
165

INTRODUCTION

Fibre optic sensors are used where other types 
of sensors fail. This is due to their immunity to 
interference and lack of interference introduced to 
the environment. Other features are also impor-
tant. Fibre optic sensors are used in environments 
with significant levels of radiation [1]. Among 
other things, this allows them to be used in space. 
Also, lightweight and small size are important 
arguments for their use in space and aerospace 
solutions [2]. They are made of glass and can be 

used in high-voltage measurement systems [3, 4] 
For the same reason, fibre optic sensors can be 
used in liquids [5]. The high resistance of glass 
against temperature allows the creation of tem-
perature sensors to work in high temperatures [6, 
7]. Their important advantage is insensitivity to 
electromagnetic fields [8]. They can work in high-
pressure environments [9]. Also, hazardous or ex-
plosive substances are not a problem [10, 11]. The 
important aspect that often makes constructors use 
fibre-optic sensors is their mechanical strength, re-
sistance to corrosion, reliability and repeatability 
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of measurements [12]. Apart from the above, fibre 
optic sensors do not introduce interference to the 
environment, making them ideal sensors in ap-
plications where interference can be harmful. It is 
also important that optic fibre parameters can be 
easily measured and controlled [13, 14].

Bragg gratings inside optic fibre structures 
make them sensitive to various physical quan-
tities. Multiple types of gratings can be distin-
guished. Most of them are created by fringes 
positioned perpendicular to the fibre axis. Such 
structures are sensitive to temperature and pres-
sure because of the change in distance between 
fringes [15, 16]. They are sensitive to fibre bend-
ing and vibration, which changes the angle be-
tween fringes [17, 18]. Positioning grating fringes 
at the angle to the cross-section plane of the fibre 
leads to the creation of tilted fibre Bragg gratings 
(TFBGs). TFBGs reflect some of the light to the 
cladding, creating cladding modes [19]. Light 
propagating in the cladding partially disperses in 
the surroundings and makes TFBGs sensitive to 
the environment parameters [20]. Covering TF-
BGs with coatings makes them sensitive to the 
presence of some substances [19, 21]. TFBGs 
also offer possibilities for analysing the proper-
ties of light propagating inside the fibre. One such 
possibility is sensing the angle of light polarisa-
tion plane rotation.

In the paper, a novel method of light polarisa-
tion plane rotation measurement is presented. The 
proposed method, unlike others, offers automati-
sation of the manufacturing process of the light 
polarisation plane rotation angle sensor.

The results obtained allow the proposed 
method to be used in fibre optic measurement 
systems that are sensitive to changes in polarisa-
tion angle to control the angle. In addition, the 
proposed sensor can be used to monitor the tilt 
angle and rotation of moving components. It will 
find application in environments exposed to ad-
verse factors such as radiation or electromagnetic 
fields, due to the insensitivity of optical fibres to 
these factors.

RELATED WORKS

There are only a few papers in the literature 
treating the measurement of the angle of light 
polarisation plane rotation. Sensors integrated 
into an optical fibre are in the early stages of 
development. In the paper [22], the possibility 

of measuring the rotation angle of the plane of 
polarisation of light propagating in optical fi-
bre was demonstrated and test measurements 
were made. In the system used by the authors, 
polarised light propagated through the TFBG 
and then through a circulator was directed to an 
optical fibre with a FBG. The FBG’s task was 
to reflect a narrow range of light wavelengths, 
corresponding to the selected sheath mod of 
the TFBG grating used. The reflected light was 
directed through a circulator to a detector con-
nected to an optical power meter. In the case dis-
cussed, a mod containing light with wavelengths 
in the range 1520.6–1520.9 nm, which responds 
strongly to a change in the angle of light polari-
sation plane rotation, was selected for analysis. 
The authors present the results of measurements 
in the angles range of 0–180 with a resolution of 
9°. It is evident that the measured optical power 
decreases when changing the rotation angle in 
the range of 0–90 and then increases in the range 
of 90–180. The authors indicate that the change 
in power in the angles ranges 25–65 and 115–
155 is quasi-linear. They argue that it is impos-
sible to distinguish between the ranges 25–65 
and 115–155 when measurements are made us-
ing the method discussed above.

