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Abstract 

The paper presents a method of measuring the angle of light polarisation plane rotation. Measurement is done with 

a tilted fibre Bragg grating (TFBG), with a tilt angle of 7°, and an optical spectrum analyser. Data obtained with 

the analyser are processed with a fast Fourier transform (FFT) to obtain frequency representation (FFT 

coefficients). The rotation angle is calculated by comparing such coefficients obtained from the measurement with 

the ones collected during measurement set calibration. It has been shown that FFT coefficients change in the 

function of polarisation plane rotation and in the case of some of them, these changes have regular character and 

can be used to determine rotation. The method shown works in the range of 0−180° of rotation with an average 

error of 0.076° and a median error of 0.033°. The highest values of errors appear about 0, 45, 90, 135 and 180°, 

which is caused by flat characteristics of many frequencies for these angles of rotation. The method discussed 

could find applications in many fields of structure monitoring and maintenance, where rotation or twist could be 

used as a quality parameter. 
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1. Introduction 

Optical fibre sensors constitute a group of measurement devices whose development has 

continued in recent years. They are very successful in various applications such as medical 

examination [1, 2] or engineering applications[3, 4]. One of the development directions in 

optical sensing is application of fibre sensors in which periodic structures are an important field. 

Fibre Bragg gratings (FBGs) are characterised by many advantages over the conventional 

sensors, such as extremely small size, ability to multiplex many sensors in a single fibre or 

immunity to electromagnetic interference [3, 5]. One of the possible modifications of FBG 

internal structure is introducing a tilt angle of the grating fringes related to the cross-section 

plane of the fibre, which leads to inscription of so called tilted fibre Bragg gratings (TFBGs). 

Tilted gratings have an ability to reflect the light as a coupling of series of cladding modes [6]. 

The geometrical asymmetry of the TFBG internal structure also leads to obtaining different 

sensitivities for physical quantities such as surrounding medium refractive index [7, 8], bending 

[4, 9] or rotation angle of input light polarisation plane. 

The rotation of the light polarisation plane can be measured precisely using atomic 

magnetometers [10], but this is expensive technology. Light polarisation measurement is also 

possible using the TFBG, which was proved in [11, 12]. Methods [11, 12] rely on measuring 

the power of light transmitted through a TFBG. The best sensitivity is obtained between 20−70° 

of rotation. None of these articles determines the method’s accuracy. Moreover, the same result 

will be obtained for angles 90-x degrees and 90+x degrees, where x is a positive number ranging 

from 0 to 90. In all of these methods, the rotation angle's relation to the transmission coefficient 
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for the chosen wavelength is used. The interrogation setup could also contain a TFBG followed 

by FBG [13]. The FBG is to filter the narrow range of wavelengths. Interrogation is done by 

measuring the power of the reflected signal. The authors examine the method from 0° to 180° 

of rotation. They indicate that the method can give good results in rotation ranges of 25−65° 

and 115−155°. For both ranges the method returns the same results, so it is impossible to 

distinguish in which range the measurement was taken. The authors did not examine method 

accuracy. In the case of applying TFBGs as physical quantity sensors, polarisation cross-

sensitivity could be considered as an interference of measurements. One of the possible 

solutions to create polarisation-insensitivity is proposed in [14]. 

The lack of methods that are suitable to work in the full range of rotation was the motivation 

to create a new method that would offer the possibility of taking measurements in the whole 

range of rotation. The idea is to treat measurement results obtained from an optical spectrum 

analyser (OSA) as a signal and process it. Because of this, the following research thesis was put 

forward: it is possible to measure light polarisation plane rotation in the range from 0°−180°, 

especially by using additional signal processing methods. 

2. Spectral response of TFBG structure to the changes of input light polarisation angle 

2.1. Measurement setup 

For the purpose of measuring polarisation plane rotation, an experimental setup was 

designed and assembled. The signal from broadband light source S5FC1550S-A2 was directed 

to the optical lens to create the parallel beam which was transmitted through the polariser to 

obtain higher polarisation degree. The light was then directed on the half-wave plate 

THORLABS WPHSM05-1550 which was fixed in the electronically driven rotation stage. 

