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ABSTRACT

Sensors using tilted fibre Bragg gratings (TFBG) are now widely used and intensively developed due to their high
precision, interference immunity, small size and low price. One of the parameters that can be measured with them
is the angle of light polarisation plane rotation (LPPR) propagating in the optical fibre. Existing TFBG sensors
are based on measuring the power of light at a selected wavelength, which results in a limited measurement range
and low precision. Other methods are based on advanced algorithms that process a selected range of the TFBG
spectrum using a wavelet (DWT) or fast Fourier transform (FFT). However, achieving high precision over the
entire measurement range is impossible due to the similar FFT and DWT coefficient variation. In the present
study, it was identified that a cascaded connection of two TFBGs, rotated relative to each other, allows for obtain-
ing the variability function of the cladding mode minima (MMC)) shifted in relation to one another as a function
of the LPPR angle. This enables direct utilisation of the minima values in the algorithm calculating the LPRR
angle based on the light spectrum. Furthermore, the obtained MMC, functions exhibit a significantly lower level
of interference than the previously employed FFT coefficient variability waveforms. These phenomena were used
to develop a method for calculating the measurement result from the measured light spectra. Based on the clad-
ding mode minima values measured for angles 0°, 2°, 4°,..., 180°, a calibration was conducted. An algorithm was
developed to select the MMC, functions that will be used to calculate the measured rotation angle. The developed
solution allows measuring the light polarisation plane rotation angle with equal precision in the range of 0—180°.
Applying the proposed method has improved the measurement’s stability. Compared to existing solutions, MAE
was improved by 2.6% and MSE by 66%.
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INTRODUCTION

Modern measurement systems increasingly
employ light as a means of conveying informa-
tion. This trend is evident in both telecommuni-
cations and in industry. The low attenuation of
optical fibres and their low sensitivity to elec-
tromagnetic interference are essential here [1].
The creation of Bragg structures in the core of
an optical fibre allows for producing highly sen-
sitive sensors that can measure various physical
quantities [2, 3]. Proper utilisation of optical
fibre sensors allows for monitoring the param-
eters of various devices and materials [4, 5].
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However, attention must be paid to the type of
fibre used [6, 7]. Tilted Bragg gratings (TFBG)
have special properties. Because they reflect part
of the light towards the fibre cladding, they al-
low sensitivity to environmental parameters to
be achieved [8, 9]. Apodisation of Bragg grat-
ings enables the reduction of side lobes and the
filtering of the required frequencies [10]. Ad-
ditionally, optical fibres are often coated with
substances. That changes their refractive index
when in contact with certain substances [11,
12]. In this way, it is possible to create chemical
and biological sensors [13, 14]. The issue with
TFBG sensors is their sensitivity to polarisation
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rotation [15]. Some works attempt to reduce the
polarisation influence but this technology is not
perfect yet [16].

Without external influences, TFBGs can be
used to study the parameters of light propagating
through an optical fibre. One such application is
the measurement of the angle of rotation of the
polarisation plane of light propagating through an
optical fibre [17, 18]. The methods used to date to
measure the angle of rotation of the polarisation
plane of light propagating through an optical fibre
use a single TFBG. In the case of hardware-based
methods based on analysing the power of light
transmitted at a specific wavelength, the mea-
surement range is significantly limited, and the
precision is low [17, 18]. In the case of spectrum
analysis methods, reduced measurement preci-
sion is observed in specific rotation angle ranges
and complex calculations are required to obtain
the result [19, 20].

However, it is worth noting that all parameters
of the light spectrum propagating through TFBG
that can be used to measure the angle of rotation of
the light polarisation plane vary periodically with
changes in the polarisation plane angle [19, 20].
These functions have a flattened response near the
extremes. These extremes occur when the plane of
polarisation of light aligns with or is perpendicu-
lar to the normal to the axis of symmetry of the
TFBG. Consequently, using two TFBGs rotated
relative to each other by a certain angle should
produce shifted but related functions.