Paper [23] presents a study demonstrating the 
possibility of measuring the angle of light polari-
sation plane rotation by monitoring changes in 
the value of the light transmission coefficient for 
a single wavelength. In the example presented, it 
was a wavelength of 1541.2 nm. The wavelength 
tested was not chosen at random but corresponds 
to the location where the P-type mod occurs for 
the TFBG grating used and its value changes 
significantly when the angle of light polarisation 
plane rotation changes.

In this study, a measurement system was used, 
consisting of a light source in the form of an SLD 
superluminescent diode, from which light was sent 
to a polariser and half-waveguide via an optical fi-
bre and lens. The light was then sent to a TFBG 
with a tilt angle of periodic structures of Θ=6°, 
from which it went to an optical spectrum analyser.

The authors performed two series of mea-
surements with a resolution of 10°. One involved 
the rotation angle of the fibre with the TFBG 
mesh from 0–90 to the right. The second series 
involved the rotation of the fibre with the TFBG 
mesh from 0–90 to the left. In this way, the au-
thors measured a rotation with a total range of 
180°. Based on the measurements, a processing 
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characteristic of the periodic structure under 
study was created. The authors indicate that 
their study confirms the occurrence of changes 
in the transmission of light for the wavelength 
under study as a function of the light polarisa-
tion plane rotation. It was also determined that 
the present method offers maximum sensitivity 
in the angles range of 30-70 and the nature of the 
changes is the same for both right and left-hand 
rotation. The method in question thus allows 
changes in the angle of rotation of the plane of 
polarisation of light to be detected. However, it 
does not provide the ability to distinguish which 
way the TFBG has been rotated.

The most mature method of light polarisation 
plane rotation angle measurement is presented in 
[24]. The measurement is done by the analysis of 
the TFBG transmission spectrum. The proposed 
sensor has to be calibrated before usage. Mea-
surement is taken with an optical spectrum analy-
ser. The obtained spectrum is transformed with 
the Fourier transform. The angle of rotation is 
calculated by analysing the value of these Fourier 
transform coefficients for whose characteristics 
were created in a calibration process. Calibration 
is necessary to create chosen coefficients charac-
teristics. The issue with the calibration process 
is the need for an experienced technician who 
is responsible for choosing the characteristics to 
use. The reported method can measure the angle 
of light polarisation plane rotation in the angles 
range from 0 to 180. The average measurement 
error reported in [24] is 1,5°. Authors indicate 
that the method is characterised by an increased 
level of error for rotation angles close to 0, 45, 
90, 135 and 180. They also report issues with the 
method at the boundaries of the measurement 
range – near 0 and 180 degrees. 

MATERIALS AND METHODS

Measurement set

The measurement set consists of a light 
source, a polariser, collimators and a half-wave-
length plate, behind which a splitter is placed. 
The splitter splits the light into two parts, one of 
them is directed to the TFBG and then to the op-
tical spectrum analyser (OSA). The other part is 
sent to the second spectrum analyser. A schema of 
the measurement set is shown in Figure 1.

The measurement set was constructed so that 
linearly polarised light could be sent to the input 
of the TFBG. Moreover, the possibility of changing 
the angle of light polarisation plane rotation at the 
input of the grating was provided. Measurement of 
the grating response was realised by connecting the 
grating output with the input of the OSA. An ad-
ditional assumption was to minimise the influence 
of additional devices included on the measurement 
result. Therefore, before the TFBG a splitter was 
placed, to which an additional OSA was connected. 
This made it possible to monitor changes in the 
signal applied to the input of the TFBG grating. To 
avoid temperature influence on the measurement, 
the fibre optic element containing the TFBG was 
placed in a climate chamber at a stabilised tempera-
ture of 24 degrees Celsius. The light source in the 
measurement system was a superluminescent diode 
– Thorlabs S5FC1550S-A2 (SLD). It is equipped 
with a low-noise DC source and a temperature con-
trol unit to ensure stable performance.

A light polarisation plane angle control unit 
was connected to the light source via a fibre op-
tic cable. This consisted of a Thorlabs CFP2-
1550A collimator placed to create a parallel beam 
of light propagating through the air. Behind the 

Figure 1. Measurement set schema
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collimator, a polariser was placed. The polar-
iser was aligned with input light polarisation. 
Next, in the path of the light beam, a Thorlabs 
WPHSM05-1550, electronically-controlled half-
wave plate was placed, providing 0.1° of rotation-
al angle precision. It was used to control the angle 
of rotation of the light polarisation plane. The 
light coming out of the half-wave plate reached 
to a second Thorlabs CFP2-1550A collimator, 
which focused the light and directed it into the 
optical fibre. This collimator was mounted on a 
three-axis table allowing positioning of the col-
limator in three dimensions.

