectral
constriction is initially determined. Due to the low
precision of the method, the authors propose three
additional methods to determine the position of
the spectral constriction precisely. Two of these
involve fitting functions defined by the authors to
maxima adjacent to the pre-determined spectral
constriction. The minimum of the function de-
termines the correct wavelength of the spectral
constriction. The third method is also based on a
search for the extremum of a function. It incorpo-
rates two functions — one is fitted to the maxima
and the other to the minima of the filtered signal.

Despite the development of algorithms for de-
termining the position of the spectral constriction,
the proposed method is not fully autonomous —
it requires a significant number of parameters
whose values depend on the TFBG parameters.

In [32], a method for determining the cut-
off position in the light spectrum is presented.
The light spectrum was pre-filtered and aligned
according to the method presented in [31]. The
upper and lower envelopes of the spectrum were
then determined by approximating the maxima
and minima with the smooth curves proposed
by the authors. Their inflection points were then
determined, which were used to determine the
wavelength cut-off position.

The other approach to SRI measurement was
proposed in [33]. Gabor filters were used to fil-
ter and process TFBG spectrum. At first spectrum
was lowpass filtered and aligned. Then envelope
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shifts and envelope derivatives were used to de-
termine SRI. A linear relationship between the
shift of the maximum of the first derivative and
the change in SRI was identified.

The envelope of the low-pass filtered light
spectrum was also used in [34] to evaluate chang-
es in the light spectrum caused by a change in the
angle of polarisation plane rotation of the light
reaching the cascade of two TFBGs. However,
the authors limited themselves to only analysing
the field between the lower and upper envelopes
of the signal.

In [11, 12], a transformation of the spectrum
of light propagating through the TFBG using
wavelet and Fourier transforms is applied. In both
cases, the change in the value of selected trans-
form coefficients or groups of transform coeffi-
cients is analysed to measure the angle of rotation
of the plane of polarisation of the light.

MATERIALS AND METHODS

Construction and working principle of TFBGs

A tilted Bragg grating is a structure created in
the core of an optical fibre. By irradiating the fibre,
the refractive index of selected areas of the optical
fibre is modified. In this way, planes of altered re-
fractive index are created in the core. In the case of
fibre Bragg gratings (FBGs), the planes produced
coincide with the axis normal to the fibre. In the
case of TFBGs, they are positioned at the non-zero
angle to the axis normal to the fibre and this angle
is called the tilt angle of the structure (@). The
presence of a TFBG in the fibre core causes some
of the light propagating through to be reflected to
the fibre’s cladding, causing a series of minima in

light reflected to the cladding
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Figure 1. Structure of the TFBG and light
propagation within the TFBG
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the transmission spectrum called cladding modes.
Part of the light is reflected along the fibre axis
creating an additional minimum in the transmis-
sion spectrum called a Bragg mode. The remain-
der of the light is transmitted through the fibre.
The wavelengths at which the individual minima
occur depend on the @ and the distance between
the Bragg structures [35]. A schema of the TFBG
structure and the propagation of light within the
TFBG is shown in Figure 1.

Interrogation setup

The light spectra used in this work were
captured using the system shown in Figure 2.
The light emitted by the superluminescent diode
(SLED) is propagated through a polariser and a
half-wave plate, allowing the angle of rotation of
the light polarisation plane to be controlled. The
light is then divided by a 50:50 splitter into two
beams, one of which is directed to the TFBG and
the optical spectrum analyser (OSA) attached to
it, while the other to an additional spectrum anal-
yser. In this way, the spectrum of light propagat-
ing through the TFBG and the spectrum of the
light source can be recorded.

The system in question used a Thorlabs SSF-
C1550S-A2 light source (SLD), Thorlabs CFP2-
1550A collimators, an electronically controlled
half-wave plate Thorlabs WPHSMO05-1550, and
Yokogawa AQ6730D spectrum analysers.