It is also worth noting that the changes in the
spectrum caused by the change in the angle of
LPPR occur in the cladding modes region [19].
In the case of TFBGs with different parameters,
these regions may occur at different wavelengths.
This makes it possible to connect TFBGs in se-
ries and record their spectra using a single opti-
cal spectrum analyser (OSA). If these TFBGs are
rotated relative to each other by a certain angle,
then with appropriate analysis of the spectrum of
light propagating through such a TFBG cascade,
it will be possible to record the response of both
TFBGs and obtain a sensor that allows stable and
precise measurement of the angle of LPPR in the
range of 0—180°.

The main goal of the paper is to develop an
interrogation system and method for measuring
the angle of LPPR using a cascade of two TFB-
Gs. This will enable reliable measurement of the
LPPR angle with consistent precision throughout
the entire measurement range.

The rest of the paper is organised as follows:
the related works section provides background on
the literature. The materials and methods section
includes a description of the measurement system,
the proposed method for calculating the LPPR an-
gle, and the transformations and measures used.
The results and their analysis are presented in the
results and discussion section. The entire text is
summarised in the conclusions section.

RELATED WORKS

The measurement of the LPPR angle using
TFBG is performed indirectly. The measure-
ment system’s response is the intensity of light
propagating at a specific wavelength or the light
spectrum propagating through TFBG. The results
obtained need to be converted into the angle of
LPPR. Light spectra are treated as continuous or
discrete signals. Popular transformations used in
signal analysis are used to convert them into a
measurement result [21, 22]. These are primarily
the wavelet and Fourier transforms. The appro-
priate selection of features used to calculate the
result is also important [23]. Incorrect selection or
selection of a noisy part of the signal has a nega-
tive impact on the measurement result.

Methods based on measuring the intensity of
light propagating at a selected wavelength were
proposed in [17, 18]. In [17] an OSA was used to
record the spectrum of light propagating through
TFBG. The transmission coefficient for different
LPPR angles at a chosen wavelength was read
from the spectrum obtained. The wavelength was
selected to ensure the transmission coefficient was
measured at the wavwlength where the minimum
of the selected mode S occurs. At the minima of
the modes, there is a significant change in the
transmission coefficient in response to a change
in the LPPR angle. In [18], a hardware solution
was used. A FBG was used to reflect a narrow
range of light wavelengths covering the entire
width of the S mode of the TFBG transmission
spectrum. The power of the reflected light was
then measured using an optical power meter. In
both cases, the results obtained were similar. An
almost linear relationship was obtained between
the measured light power and the LPPR angle
in the range of 25-70°. A flattening of the tested
characteristics was observed in the vicinity of ro-
tation angles of 0°, 90° and 180°. It was impos-
sible to distinguish between the ranges of 0-90°
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and 90-180°. The authors also did not examine
the accuracy offered by the proposed methods.
Due to the way the research was conducted, the
above reports should be treated as demonstrating
the possibility of using the analysed relationships
to perform the mentioned measurements, rather
than as ready-made methods.

Methods for measuring the angle of LPPR
based on advanced processing of the light spec-
trum propagating through TFBG are presented in
[19, 20]. They use the Fourier transform[19] and
the wavelet transform [20] to process a selected
fragment of the light spectrum. The obtained
transform coefficients are subjected to complex
numerical processing in order to obtain their
variability curves as a function of the angle of
LPPR. Both methods allow the LPPR angle to
be measured in the range of 90° — 180°. Despite
using different transforms and different methods
of transforming the obtained coefficients, the
same problem was encountered in both cases.
The variability curves are flattened out for LPPR
angles that are multiples of 45°. This results in
reduced measurement precision in the vicinity of
these angles.

Another interesting phenomenon is the poten-
tial to use variations in the position of a selected
cladding mode minimum to ascertain the LPPR
angle. It has been shown that the minima of the
cladding modes adjust their positions with chang-
es in the LPPR angle [24]. However, no method
has been proposed to measure the LPPR angle.