Behind the collimator, a 1x2 splitter was 
placed with a claimed light split of 50:50. A Yok-
ogawa AQ6730D spectrum analyser was connect-
ed to the first output of the splitter. It was used 
to measure the spectrum of the light fed into the 
TFBG, which was connected to the second out-
put of the splitter. A second Yokogawa AQ6730D 
spectrum analyser was connected to the TFBG 
output. It measured the spectrum of light propa-
gating through the TFBG. A TFBG with a tilt 
angle of 7° was used.

The measurement set was placed on a Thor-
labs Nexus optical table, which was used to elim-
inate vibrations and provide mounting holes for 
fixing the system components.

Measurements

Before starting the measurements, all devices 
in the measurement set were switched on. The col-
limators and polariser were positioned to obtain 
the maximum light output of the measurement 
system. This was done by moving the collimators 
in three axes and rotating the polariser. The de-
vices were left on for an hour to stabilise their op-
erating conditions. The temperature in the climate 
chamber was also stabilised. The initial rotation 
angle of the light polarisation plane was set to 0° 
relative to the fibre cross-section. The half-wave 
plate rotation angle was then changed by half a 
degree and another measurement was taken. This 
resulted in a 1° change in the angle of the light po-
larisation plane. This operation was repeated until 
all measurements in the series had been made – 
the plane of light polarisation was rotated by 180°.

During the measurements, light spectra were 
recorded with OSA1 and OSA2 analysers. As they 
do not provide the possibility to perform measure-
ments automatically and simultaneously, they 
were initiated manually by pressing the buttons of 

both recorders. To eliminate the influence of ele-
ments of the light polarisation plane rotation angle 
control system and the light source, the spectra 
obtained from the OSA2 analyser were divided 
by the corresponding spectra obtained from the 
OSA1. The dividing operation results were con-
sidered the final measurement result and subjected 
to further numerical analysis to calculate the mea-
sured light polarisation plane rotation angle.

Discrete wavelet transform

The discrete wavelet transform (DWT) de-
rives from the Fourier transform, which is a 
powerful tool used in many applications [25, 
26]. It can be applied in engineering, medicine 
and other domains to analyse various signal ar-
tefacts [27, 28]. The Fourier transform does not 
give a possibility of obtaining good time resolu-
tion contrary to the DWT [29]. The DWT is use-
ful in the analysis of transients and waveforms 
characterised by high variability. The spectrum 
of light propagating through a TFBG has such 
a characteristic. If we treat a single spectrum or 
part of it as a signal, we can process it using a 
wavelet transform.

A wavelet transform is a signal transforma-
tion that allows its analysis to be performed. A 
time-frequency analysis is performed for signals 
represented in the time domain [25]. The discrete 
wavelet transform is described by the formula:

	 𝑎𝑎𝑚𝑚,𝑛𝑛 = ∑𝑥𝑥(𝑡𝑡)𝜓𝜓𝑚𝑚,𝑛𝑛(𝑡𝑡) (1) 
 

𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
∑ 𝛼𝛼𝑘𝑘𝑁𝑁1
𝑖𝑖=1
𝑁𝑁1   (2)  

 
𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =

∑ 𝛼𝛼𝑘𝑘𝑁𝑁2
𝑖𝑖=1
𝑁𝑁2   (3) 

 

𝜎𝜎𝐼𝐼 = √∑ |𝛼𝛼𝑘𝑘−𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼|2𝑁𝑁1
1

𝑁𝑁1   (4)  

 

𝜎𝜎𝐼𝐼𝐼𝐼 = √∑ |𝛼𝛼𝑘𝑘−𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼|2𝑁𝑁2
1

𝑁𝑁2  (5) 
 

	 (1)

where:	x(t) is the signal to be analysed, ψ(t) is the 
mother wavelet, and m,n are integers. In 
the case of light spectra, the analysis will 
be carried out in the wavelength and fre-
quency domains.

In the discrete wavelet transform process, the 
signal is analysed using a mother wavelet, which 
is moved along the signal to be analysed. Its cor-
relation with the corresponding signal part is 
determined, resulting in a transform coefficient. 
Once the whole signal has been analysed, its rep-
resentation in the form of a series of coefficients 
is obtained. This series consists of two parts: ap-
proximation and details. The details contain the 
high-frequency components of the signal, while 
the approximation contains a low-frequency rep-
resentation of the signal. The approximation can 
again be subjected to a wavelet transform, obtain-
ing results at the next level of decomposition. The 
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wavelet transform can be represented as a decom-
position tree shown in Figure 2. The higher the 
decomposition level, the coarser the signal fea-
tures it represents.