The present study investigated the spec-
tral responses of 10 TFBGs with tilt angles
®€{1,2,..,10}. The studied TFBGs were fabri-
cated according to the phase mask method using
an excimer laser. For each grating, spectra for P
and S polarisation were recorded. Wavelengths of
light from 1400 nm to 1660 nm were recorded
with the OSA sensitivity set to MID with a resolu-
tion of 0.0052 nm.

Transmission spectrum of a TFBG and its
components

The light propagating through the TFBG is
modified due to the reflection of parts of light of
different wavelengths. The reflected light compo-
nents do not propagate through the TFBG, result-
ing in minima in the transmission spectrum of the
light. Figure 3 shows the spectra of light propa-
gating through the TFBG with ®=4° and the light
source that was used in this study. In the TFBG
spectrum, the Bragg resonance and the cladding
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Figure 2. Interrogation setup

mode region are marked. From the point of view
of sensor design, these are the most essential parts
of the spectrum. The cladding mode region shows
the most significant sensitivity to changes in mea-
sured physical and chemical parameters[10].

The TFBG spectrum shown in Figure 3 is
distorted. The TFBG reflects wavelengths of
light with varying efficiency. The power of the
reflected light is proportional to the power of
the light generated by the light source at a given
wavelength. SLED light sources used in laser
technology generate light of different powers at
different wavelengths (Figure 3). Therefore, the
transmission spectrum of the TFBG depends on
the spectrum of the light source. Researchers usu-
ally divide the transmission spectrum of TFBGs
by the spectrum of light fed into the TFBG. This
reduces the light source’s uneven power impact
across wavelengths. However, the problem is
that the spectra are noisy due to both the noise

x107
6

generated by the light source and the noise of
the measurement system, which can introduce
wavelength shifts of the minima. Therefore, this
paper proposes dividing the TFBG spectrum by
the approximation of the light source spectrum
obtained by regressing the SLED spectrum with
an 8th-degree polynomial. A plot of the calcu-
lated approximation is included in Figure 3. The
approximation used reproduces the SLED light
spectrum well in its central part. However, there
are distortions near the ends of the approximated
range. For this reason, measurements were made
in a more extensive range of wavelengths than
necessary from the point of view of the present
research, and the extreme parts of the spectrum
and their approximation were omitted.

In the remainder of this article, the TFBG
spectra divided by the light source spectrum
approximation will be used (Figure 4). For the
purposes of this article, light spectra for each

transmission coefficient [-]
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Figure 3. SLED and TFBG light spectra
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Figure 4. TFBG spectrum divided by the approximation of SLED spectrum

examined TFBG were measured for S and P po-
larisation at a resolution of 0.005 nm with the
OSA sensitivity set to medium.

A method for the coarse identification of
minima in a spectrum

Due to the noisy nature of the light spectra,
direct detection of minima is not possible. There
are many local minima in the spectra due to the
presence of interference. For this reason, a coarse
identification of the wavelengths of light at which
the minima occur was first made according to the
algorithm presented in Figure 5. All samples, be-
ing a minimum in the interval R =[x - 0.1 nm, x +
0.1 nm], where x is the wavelength corresponding
to the analysed minimum, were searched for. The
size of the R interval results from the measured dis-
tance between consecutive cladding mode minima.
For TFBGs with a tilt angle between 1° and 10°, it

rangeMin==LS(i)

| rangeMax=max(LS(i-20:i+20)) |

| D=(rangeMax-rangeMin) *0.05

isDecreasing(LS(i-20:i-1)) &
isIncreasing(LS(i+1:i+20))

add LS() to CM

|

ranges from 0.15 nm to 1.7 nm. It is worth noting
that the distance between cladding mode minima
varies in wavelength and is also affected by the tilt
angle of the TFBG. In Figure 5, this range was giv-
en as a number of samples resulting from the sam-
pling resolution used. Each of the identified minima
was verified by checking if the samples’ values on
either side of the identified minimum are ascending
sequences. Samples in these sequences were num-
bered so that the smallest indexes had samples adja-
cent to the local minimum analysed, and the largest
indexes had samples furthest away. Due to possible
noise, non-monotonic sequences meeting the con-
straint defined by Equation 1 were also allowed:

(D

where: w_ is the value of the i+1-th sample of the
string, w, is the value of the i-th sample of
the string, and D is the accepted value dif-
ference defined by equation 2:

Wit1 > V4] +D

read measured light spectrum (LS) /

Y

len=LS samples number, =21 |

(]

create empty table CM I

Figure 5. Diagram of the coarse minima search algorithm
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D = (Max(R) — Min(R)) x 0.05 (2)
where: Max(R) and Min(R) denote the largest and

smallest sample value, respectively, in the
interval R.

All samples satisfying the above conditions
are stored in the coarse minima (CM) set. The
scheme of the algorithm verifying if a sequence
of samples is decreasing is presented in Figure 6.

Determining the width of the search
window

Searching for the minima of individual
modes in the noisy TFBG spectrum requires es-
timating the largest distance between the min-
ima of the cladding mode range. For this pur-
pose, the distances between consecutive minima
from the CM set are calculated on the base of
coarse minima search result performed with al-
gorithm presented in Figure 5. Experimentally,
it has been found that up to 10% of the largest
distances contain erroneous values due to the
omission of some minima in the spectrum. For
this reason, these distances are discarded. To mi-
nimise the impact of significant differences that
may exist in the set of calculated distances, the
average of the distances between the 80th and
90th percentiles of the distances arising from the
coarse minima search algorithm is taken as the
initial search window size (WS, ).

Determining the list of spectrum minima

The minima search method uses a search win-
dow, which is a separate sequence of consecutive
samples of the light spectrum. The search win-
dow has a specified size (WS), which is defined,
on the base of ocarse minima search result, as
the number of samples of the spectrum, set to the
value WS, at the start of the search for minima. A
window of this size is used to search for the first

six minima. As the distances between the minima
of the cladding modes decrease with increasing
wavelength, the window size is modified during
the search process. Its size is set to the average of
the distances between the last six minima, with
a window no smaller than 0.15 nm. A 0.15 nm
window is used when the calculated window size
is smaller.

The search begins by setting the window at
the start of the TFBG spectrum and identifying
the sample (P, ) with the smallest value (W, )
within the window. If the sample is close to the
window edge, it must be verified as a true lo-
cal minimum. This is done by verifying that the
sample is the minimum in a window centred on
it with a size of 0.8 WS. If it meets this condition,
it is added to the list of minima found (ML), if
it has not already been placed there. If the veri-
fied minimum does not meet the condition, its
distance from the last minimum in the ML list is
calculated. If this distance is greater than 2§,
then it is verified whether the analysed sample is
a minimum in a 0.1 nm interval centred on it. If
so, it is added to the ML list. Verifying this addi-
tional condition allows the identification of local
minima at the boundaries of the spectrum, which
may have an increasing or decreasing trend (see
Figure 4) due to imperfections in fitting the spec-
trum approximation of the light source.

After verifying the minimum found in the
search window, the size of the search window is
modified, and the window is shifted to the right
by 0.1/S. Finally, minima less than 3% of the
height of the largest minimum of the cladding
modes are removed from the list of minima. This
helps eliminate false minima outside the cladding
mode region. The diagram of the minima search
algorithm is presented in Figure 7. To simplify the
diagram, it omits the protections against exceed-
ing the range of arrays.

read values vector (val) and D /

v

| len=val samples number, i=1, decreasing=true ‘

val(i)+D<val(i+1)

‘ i=i+]

€s /\no
Y <=len-1

N (" Return
g \ decreasing

decreasing=false !