MATERIALS AND METHODS

Tilted fibre Bragg gratings

TFBG is a periodic perturbation in the refrac-
tive index generated in the core of an optical fi-
bre. It should be understood as a group of parallel
planes characterised by a refractive index differ-
ent from that of the rest of the fibre core. Various
methods exist for producing Bragg structures [25,
26]. For this work, the structures were produced
by exposing the fibre to UV light using a phase
mask method [27, 28]. Since the mask was po-
sitioned at a certain angle ® to the fibre axis, the
planes created are tilted relative to the normal of
the fibre axis at the same angle ®, resulting in the
formation of tilted Bragg structures — TFBG.

The light reaching the TFBG is partially re-
flected. Some of the light that is reflected along
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the fibre core is known as Bragg resonance. An-
other portion is reflected by the Bragg structures
towards the fibre cladding, creating cladding
modes in the transmission spectrum, which con-
sists of a series of minima whose size depends on
the TFBG parameters and the angle of incidence
of polarised light on the Bragg structures. A dia-
gram of the TFBG with the propagation of light
inside the Bragg structures is shown in Figure 1.

For the purposes of this work, two TFBGs
were created: one with ®=6° and the other with
©=10°. The transmission spectra of the produced
TFBGs are illustrated in Figure 2.

The selection of the tilt angles of the TFB-
Gs was intentional, not random. A TFBG with a
small angle @ reacts weakly to changes in polari-
sation [17]. The cladding modes of TFBGs with
similar tilt angles occur at similar wavelengths.
When TFBGs are connected in series, they over-
lap, making it difficult or impossible to read the
measurement results. Another limitation is the
wavelength range in which the available labora-
tory light source emits light. Therefore, TFBGs
were selected such that their cladding mode ar-
eas overlap only slightly, which does not affect
the effectiveness of the measurements, while also
occurring within the wavelength range where
the source emits significant light power. This ap-
proach enabled the acquisition of signals with
substantial power and a high signal-to-noise ratio.

Interrogation setup

The measuring system comprises a super-
luminescent diode (SLED) that transmits light
through an optical fibre to a collimator, creating
a parallel beam that propagates in air. This beam
passes through a polariser and an electronically

light reflected to the cladding
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Figure 2. Used TFBGs spectra

rotated half-wave plate, allowing for changes to
the LPPR angle. The light is then directed through
a second collimator to an optical fibre, where
two TFBGs are placed in series. Each TFBG is
mounted in manipulators that secure them and en-
able rotation to any angle. The spectrum of light
propagating through the TFBGs is recorded by
the OSA. A diagram of the measurement system
is shown in Figure 3.

Before beginning the measurements, the col-
limators were positioned with 3D tables to maxi-
mise the light power reaching the TFBGs. Addi-
tionally, the polariser was adjusted to the setting
that produced the highest light power propagating
through the system. Subsequently, both TFBGs
were aligned using manipulators to achieve P po-
larisation. After this, TFBG 2 was rotated by an
angle of 23 degrees. The system, prepared in this
way, was maintained for an hour to stabilise the
operating temperature of all components.

Measurements

The measurements were preceded by setting
the half-wave plate in its initial position through
a so-called homing operation. This position cor-
responds to a rotation angle of 0°. The spectrum
of light propagating through the system was re-
corded, after which the plane of polarisation of
the light was rotated by a specified angle, and the
spectrum was recorded again. This procedure was
repeated until a rotation of 180° was achieved.
An example of the spectrum of light propagating
through the system is shown in Figure 4. Each
spectrum was measured in the 1450-1590 nm
range with a resolution of 0.004 nm, resulting in a
series of 35,001 values (samples).

For this study, measurements were taken
with a resolution of 1 degree, while calibration

measurements were conducted with a resolution
of 2 degrees. This resolution was selected to eval-
uate measurement errors across the range of rota-
tion angles for which the system was calibrated.
Using a higher resolution for calibration allows
for more precise detection of changes caused by
variations in the angle of rotation but requires a
greater number of measurements. The choice of
the measurement and calibration resolution was
also influenced by the fact that the same resolu-
tion was used in [19, 20]. This enabled a reliable
comparison of the obtained results.