The automatic method of wavelets and their 
decomposition levels choose

In the proposed method, the calculation of the 
measured rotation angle is performed by analysing 
the values of the sum of the coefficients at selected 
levels of the DWT decomposition calculated using 
the selected mother wavelets. Due to differences 
in the internal structure of the TFBGs, the results 
obtained for different gratings may vary. There-
fore, a method has been developed for the selec-
tion of wavelets and decomposition levels to be 
used in the calculations carried out. The proposed 
measurement system has to be calibrated. Calibra-
tion consists of measuring the angle of light po-
larisation plane rotation in the range α∊<0,180>, 
optimally with a resolution of not less than 2°. The 
rotation angle has to be known when taking mea-
surements in the calibration process. The spectra 
obtained from the measurements are processed 
with a wavelet transform using various wavelets 
ψ at different decomposition levels n. For each ro-
tation angle αk, the Xsum(ψ,n,αk) coefficient values 
for each wavelet and each decomposition level 
are calculated independently. From these, vectors 
of values W(ψ,n)=Xsum(ψ,n,α0),..., Xsum(ψ,n,αk),..., 
Xsum(ψ,n,αK) are created. Each vector W(ψ,n) is 
then approximated by a polynomial regression 
R(ψ,n) with a six-degree polynomial function. The 
mean squared error (MSE) of the approximation 
is calculated for each of the vectors. The vectors 
W(ψ,n), for which the MSE was less than 10-5, are 
used to calculate the rotation angle.

The result of the system calibration is a list of 
wavelets, decomposition levels and W(ψ,n) vec-
tors that will be used to determine the rotation 
angle. A block diagram of the algorithm for the 
automatic selection of wavelets and their decom-
position levels is shown in Figure 3.

Calibration process

Achieving repeatability in the manufacturing 
process of Bragg gratings is difficult. It is also im-
possible to obtain identical measuring systems in 
the production process. Therefore, each measure-
ment system has to be calibrated before use.

Calibration of the system consists of taking a 
series of measurements in the angles range 0–180 of 
the angle of light polarisation plane rotation. Mea-
surements should be taken with no more than 2° of 
rotation resolution. If higher resolutions are used, 
the accuracy of the measuring system may be low-
er. Additional limitations of the calibration process 
are that measurements must be taken for angles of 
rotation of 0, 90 and 180. For these rotation angles, 
there are maxima and minima of most functions 
used to determine the measured rotation angle. The 
spectra obtained from each measurement are pro-
cessed by the DWT using selected wavelets. An 
independent transformation is performed for each 
mother wavelet. The result is a set of coefficients.

A set of vectors W(ψ,n) is then created. Each 
vector consists of the sums of all the coefficients 
of the nth level of the transform obtained for each 
rotation angle for which measurements were 
made during the calibration process. For the vec-
tors obtained in this way, the noise level is evalu-
ated as shown in Figure 4. The vectors W(ψ,n) for 
which the evaluated distortion level (MSE) will 
be lower than 10-5 are stored in the measurement 
system memory. The W(ψ,n) vectors, the wavelet 
name and the decomposition level used are saved 
in the set named FDcal.

In addition, the calibration process identifies 
DWT coefficients characterised by significant 
value variation and low noise in the α∊80-100 
range. For each DWT coefficient calculated from 
the spectra obtained during the calibration pro-
cess, vectors (V) of values obtained for the mea-
surements made during the calibration process 
are created. Each vector is then normalised so that 
its maximum value is one and the minimum is 
zero. The noise and slope of the normalised Vnorm 
vectors are then examined in the range of rota-
tion angles α∊80–100. For this purpose, a linear Figure 2. DWT decomposition tree
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regression model of each of the Vnorm vectors in 
the range of rotation angles α∊80–100 is calcu-
lated. This takes the form y=ax+b. The coefficient 
a is taken as the slope of the tested waveform. Re-
search conducted has shown that the coefficient 
varies in the range of -0.025 to 0.025. Vectors 
whose absolute value of the coefficient a is great-
er than 0.018 are considered for further analysis.