Figure 6. Diagram of the decreasing function
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W read measured light spectrum (LS) and WS, /

Y

‘ create empty table ML |

v

len=LS samples number, i=1,WS=WS,,,
rBegin=1, lastMinIndex=0, shift=round(WS/10)

Yy

Y

rBegintWS<len

no

Tr=0.03*max(ML) |

Remove form ML all

yes

values less than Tr

Return ML

rangeMin=min(LS(rBegin:rBegin+Ws))
indexMin=index of minimum in LS(»Begin:rBegin+Ws)
pozMin=indexMin-2*WS§
verifiedMin=indexMin>lastMinIndex &
rangeMin==min(indexMin-04 WS:index Min+0.4WS) |
pozMin>lastMinIndex & rangeMin==min(indexMin-10:indexMin+10)

no

verifiedMin==true

4' rBegin=rBegin+tshift |<
A

[

yes attach rangeMin to ML

WS=max(mean(ML(i-6:1)),30)
shift=round(S/10)

lastMinIndex=indexMin
i+

Figure 7. Diagram of the minima search algorithm

Calculating the mode height

The mode height (MH) is defined as the dif-
ference between the largest and smallest value of
the transmission coefficient occurring in the mode
wavelength range. The smallest value occurs at
the mode’s minimum and is easy to identify. It
is difficult to identify the largest mode’s value.
Firstly, the result of dividing the TFBG spectrum
by the light source spectrum is distorted, result-
ing in different values between the maxima oc-
curring on the two sides of the minimum, as can
be observed in Figure 8. Secondly, it is difficult to
determine the boundaries of individual modes un-
ambiguously. To address the issues identified, the
maximum value was determined by finding the
highest transmission coefficient on the left (max,)
and right (max,) sides of the mode’s minimum.
The mode’s maximum value was then calculated
as the average of these two values:

max, = (max, + max,)/2

A3)

To avoid determining a mode’s boundaries,
each of the maxima (max,, max,) was sought in
the interval between the minimum of the anal-
ysed mode and the nearest identified neighbour-
ing mode’s minimum. Figure 8 shows a spec-
trum fragment where the minimum of the anal-
ysed mode is marked with a black asterisk and
the minima of neighbouring modes are marked
with blue asterisks. The red colour indicates the
range in which max, was searched, and the green
colour the range where max, was searched. The
mode’s height was calculated according to the
formula:

MH = max,,— min

“4)

where: min, is the value of the transmission co-
efficient at the minimum of the analysed
mode.

M
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Determining the largest cladding mode

Depending on the tilt angle of the Bragg
structures, the largest cladding mode, ghost or
Bragg mode may have the greatest height. To
identify the occurrence of any of these modes, it
is sufficient to analyse the three largest minima
of the spectrum. However, measurement inter-
ference can cause additional minima to appear
in the actual measurement spectrum, which the
proposed algorithm will detect. An example of

such interference is shown in Figure 9, where the
Bragg mode can be seen to have been identified
as two independent minima in the fragment of
the spectrum shown. In the most unfavourable
scenario, the ghost and Bragg modes are larger
than the largest sheath mode and, due to the in-
terference, each has been classified as two in-
dependent minima. In this situation, the biggest
cladding mode will be the fifth largest maximum
of the spectrum. To account for the occurrence of
the present scenario, the five largest minima of
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Figure 9. Spectrum fragment containing measurement artefacts



Advances in Science and Technology Research Journal 2025, 19(12) 1-16

the TFBG spectrum, hereafter denoted as Max-
S5Modes, are analysed in the search for the larg-
est cladding mode. They are analysed sequen-
tially, starting from the minimum occurring at
the shortest wavelength of light. If a minimum is
found that meets the conditions set for the largest
cladding mode, the search is terminated.

The distinction between the largest cladding
mode from the ghost and the Bragg modes can
be made by analysing their neighbourhood. The
Bragg mode is adjacent to modes of relatively
small height. Exceptions can be made for spectra
of TFBGs having small @ angles, where modes
of considerable height, in particular ghost type,
can be found to the left of the Bragg mode. In
the case of the largest cladding mode, modes
of similar magnitude occur on both sides of it.
Therefore, the 20 minima with the most signifi-
cant height were identified in the whole spec-
trum, and the height of the lowest of these (4,
was determined. Then, for the minima from the
Max5Modes set, an evaluation was performed by
verifying that the minimum being evaluated is the
largest among the six preceding and six follow-
ing identified minima of the spectrum, and that
there are at least six minima among 12 compared
neighbouring minima meeting the condition:

H 2 H, 5)
where: H.is the height of the minimum.