Feature extraction

The measured light spectra contain features
that are useful for determining the LPPR angle.
The power of light propagating at wavelengths
corresponding to the minima of the cladding
modes is collected from the complete recorded
light spectrum. Since the minima slightly change
their position, the first step is to identify the wave-
length of light for which the spectrum values will
be recorded. For this purpose, spectra measured
for LPPR angles 0={0°, 23°, 90°, 113°} were se-
lected. This selection of angles is justified by the
fact that the S and P modes reach their lowest val-
ues for LPPR angles of 0° and 90°, respectively.
Since TFBG 2 is rotated by 23° relative to TFBG
1, using angles 23° and 113° enabled the small-
est minimum values from TFBG 2 to be obtained.
Next, the locations of the minima were identified,
and the wavelengths at which these minima occur
were taken as the wavelengths where they reach
their lowest values. The observation dictated this
choice that at these wavelengths, the changes in
light power reach their highest values. The spec-
tra of the selected cladding modes with their as-
signed rotation angles are presented in Figure 5.
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MMC, functions

Sequence analysis is a solution that has been
successfully applied in prediction and classifica-
tion tasks [29, 30]. In this work, the calculation
of the result was also based on sequence analy-
sis. MMC, functions, representing the variability
of the minima values of the cladding modes as a
function of the LPPR angle, are created for each
cladding mode’s minimum by reading the mini-
mum values at the measured rotation angles and
are defined as follows:

MMCl — {ml(ao)rml(ao + ﬁ)!}

., my(ay + 180°), ()
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where: / is the number of the successive mini-
mum of the cladding modes, o, =0° is the
initial angle of rotation of the LPPR, S is
the angle of rotation by which the LPPR
rotation is changed, ml(a;+f) is the mini-
mum value measured for the LPPR angle
equal to a,+4. In order to obtain a contin-
uous function, successive discrete values
are connected by straight lines.

Interference assessment

Each of the obtained MMC, functions is sub-
jected to noise assessment. The interference as-
sessment is performed by comparing the nor-
malised MMC, function with its approximation.
The approximation is performed by calculating
the FFT of the analysed function according to the
following formula:

Xe=Yn1 2 e_@k =
k m=0 4m (2)
=0,...,n—1

where: e”*" is a primitive n-th root of 1, z is the
m-th sample of the processed spectrum, k&
is the FFT coefficient number. The pro-
cessing results in a set of U coefficients:

Xy = {x0,%1,.. Xy-1} 3)

where: X, is the i-th FFT coefficient.
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Figure 5. Minima wavelengths identification

There are eight coefficients and a constant
component left in the spectrum; the rest are
zeroed:

.Xg,0,...,0,
Xy—g, Xy—7y =) XU_1

X,k :{xo,xl,.. } (4)
The inverse Fourier transform (IFFT) is
calculated from the X’ spectrum according to
the formula:
Z o, ==yl x emzcmn=
m n“k=0 *k (5)

=0,..,U0-1

Next, noise measures are calculated:

1 ’
MSE = EZ%=1(Z m Zm)z (6)

1 ’
MAE =~ 35-112'm — Zm| (7)

where: M is the number of discrete values in
MMC, function, z is the m-th value of
MMC, function, z’ is the m-th value of
MMC function approximation.

Calibration

Preparing the measuring system for opera-
tion requires calibration. This involves taking
measurements with a specific resolution, deter-
mining the noise levels of the MMC, functions,
and permanently recording the selected func-
tions. For this work, calibration with a resolu-
tion of 2° was employed. The half-wave plate
was homed by setting it to the 0° position, after
which the spectrum of light propagating through
the system was measured. Next, the LPPR angle

was changed by 2° by adjusting the position of
the half-wave plate, and the measurement was
repeated. The change in the LPPR angle and the
measurement were repeated until the angle of ro-
tation of the light polarisation plane reached 180°.
Subsequently, the obtained spectra are analysed
to determine the wavelengths A={4 ,4,,....4 } at
which cladding modes minima occur. Based on
this, the values of spectrum samples occurring at
wavelengths stored in the set 4 are extracted from
the measurements taken for all examined LPPR
angles and used to create MMC, functions.