Monotonic waveforms that are as close to rec-
tilinear as possible are most useful due to the spe-
cifics of the application. For this reason, an algo-
rithm has been developed to evaluate noise, based 
on changes examination in the angle of inclination 
of the segments connecting the individual points 
of the surveyed vector. The calculation is carried 
out according to the algorithm presented in Fig-
ure 4. The vectors Vnorm of all DWT coefficients 
are evaluated in the presented manner. Of the vec-
tors meeting the condition a > 0.018, 40 with the 
smallest noise coefficient value are selected. These 
are stored in the measurement system, in the set 
named Wcal, by saving for each of them the mother 
wavelet that was used to calculate the coefficient, 
its number and the part of vector V containing val-
ues in the range of rotation angles α∊80–100.

Rotation angle calculation

The spectrum of light measured with the cali-
brated system is subjected to a wavelet transform 
using each wavelet and each decomposition level 
from the set FDcal. Sets of wavelet transform coef-
ficients are obtained from which the mean values 
of Xsum (ψ, n, αk) are calculated. Then the intersec-
tion points of the segments connecting the points 
of the vector W(ψ,n) with the line y = Xsum(ψ, n, 
αk) are determined. The angles of rotation αk cor-
responding to these intersection points are read 
out, as shown in Figure 5. In this way, a set of αk 
values is created, which forms the basis for fur-
ther analysis. This set is denoted by the symbol K.

The values from the set K are divided into two 
subsets: KI containing αk ∈<0,90>, and KII  con-
taining αk ∈(90, 180>. Computed for the sets are:
	• the numbers of elements in the sets: N1 denotes 

the number of values in the set KI, N2 denotes 
the number of values in the set KII,

	• mean values calculated according to the 
formulas: 

	

𝑎𝑎𝑚𝑚,𝑛𝑛 = ∑𝑥𝑥(𝑡𝑡)𝜓𝜓𝑚𝑚,𝑛𝑛(𝑡𝑡) (1) 
 

𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
∑ 𝛼𝛼𝑘𝑘𝑁𝑁1
𝑖𝑖=1
𝑁𝑁1   (2)  

 
𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =

∑ 𝛼𝛼𝑘𝑘𝑁𝑁2
𝑖𝑖=1
𝑁𝑁2   (3) 

 

𝜎𝜎𝐼𝐼 = √∑ |𝛼𝛼𝑘𝑘−𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼|2𝑁𝑁1
1

𝑁𝑁1   (4)  

 

𝜎𝜎𝐼𝐼𝐼𝐼 = √∑ |𝛼𝛼𝑘𝑘−𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼|2𝑁𝑁2
1

𝑁𝑁2  (5) 
 

	 (2) 

Figure 3. Diagram of the algorithm for the automatic selection of wavelets and their decomposition levels
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𝑎𝑎𝑚𝑚,𝑛𝑛 = ∑𝑥𝑥(𝑡𝑡)𝜓𝜓𝑚𝑚,𝑛𝑛(𝑡𝑡) (1) 
 

𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
∑ 𝛼𝛼𝑘𝑘𝑁𝑁1
𝑖𝑖=1
𝑁𝑁1   (2)  

 
𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =

∑ 𝛼𝛼𝑘𝑘𝑁𝑁2
𝑖𝑖=1
𝑁𝑁2   (3) 

 

𝜎𝜎𝐼𝐼 = √∑ |𝛼𝛼𝑘𝑘−𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼|2𝑁𝑁1
1

𝑁𝑁1   (4)  

 

𝜎𝜎𝐼𝐼𝐼𝐼 = √∑ |𝛼𝛼𝑘𝑘−𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼|2𝑁𝑁2
1

𝑁𝑁2  (5) 
 

	 (3)

where:	αk means the values of the angles in the 
sets, standard deviations of KI and KII cal-
culated according to the formulas: 

	

𝑎𝑎𝑚𝑚,𝑛𝑛 = ∑𝑥𝑥(𝑡𝑡)𝜓𝜓𝑚𝑚,𝑛𝑛(𝑡𝑡) (1) 
 

𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
∑ 𝛼𝛼𝑘𝑘𝑁𝑁1
𝑖𝑖=1
𝑁𝑁1   (2)  

 
𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =

∑ 𝛼𝛼𝑘𝑘𝑁𝑁2
𝑖𝑖=1
𝑁𝑁2   (3) 

 