The first minimum from the set of Max-
SModes satisfying the above conditions is the
highest cladding mode minimum. In the follow-
ing, it will be denoted by MaxCMode, and its
height will be denoted by the symbol HMCM.

Filtering the minima list

The method of determining the list of spec-
trum minima detects some other minima, in ad-
dition to the mode minima, generally with much
smaller values, which are local signal minima.
Their presence in the list of detected TFBG
spectrum minima is undesirable, as it may inter-
fere with the cladding mode range identification
method. For this reason, a method for filtering the
list of found spectral minima is proposed. In this
method, the height of each identified minima (#))
is compared with the heights of four neighbouring
minima — the two nearest to the shorter wave side
and the two nearest to the longer wave side. If the
height of any of the neighbouring minima is less

than 0.5H, then that minimum is removed from
the list of identified minima. The method works
well in the lower wavelength range of the cladding
mode region. It may produce undesired effects in
the vicinity of ghost and Bragg modes in the case
of TFBGs with small values of ®. Because of this,
the method is applied only for minima located to
the left of the largest cladding mode minimum.

Determining the cladding mode range

Calculating the wavelengths corresponding
to each mode [35] allows for precisely identify-
ing the cladding modes and their range. However,
this is not possible in the case under consideration
because the only data we have is the spectrum of
light propagating through the TFBG.

In practical applications, a specific cladding
mode or a range of the light spectrum in which
the cladding modes have significant heights is se-
lected. Therefore, this paper proposes a simplified
method for determining the cladding mode wave-
length range. It is defined as the range of modes
adjacent to the largest cladding mode whose height
is a certain percentage (PM) of the HMCM height.

In the case of TFBGs with small angles ©, the
ghost mode may be adjacent to cladding modes
with significant heights. For this reason, in search-
ing for the right boundary of the cladding mode
region, it is also checked whether the height of the
analysed minimum does not exceed the height of
the highest of the four preceding minima. If this is
the case, this minimum is treated as a ghost mode
outside the cladding mode area.

Identifying the Bragg mode

The Bragg mode can be located directly to the
right of the cladding mode region, or it can be
shifted further towards the longer wavelengths of
light. For TFBGs having a small ©, it is much
larger than the adjacent minima. As @ increases,
the Bragg mode decreases. In the present work,
the detection of the Bragg mode is realised by an-
alysing the height differences of the neighbouring
minima occurring on the right side of the identi-
fied cladding mode region, calculated according
to the formula:

D=|H,~H,| ©

where: i is the index of the minimum, H, is the
height of the i-th minimum, H , is the
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height of the i-1st minimum, and D, is the
height difference between the i-th mini-
mum and the one preceding it.

The right boundary of the cladding modes
area is determined using the algorithm outlined
in the previous section, with PM=20%. This PM
value was chosen to include as many minima of
the cladding modes as possible within the detect-
ed area. Additionally, the use of PM=20% ensures
that the algorithm does not include minima out-
side the cladding modes. Thanks to this approach,
reliable detection of the right boundary of the
cladding modes area is achievable.

A subset D containing the four largest dif-
ferences is created from the set of D, differences.
Then the indices of the minima, which correspond
to the values fromthe set D, are verified. If these
are consecutive indices, it means that a minimum
has been identified that differs significantly in val-
ue from its neighbours. Such minima are verified
by checking whether they satisfy the condition:

H>2 % Med (H, o, ,H, JH, H, H, 1) ()

i-1°
where: i is the index of the Bragg minimum and
Med denotes the median of the set of val-
ues. If two minima satisfy the condition
defined by Equation 7, then the Bragg
resonance is the minimum at the larger
wavelength.