Next, MMC, functions exhibiting significant
noise were removed. To achieve this, histograms
of MSE and MAE noise measures were gener-
ated. Each histogram was divided into 400 bins.
In these histograms, sparse bins with high noise
measures were identified. Beginning from the
right side of the histogram, all bins containing
fewer than five entries were marked. The marking
concluded upon encountering the first bin with at
least five entries. MMC, functions with distortion
measures in the marked bins were identified and
eliminated. The remaining MMC, functions were
permanently archived for use in the LPPR angle
measurement. The calibration algorithm diagram
is presented in Figure 6.

Measurement

The LPPR angle is determined by measuring
the spectrum (LS ) of light propagating through
the system. The LS spectrum provides values of
samples occurring at wavelengths stored in the
minima set. From these, the set M = {m m,,...,
m,...,m,} is created, where m, denotes the read
value for the /-th wavelength from the set minima.
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Figure 6. Calibration algorithm diagram

Next, the rotation angles are sought for which the
MMC, functions take on the corresponding val-
ues from the set minima. This is accomplished by
finding angles o for which the MMC, functions
satisfy the condition:

MMC,(a) = m, (3)

The angles found are stored in the set a_ .
The diagram of calculating angles to put in the
a,..5¢€t is presented in Figure 7.

In order to estimate the value of the LPPR
angle based on the results stored in the &, set, a
histogram analysis was used, dividing the range

of values into N equal intervals (bins). Each bin

80

represents the frequency of occurrences of read-
ings in a given angular range. The first step is
to identify the bin with the largest number of
occurrences. Its index (i) and the LPPR angles
corresponding to the edges of the bin («,,,, and
a, ) are determined. If i=1 or i=N or if the adja-
cent bins are empty, then the centre of the most
numerous bin is taken as the value of the rota-
tion angle:

Qfinal = Apegin T W )

where: w is the width of the bin calculated ac-
cording to the formula:

W = Qend — Apegin (10)
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a=ZQ+

Otherwise, the bins adjacent to the most nu-
merous bin are taken into account in the calcu-
lation of the final result. The angle value is es-
timated assuming that a continuous function can
approximate the local distribution and that the
maximum is closer to the adjacent bin that has a
larger number of elements. The final result is cal-
culated according to the following formula:

b
abegin+w+z><wifa=0
b
abegin"'m*WifbiO Aa;tO(ll)
a
abegm+w+z><wifb=0

Ufinal =

where: a is the number of elements in bin i-1, b
is the number of elements in bin i+1, and
c is the number of elements in the most
numerous bin i.

The approach employed enables the local dis-
tribution of data around the histogram maximum
to be considered, thereby enhancing the accuracy
of the estimation through interpolation based on
neighbouring values. The advantage of this meth-
od lies in its computational simplicity and greater
resilience to noise in the data, particularly in the
context of multimodal or slightly shifted mea-
surement distributions.