𝜎𝜎𝐼𝐼 = √∑ |𝛼𝛼𝑘𝑘−𝛼𝛼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼|2𝑁𝑁1
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Due to the distribution of values in the W(ψ,n) 
vectors, two rotation angle values are obtained for 
most measurements. They are usually distributed 
almost symmetrically to the rotation angle of 90°. 
Figure 6 shows a graph showing the values: αIavg  
and αIIavg obtained for measurements made with 
a resolution of 1° of rotation. The values from 
the KI set are close to the correct reading in the 
0-90 range. For angles of rotation in the range of 

90–180, a correct reading can be obtained by tak-
ing the value from the KII set. The problem is the 
ambiguity of the reading – one of the two read-
ings has to be selected.

The values αIavg  and αIIavg are average values 
calculated from the sets of KI and KII. To deter-
mine which value indicates the measured rota-
tion angle, it is necessary to analyse the data from 
the sets KI and KII. This involves independently 
calculating the standard deviations and number 
of elements in each set. The research has shown 
that the standard deviation of the set whose mean 
value indicates the correct rotation angle is small-
er – as shown in Figure 7. However, readings for 
angles α greater than 172 degrees cannot be cor-
rectly identified on this basis. In this case, it is 
necessary to analyse the number of elements in 
the KI and KII sets. It is noticeable that the num-
ber of values of the KI set significantly decreases 
for angles of rotation greater than 172 degrees. 

Figure 4. Diagram of the algorithm for the DWT coefficients noise assessment

Figure 5. Reading rotation angles
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Therefore, when the calculated value of the rota-
tion angle is in the range of 0–8 or 172–180, an 
analysis of the count of the KI set is additionally 
performed. If the number of elements in this set 
is less than 50% of the number of vectors W(ψ,n) 
then a value in the range 172–180 is taken as the 
measurement result, otherwise the result is a val-
ue in the range 0–8. A block diagram of the algo-
rithm for calculating the measured rotation angle 
is shown in Figure 8.

In the solution presented, the problem remains 
the evaluation of the rotation angle in the range 
86-94. The values of αIavg and αIIavg are subject 
to error for α∊86–94. Recognition of this range 
of rotation angles is possible by analysing the 
values of αIavg  and αIIavg. Their functions in this 
range have a local minimum αIIavg and maximum 
αIavg. Moreover, the difference in values between 
them is the smallest over the entire measurement 
range. However, evaluation based on the param-
eters mentioned is cumbersome and sometimes 
unreliable. If the result obtained is in the range 
of 82–98, a recalculation of the rotation angle 
is made by analysing the values of the selected 
DWT coefficients.

Recalculation of the measurement result in the 
case of obtaining a result between α∊82 and 98 is 
performed by analysing the values of the coeffi-
cients stored during calibration in the Wcal set. The 
value w of each of these coefficients is read, and 
then the angles of rotation corresponding to the in-
tersection of the line y=w with the function formed 

by connecting the successive values of the analysed 
coefficient stored in the Wcal set by segments are 
read. From the set of read rotation angles, the 10% 
largest and 10% smallest values are removed to get 
rid of outliers. The average is calculated from the 
remainder, which is the result of the measurement. 
It is also possible that the algorithm will not be able 
to correctly calculate the rotation angle due to an 
insufficient number of coefficients in the Wcal set. 
Then it returns an error message. In this case, the 
previously estimated measurement value is left.

RESULTS AND DISCUSSION

Measurement results

To verify the developed method, measure-
ments were made using gratings with tilt angles 
Θ=5° and Θ = 7° of the TFBG structure. Before 
the measurements, the gratings were calibrated 
by taking measurements for angles α = 0, 2, 4,..., 
180. The following mother wavelets were used 
in the calibration process: vaid, bl7, coif5, dmey, 
bior1.5, han4.5, mb4.2 and mb4.4. Measurements 
were performed with a resolution of 1 degree in 
the range of 0-180 degrees of rotation. Measure-
ment results obtained for the grating with Θ = 7° 
are presented in Figure 9 and measurement inac-
curacies for individual rotation angles are shown 
in Figure 10. Measurement results obtained for the 
grating with Θ = 5° are presented in Figure 11 and 