If a Bragg resonance could not be found, then
the minima between which the value differences
recorded in the D, set were identified are sub-
jected to analogous verification. If more than one
minimum is successfully verified, it is assumed
that the Bragg resonance is the minimum occur-
ring at the biggest wavelength. If none of the min-
ima passes verification, it means that the proposed
method cannot identify the Bragg resonance.

RESULTS AND DISCUSSION

Minima identification

The developed algorithm allows the identifi-
cation of TFBG spectrum minima measured at S
or P polarisation. The algorithm’s task is to iden-
tify the minima of the cladding mode range and
the Bragg mode, as these are the most commonly
used in measurements due to their high sensitiv-
ity to changes in measured parameters. All steps
of the algorithm presented in the Materials and
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Methods section are obligatory and have to be ap-
plied to obtain the correct result.

The identification of minima involves sev-
eral steps. In addition to mode minima, coarse
minima identification returns many additional
minima, which are local minima in the light
spectrum. The results obtained make estimating
the greatest distance between cladding modes
possible. On this basis, a search for spectrum
minima is possible. The search process uses
the calculated distance between minima, based
on which the width of the search interval is de-
termined. The design of the proposed algorithm
guarantees the detection of all cladding mode
minima. However, the presence of noise in the
TFBG spectrum prevents the effective rejection
of other local minima of the spectrum. For this
reason, many of the local minima, often result-
ing from spectrum noise, are placed in the set
of identified minima. Only minima with a small
value identified inside the cladding mode region
are a problem. As these minima are significantly
lower than the cladding mode minima, it is pos-
sible to identify and remove them from the set
of identified minima using the proposed filtering
method for the list of minima. Figure 10 shows
a fragment of the TFBG spectrum with the min-
ima identified in the successive steps of creat-
ing the list of minima of the TFBG spectrum.
It can be seen that the minima identification
algorithm correctly identified all the cladding
mode minima in the central part of this area. In
the left part of the cladding mode region cor-
responding to shorter wavelength light waves,
many additional local minima of small height
were identified (see Figure 10). These minima
were successfully detected and removed from
the set of minima by the minima list filtering al-
gorithm. The algorithm works correctly only if
cladding mode minima are at least twice as high
as noise-induced minima. It is also impossible
to apply the filtering algorithm to the right part
of the cladding mode spectrum, because some
cladding mode minima can be removed from the
minima list if there is a ghost mode immediately
behind them, being at least twice as high as the
adjacent cladding mode minima.

The effectiveness of the method for detecting
minima and determining the range of cladding
modes, as well as detecting the largest cladding
mode minima, was verified. It was done by using
the developed method to identify the aforemen-
tioned spectral features. The test was performed
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Figure 10. Minima identified in the spectrum

Table 1. Features extraction result for PM=10%

o Correctly |dent|f|§d cladding Additional minima detected Not detected minima Correctly identified cladding
mode minima mode range

1 97.3% 5.4% 2.7% yes

2 98.6% 1.4% 1.4% yes

3 98.9% 1.9% 1.1% yes

4 100.0% 1.6% 0.0% yes

5 100.0% 0.0% 0.0% yes

6 100.0% 0.0% 0.0% yes

7 100.0% 0.0% 0.0% yes

8 98.5% 1.5% 1.5% yes

9 100.0% 5.6% 0.0% yes

10 100.0% 0.0% 0.0% out of range

Table 2. Features extraction result for PM=20%

(€] Cor_rectly |dent|f|e_d Additional minima detected Not detected minima Correctly identified cladding
cladding mode minima mode range
1 97.0% 0.0% 3.0% yes
2 98.6% 1.4% 1.4% yes
3 100.0% 0.0% 0.0% yes
4 100.0% 0.0% 0.0% yes
5 100.0% 0.0% 0.0% yes
6 100.0% 0.0% 0.0% yes
7 100.0% 0.0% 0.0% yes
8 100.0% 0.0% 0.0% yes
9 100.0% 0.0% 0.0% yes
10 100.0% 0.0% 0.0% yes

for three PM values: 10%, 20% and 30%. The re- of cladding modes and analysed spectral features.
sults obtained are presented in Tables 1-3. When smaller PM values are used, the result