RESULTS AND DISCUSSION

Features usefullness

When measuring the LPPR angle, only those
characteristics that vary in response to changes
in the LPPR angle are useful. Additionally, these
changes must demonstrate significant variability
and low noise levels. The usefulness of features
such as the minima values of cladding modes,
their positions, and the FFT coefficients has been
confirmed. Figure 8 shows graphs of the nor-
malised values of the cladding modes’ minima as
a function of the LPPR angle. These graphs form
four distinct groups of waveforms with similar
shapes. Two pairs of groups display extrema at
comparable LPPR angles, which are roughly mir-
ror images of each other with respect to the line
y=0.5. Each waveform pair originates from one of
the TFBGs used. The analysis revealed that wave-
forms from a single TFBG tend to have extrema
at similar LPPR angles. This results in reduced
measurement accuracy within certain ranges of
the LPPR angle, as reported in [19,20]. Since the
measurement relies on identifying the LPPR an-
gle at which the waveforms attain the measured
value, achieving reliable results requires wave-
forms with a steep slope and minimal noise. This
was addressed by employing a second TFBG ro-
tated by 23 degrees relative to the first. The wave-
forms from TFBG 2 display a significant slope
at the LPPR angles where TFBG 1’s waveforms
show extrema. Using two TFBGs makes it pos-
sible to identify a broad set of functions meeting
these criteria for each rotation angle.

An analysis of the suitability of FFT coeffi-
cients, calculated from a spectrum fragment, for
use in the calculations in question showed that
they exhibit variability as a function of the LPPR
angle (hereinafter referred to as the FCC, func-
tion), but most are excessively noisy. Only co-
efficients with lower initial numbers can exhibit
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low noise levels; hence, the number of analysed
coefficients was limited to the first two hundred.
Furthermore, as shown in Figure 9, the gradient
and noise of the FCC, function may vary for dif-
ferent LPPR angles.

The verification of shifts in the minima of
the cladding modes’ positions showed that they
indeed move with changes in the LPPR angle.
However, the character of these shifts signifi-
cantly restricts their usefulness in the current

calculations. Figure 10 displays the changes in
position of four selected minima, which show an
apparent step change. This change helps clearly
identify the angle range defined by the low or high
value of the minimum shift. To identify which fea-
tures are most helpful for the calculations, a study
was conducted using random forest (RF), multi-
layer perceptron (MLP), and k-Nearest neigh-
bours (KNN) algorithms to estimate the LPPR
angle from different data sets. These data sets,
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obtained for LPPR angles 0=0°, 2°, 4°,..., 180°,
were used for training. Afterwards, RF, MLP, and
KNN were used to calculate the results for a=0°,
1°,2°,..., 180°, performed ten times each. The av-
erage measurement errors are shown in Table 1.

The analysis of the results showed that the
smallest errors were achieved by using only the
minimum values of the cladding modes in the
MLP algorithm. However, for the KNN algo-
rithm, the best results came from employing min-
ima shifts. This indicates that both data sets can
be useful in calculating the LPPR angle.

An analysis of all minima shifts showed that,
for each analysed minimum, there are two signifi-
cant changes in its position. However, these shifts
are not evenly spread out. There are ranges of
about 10° where none of the minima have shifted
significantly. Analysing the position of minima
outside these significant change ranges is not use-
ful because of high noise levels and low variabil-
ity. Therefore, this feature can help roughly iden-
tify the range where the calculated rotation angle
lies, but it is not suitable for precise measurement,
as shown by the results in Table 1. Much better
results are achieved by examining changes in the
minima heights; in cases with multiple minima,

Table 1. Errors in calculations

these changes exhibit low noise. Using both fea-
tures together (minima heights and shifts) and
feeding them into one of the analysed algorithms
is ineffective, as minima shifts add little useful
information while introducing significant noise.
Consequently, this results in lower accuracy com-
pared to using only minima heights.

This assessment aimed to evaluate the use-
fulness of the examined features in calculating
LPPR, which was successfully achieved. Never-
theless, none of the algorithms used in the tests
produced satisfactory outcomes. The error rate
was considerably higher in each case compared
to the solutions presented in [19, 20]. Because of
this, the author decided not to continue develop-
ing these methods or examine training with data
obtained at higher resolutions.