Figure 6. αIavg  and αIIavg values obtained for measurements made with a resolution of 1° of rotation
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its errors for individual rotation angles are shown 
in Figure 12. The average measurement error for 
a grating with Θ = 7° was ME = 1.1°. For the 
grid with Θ = 5° ME=1.5°. Analysis of the results 
revealed that the method offers the best measure-
ment precision for rotation angles α ∈(20, 70) and 
α ∈(100, 160). This is because the functions F(ψ, 
n) formed by connecting the points of the vectors 
W(ψ,n) by segments have a significant slope in 
these ranges of rotation angles. In contrast, they 
flatten out in the other ranges. This significantly 
reduces the precision of the values reading caus-
ing an increased level of measurement error. The 
angle of tilt of the grating influences the results 
obtained. Increasing the tilt angle of structures 

increases the precision of measurements. In the 
course of research, an attempt was made to con-
struct a rotation angle sensor with a grating with a 
tilt angle Θ = 3°. The results were unsatisfactory 
and, therefore, were not included in this study. Of 
the gratings tested, the best results were obtained 
for the one with Θ = 7°. The grating with Θ = 5° 
generated a significantly bigger measurement er-
ror than the grating with Θ = 7°.

Comparison to other solutions

The number of methods to measure the angle 
of rotation is small. The mechanisms for mea-
suring the rotation angle of the light polarisation 

Figure 7. αIavg  and αIIavg values obtained for measurements made with a resolution of 1° of rotation

Figure 8. Diagram of the algorithm for calculating the measured rotation angle
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Figure 9. Measurement results for TFBG with Θ=7°

Figure 10. Measurement errors for TFBG with Θ=7°

Figure 11. Measurement results for TFBG with Θ = 5°
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Figure 12. Measurement errors for TFBG with Θ = 5°

plane have not been sufficiently investigated. 
The works [22, 23] are pioneering reports indi-
cating the possibility of measuring the rotation 
angle of the light polarisation plane by analysing 
the power of light transmitted at specific wave-
lengths. Unfortunately, these methods only work 
over a narrow range of rotation angles. The prac-
tical feasibility of such a measurement, let alone 
its accuracy, has also not been investigated. Ad-
vanced analysis has been used in the method pre-
sented in [24]. A fragment of the cladding modes 
of the light spectrum is analysed by investigating 
changes in the values of selected Fourier trans-
form coefficients. On this base, the rotation angle 
is calculated. The problem of the method men-
tioned is the necessity of experienced operator 
participation in the calibration process. The so-
lution presented in this work fixes the problem 
by full automatisation of the calibration process. 
Moreover, the accuracy offered by the proposed 
method is 26% higher and the measurement is 
possible over the full range of 0-180 degrees. A 

summary of the main features of the compared 
methods is presented in Table 1.

CONCLUSIONS

The measurement of the light polarisation 
plane rotation angle is a poorly explored area. 
The present work is an important contribution to 
its development. The method proposed offers the 
highest accuracy of those presented so far. It uses 
the DWT, which offers great potential for signal 
analysis. The measurement is based on the mul-
tiple coefficients analysis which results in good 
accuracy. Furthermore, it introduces full automa-
tisation of the calibration process. The proposed 
algorithms select the optimal DWT coefficients 
to use. This selection is made possible through a 
novel method for assessing the noise of the value 
series. In addition, an independent measurement 
method operating in the 82–98 rotation angle 
range is proposed. This is the range in which all 

Table 1. Performance of the proposed method

Feature
Method

[22] [23] [24] Proposed method
Possibility of distinguishing ranges 

0–90 and 90–180 no no yes yes

Offered precision no data no data 1,5° 1,1°

measurement mechanism power 
measurement

power 
measurement

spectrum analysis with 
Fourier transform

spectrum analysis 
with DWT transform

Measurement range [°] 25–65 0–90 0–180 0–180

Method automatisation not necessary not necessary no yes
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analysed methods of measuring the angle of light 
polarisation plane rotation have reduced preci-
sion or do not allow measurement at all.

The proposed combination of methods allows 
measurements in the range of 0–180 to be made 
with an accuracy of 1.1° using a grating with a tilt 
of 7°. The problem of low measurement accuracy 
for angles close to 90° has been partially solved, 
but the accuracy achieved is lower than for other 
rotation angles. The authors plan to continue re-
search to improve the accuracy of the examined 
measurement. Previous research has used optical 
fibres operating in the third transmission window 
and the wavelength of light used in the measure-
ments was adjusted to this. The current plan is to 
use optical fibres, that allow light transmission at 
other wavelengths, obtained by doping the core 
with various types of ions or introducing nano-
crystals [30, 31].
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