The proposed algorithm reliably detects may be subject to error, especially in the case of
minima in the TFBG spectrum. Setting the PM  TFBGs having a slight tilt. This is due to the oc-
> = 30% allows error-free detection of minima  currence of a significant number of local minima
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Table 3. Features extraction result for PM=30%

(C] Correctzgggn:rifiiﬁziigladding Additional minima detected Not detected minima Correctlzqi;iéa:trigﬁgecladding
1 100.0% 0.0% 3.7% yes
2 100.0% 0.0% 0.0% yes
3 100.0% 0.0% 0.0% yes
4 100.0% 0.0% 0.0% yes
5 100.0% 0.0% 0.0% yes
6 100.0% 0.0% 0.0% yes
7 100.0% 0.0% 0.0% yes
8 100.0% 0.0% 0.0% yes
9 100.0% 0.0% 0.0% yes
10 100.0% 0.0% 0.0% yes

in the spectrum resulting from signal noise. The
height of these minima may exceed 10% of the
height of the biggest minimum of the cladding
modes. Decreasing the value of the PM param-
eter results in an attempt to detect cladding modes
having insignificant heights. If these heights are
close to the height of the minima resulting from
spectrum noise, it will be impossible to determine
the limit of the cladding mode range. It will also
be impossible to filter out undesired minima de-
tected in the cladding mode range. This problem
is illustrated in Figure 11, where the results ob-
tained for TFBG with ® = 1 and PM = 10% are
shown. At wavelengths 1546.5 nm and 1547 nm,
additional minima, positioned between cladding
mode minima, were detected. They have not been
filtered out due to insufficient height difference
between them and the neighbouring cladding
mode minima. On the spectrum shown in Figure
11 at wavelength 1560.3, a minimum is visible
that was not identified because it was too close to
another, higher minimum.

Figures 11 and 12 show the results of the
algorithm implementing the developed method
for different spectra. As shown in Figure 11, the
spectrum of ® = 1° TFBG exhibits a Bragg res-
onance much larger than the minima of cladding
modes, whereas in the case of ® = 5°, as pre-
sented in Figure 12, this proportion is reversed.
The range of the identified cladding modes is
marked red. In both presented cases, the clad-
ding mode region and the Bragg resonance were
identified correctly.

Identifying the Bragg resonance

Bragg resonance is searched for in the wave-
length range longer than the maximum wave-
length of the cladding modes. In the process of
identifying the cladding mode range, a value of
PM=20% was experimentally selected. This val-
ue enables the reliable determination of the ac-
cepted limit of the cladding mode range. At the
same time, it allows for optimising the search

T T 7
08} ﬂ H m .f | l‘ ]
= M | 1
R
[&]
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15}
=
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g x identified minima
= o biggest cladding mod
@ * Bragg resonance |
§ 0.2

1 1 1 1 J{ L

1545 1550 1555 1560 1565

wavelength [nm]

Figure 11. Spectrum features extraction for ®=1° and PM=10%
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process. Most of the minima with significant
height will be included in the cladding mode
range. It automatically eliminates them from
further analysis in the Bragg minimum identifi-
cation process, reducing the computational cost.
Since the Bragg minimum is identified based on
the analysis of neighbouring minima height dif-
ferences, its detection with the proposed method
is possible only when it is at least twice the me-
dian height of neighbouring minima. The per-
formed tests showed that the proposed algorithm
correctly detects the Bragg minimum for TFBGs
having @ <= 6°. For TFBGs with larger angles,
the algorithm returned information that detect-
ing the Bragg mode was impossible. The study
did not identify a case of incorrect detection of
Bragg resonance.