Both the MMC, and FCC, functions show vari-
ability with changes in the LPPR angle. To assess
their usefulness in calculations, their noise levels
were measured by calculating the MAE for all
functions, then comparing the noise levels of both
types. The results are shown in the histograms in
Figure 11. The comparison reveals that the noise
level of the MMC, function is significantly lower.
Additionally, a large proportion of these functions

MLP RF KNN
Parameter
MAE[°] MSE [*7] MAE[°] MSE [*7] MAE[°] MSE [*3]
All minima heights, 12.01 204 217 51 1.49 3.3
all minima shifts
All minima heights 0.91 1.48 1.95 45 3.59 157
All minima shifts 14.24 401 4.47 191 1.49 3.3
MMC; functions interference
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Figure 11. MMC, and FCC, functions interference histograms
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have a low noise level. In contrast, the FCC, func-
tions display notable differences in noise levels
among individual functions. Only a few have a
noise level similar to most MMC, functions. There-
fore, FCC, functions were not used in this study.

Noisy MMC, functions removal

The use of noisy MMC functions negatively
impacts measurement precision; those exhibit-
ing higher noise levels than most MMC, func-
tions have been removed. Since only few MMC,
functions show increased noise levels, they can
be identified by examining which are located in
the sparse bins of the MMC, function noise his-
tograms. Figures 12 and 13 demonstrate MMC,
function noise histograms created using MSE
and MAE measures. Sparse bins are marked in
red. Figure 14 shows the set of remaining func-
tions after filtering. A comparison with the full
set of functions (Figure 8) indicates that MMC,
functions with higher noise levels have been
eliminated.

Measurement results

The developed method was verified by
conducting measurements for rotation angles
0={0°,1°,2°,...,180°}. A histogram with a bin
count of 360 was used in the LPPR calculation
algorithm. The re3sulting measurement data is
shown in Figure 15, while the measurement er-
rors are displayed in Figure 16.

The measurement results demonstrated that
the method operates reliably across the entire
measurement range, with no intervals showing
increased error levels. The measurement error
does not exceed 0.25°, and the MAE is 0.074°.

Additionally, the effect of the number of his-
togram bins on the method’s performance was
analysed. Figure 17 illustrates the MAE, MSE,
and maximum measurement errors, which repre-
sent the largest estimation errors of the rotation
angle encountered during measurements for ro-
tation angles a = {0°,1°,2°,...,180°}. Analysis of
the results indicated that increasing the number of
bins decreases the MAE and MSE error values.

bin count [-]

1

interference measure [-] X104

Figure 12. MMC, functions interference histogram according to the MSE measure
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Figure 13. MMC, functions interference histogram according to the MAE measure
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This is due to the improved resolution of the his-
togram, which enhances the accuracy of the final
calculation. However, when divided into 1500
bins or more, the MAE and MSE errors increase.
The reason for this is that the number of histo-
gram bins becomes excessively large, resulting
in lower counts per bin. Consequently, the most
populated bin might correspond to a different
rotation angle than the actual measurement. The
MAE and MSE reach their lowest values with
more than 1000 bins. 360 bins were found to be
the most suitable choice because the maximum
measurement error was lowest at 0.25°.

In order to verify the stability of the
method, measurements for rotation angles
0={0°,10°,20°,...,180°} were repeated for 3 con-
secutive days. The average deviation of the mea-
surement value MAD = 0.012°. This shows the
repeatability of the measurement result.

Calibration resolution

One of the factors affecting the magnitude of
measurement errors is the calibration resolution.
Increasing it has a positive effect on measurement
precision due to denser sampling of MMC, func-
tions. However, it is essential to note that each
system must be calibrated before use. Excessive
calibration resolution will therefore hurt the time
and cost of system commissioning. To verify the
impact of calibration resolution on measurement
error, the method was verified by evaluating the
MAE for a series of measurements taken for
angles a = {0°,1°,2°,...,180°} performed using

Table 2. Effect of calibration resolution on MAE

a system calibrated with different resolutions.
The results obtained are presented in Table 2.
A reduction in the number of samples measured
during calibration causes an increase in MAE.
With measurements taken every 6° or more, we
observe a higher rise in MAE due to the system’s
infrequent calibration.

Other methods comparison

To assess the method, a comparison was made
with other solutions dedicated to measuring the
LPPR angle. Two of the top-performing methods
available in the literature were selected. A com-
parison of the measurement errors of these meth-
ods with the proposed method is shown in Table 3.
The method proposed in this paper achieved the
best results, providing the highest precision. Be-
sides the methods compared, those presented in
[17, 18] should also be noted. Their authors also
studied the issue of LPPR measurement, but their
methods have significantly limited applicability
due to the narrow measurement range (25-70°)
within which they can achieve optimal accu-
racy. However, none of the papers specified the
measurement accuracy, focusing only on dem-
onstrating the relationship between transmitted
light power at specific wavelengths and the LPPR
angle. Paper [24] suggests using cladding mode
minimum shift for measurement but does not rec-
ommend any specific measurement method. The
polarisation control is also analysed in [31] but
only an aspect of polarisation control with the po-
larisation controller is discussed.

Callibration resolution 2°

4° 6° g°

MAE 0.074°

0.19° 0.36° 0.56°

Table 3. Features of methods for measuring the light polarisation plane rotation angle

Parameter Method [19] Method [20] Proposed method
MAE 0,076° 0.24° 0.074°

Max error 0.78° 3.7° 0.25°
MSE 0.032 0.37°2 0.01°2

Table 4. Cost and equipment of interrogation setups used

in the compared solutions

Method TFBG [pcs] Manipulator [pcs] OSA [pcs] PC [pcs] Total cost [EUR]
Method [19] 1 2 1 1 32140
Method [20] 1 2 1 1 32140

Proposed method 2 4 1 1 33280
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Another important aspect is the cost of the pro-
posed solution. In the system shown in Figure 3,
the measurement system comprises two TFBGs,
a positioning system consisting of two Thorlabs
PRM1/M manipulators, an OSA, and a PC. The
rest of the system is used to generate polarised light
with a specific orientation. Therefore, it will not be
included in the comparison. In methods [19, 20],
a measuring system consisting of a single TFBG
with a mounting system, an OSA, and a computer
was used. The approximate prices of the individ-
ual components are: OSA — EUR 30,000, TFBG
— EUR 500, manipulator — EUR 320, PC — EUR
1,000. The cost comparison in Table 4 shows that
the proposed system is approximately 3.5% more
expensive than competing systems. However, it
should be noted that the table lists components
used in laboratory tests, which may be replaced
with cheaper equivalents during implementation.

CONCLUSIONS

The article proposes a new interrogation set
and a method for measuring the light polarisation
plane rotation angle using tilted Bragg gratings.
The use of a series connection of two TFBG grat-
ings, rotated relative to each other, has enabled
the acquisition of new properties of the spectrum
propagating through an optical fibre. The functions
of the changes in the values of individual minima
are significantly shifted relative to one another in
the LPPR angle function, thereby allowing the
measurement result to be calculated directly based
on the analysis of variations in the values of indi-
vidual cladding modes minima. This also simpli-
fies the calculations necessary to obtain the result.
It is worth emphasising that the proposed method
allows LPPR to be measured within the range of
0° to 180°, with a consistent measurement error
not exceeding 0.25° and MAE = 0.074°.

The methods used to assess signal noise en-
abled the effective removal of noisy functions,
retaining only those that guarantee a precise cal-
culation result. Thanks to the use of Al algorithms
such as MLP, random forest, and KNN, the signif-
icance of signal features for the calculations was
identified. The main contribution and novelty of
this study are:

e The implementation of two TFBGs connected
in series and rotated relative to each other in
the measurement system, which allows new
useful spectrum features to be obtained.

e The use of the light power values of multiple
cladding modes minima to calculate the rota-
tion angle.

e An innovative method for calculating the an-
gle of rotation of the light polarisation plane
based on the measured light spectrum, allow-
ing calculations to be executed directly on
the values of the measured spectrum samples
without requiring additional transformations.

e The proposed method for assessing the noise
present in the waveforms utilised.

e A technique for determining the rotation angle
based on a histogram containing the values
of the rotation angles derived from the light
power of selected coat mode minima.
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