Algorithm performance

One of the key aspects of any algorithm is
its computational complexity and execution time
[36]. The execution time of the presented algo-
rithm was verified by running a single-threaded
instance in the Matlab 2025a environment on
a computer equipped with an Intel Core™ i5-
1345U processor clocked at 1.6 GHz. The time
measurement was started after loading the data
from the disk and ended when the program fin-
ished running. The timing was performed for
transmission spectra obtained from TFBGs with
tilt angles @ = {1°, 2°, ..., 10°}. For each spec-
trum, the measurement was repeated ten times.
The median execution time was 0.0361 seconds,
with a standard deviation of 0.0068 seconds, in-
dicating low variability in runtime. The minimum
observed time was 0.0274 seconds, while the

maximum reached 0.0477 seconds. This level of
consistency demonstrates the algorithm’s stable
computational performance across repeated runs.

The algorithm’s execution time is low and can
be reduced further by using a different program-
ming language and implementing multithreading.
This enables the proposed solution to be utilised
in real-time systems.

Polynomial degree adjustment

To minimise the impact of the light source on
the TFBG transmission spectrum, the transmis-
sion spectrum was divided by an approximated
light source spectrum. The reason for using ap-
proximation was the noise present in the light
source spectrum. This approximation was per-
formed using polynomial interpolation. However,
selecting the appropriate polynomial degree was
necessary. A degree that is too low would not ac-
curately represent the spectrum, while a degree
that is too high could lead to overfitting, increas-
ing the noise in the approximated spectrum. To
determine the optimal degree, 10 recorded spec-
tra of light reaching the TFBG were chosen. Each
spectrum was approximated using polynomials of
degree three to ten. Subsequently, the MAE be-
tween the spectra and their approximations was
calculated. The average MAE values for vari-
ous polynomial degrees are presented in Table
4. Figure 13 depicts the approximation graphs
of an example light spectrum with polynomials
of different degrees. The results indicated that
polynomials up to the seventh degree could not
accurately model the light source spectrum. An
eighth-degree polynomial, however, provided
a correct approximation, although it introduced
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Table 4. MAE of light source spectrum approximation
using different degree polynomials

Polynomial degree MAE

3 1.39 x 100
2.54 x 10"
2.3 x10M"
2.36 x 102
2.1 %1071
2.38 x 103
2.38 x 103
2.36 x 10"

Ol |N|O|lo| s

-
o

distortions at the edges of the interval. Using
polynomials above degree eight slightly reduced
MAE, but mostly overfitted noise. Additionally,
higher degrees increased computational complex-
ity. Consequently, an eighth-degree polynomial
was chosen for this study.

CONCLUSIONS

Extraction of spectral features is challenging
due to the significant variation of TFBG spectra
with different @ angles and their considerable
noise. Attempts to reduce the level of noise by
filtering the spectrum did not yield the expected
result. It is due to the signal distortion introduced
and the loss of some information relevant to the
analysis. Developing a spectrum feature extrac-
tion method required the development of com-
plex signal analysis algorithms.

The developed method for analysing TFBG
spectrum features is pioneering work. It provides
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a basis for further work leading to the automation
of the process of selecting wavelength ranges or
cladding mode minima for use in measurements
performed using TFBGs.

The present method of extraction of selected
features of the TFBG spectrum allows analysis
of spectra measured for S and P polarisations. It
successfully detects cladding mode minima in the
range of 20-100% of the highest cladding mode
minimum height. It allows for the identification of
the wavelength range in which the cladding mode
region is located, the calculation of the height
of the individual minima, and the identification
of the largest one. The method also detects the
Bragg resonance if its height is more than twice
the median of nearby minima.

The proposed algorithm is designed for fea-
ture extraction from light spectra obtained from
straight TFBGs. Using the algorithm with TFBGs
subjected to bending, twisting, or coating requires
additional modifications.

The algorithm’s limitations, discussed in the
text, do not affect the correct identification of the
analysed spectral features.

Future work: due to the high complexity of
the minima detection algorithm, it should be in-
teresting to investigate the possibility of detect-
ing spectrum minima using machine learning
techniques successfully used in other applications
[37,38]. The other research field is to extend fea-
ture detection to spectra measured at any polari-
sation. It would also be interesting to examine the
possibility of a spectrogram [39] and statistical
dependencies [40] usage in future research.
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