Application of the motorised rotator allowed operator to control the rotation angle of the output 

polarisation plane with 0.1° precision. The beam is coupled by optical lens to the fibre, which 

is connected to the 1x2 splitter. The reference signal from one of the splitter fibres was used in 

the measurements presented in the next section. The second fibre was connected to the Ge-

doped fibre with a TFBG inscribed. The TFBG used in the examination was a structure with a 

7° internal angle, 10mm length inscribed using phase method with BraggStar excimer UV laser. 

Periodic structure was inscribed by using the phase mask method with excimer BraggStar laser. 

Signal transmitted through the TFBG was measured by optical spectrum analyser (OSA1). The 

second optical spectrum analyser (OSA2) was used to measure spectrum of reference signal. 

The schematic view of the setup is presented in Fig. 1 in which: 1 – superluminescent diode 

SLED, 2 – splitter 50:50, 3 – optical lenses, 4 – polariser, 5 – half-wave plate, 6 – optical fibre 

with TFBG inscribed, 7 – transmission fibre for reference signal, 8 – optical spectrum analyser 

(OSA1), 9 – optical spectrum analyser for reference spectra measurement (OSA2), 10 – 

computer. According to the temperature sensitivity of the TFBG, it was mounted in a thermal-

stabilised chamber to avoid additional error introduced by temperature changes. 

The intrinsic sensitivity of TFBG to changes of the input light polarisation plane angle is 

based on the geometrical asymmetry of its internal structure. It is necessary to present the 

orientation of the polarisation plane related to the refractive index periodic zone plane. 

According to the schematic view of the TFBG fringes presented in Fig. 2, it could be seen that 

the polarisation state related to the internal structure will repeat at every 180° of the rotation 

angle. 
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Fig. 1. A scheme of interrogation setup for transmission spectra measurement of 7° TFBG with variable angle of 

input light polarisation plane, in which: 1 – superluminescent diode SLED, 2 – splitter 50:50, 3 – optical lenses, 

4 – polariser, 5 – half-wave plate, 6 – optical fibre with TFBG inscribed, 7 – transmission fibre for reference 

signal, 8, 9 – optical spectrum analysers, 10 – computer 
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Fig. 2. Schematic view of the input light polarisation plane orientation to TFBG internal structure fringes 

2.2. Identification of differences among spectrums obtained with various angles of 

polarisation 

Because of the purpose of the examination, we are interested in finding the part of the 

spectrum carrying data about light polarisation plane rotation. Identification of these parts was 

done by comparing spectrums measured for the light after propagating through a fibre with 

imprinted TFBG for four various angles of input light polarisation plane rotation: 0°, 22°, 45° 

and 90°. Further in the text, these spectrums will be marked S0, S22, S45, and S90, respectively. 

The most significant difference exists between S0 and S45 spectrums, as presented in Fig. 3. 

Detailed analysis of data obtained from measurement and observation of their changes in the 

function of polarisation plane rotation allows us to notice that the measured spectrums contain 

interference in the whole range of wavelengths, but significant changes in the function of 

rotation can be observed only in some ranges of wavelengths. Because of this, it is important 

to analyse only this part of the data that carries the significant amount of information about the 

measured parameter. It reduces the level of interference and shortens the measurement time. 

The analysis of obtained results reveals that significant differences between obtained results 

exist in cladding modes [15] ranging approximately from 1520 nm to 1570 nm. To identify 

precisely the range of wavelengths that contain the most significant changes caused by the 

rotation of the input light polarisation plane, an additional analysis was done. The spectrum 

obtained for rotation of 0° was subtracted from other spectrums considered in this chapter to 

calculate the differences between them. In each of these differences a maximum value was 
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found. Next, for each of them the range in which local maxima have values greater or equal to 

80% of maximum value was identified. The range beginnings and ends of the obtained analysed 

spectrum differences were averaged to calculate the beginning and the end of the range to 

process in further analysis – further called ROI. The range of wavelengths in ROI is 1539 nm 

– 1559nm. Changes caused by the rotation of input light polarisation are the most significant in 

this range. 

 

Fig. 3. Spectrums obtained for various angles of light polarisation. 

2.3. Measurements with the compensation of half-wave plate influence 

The half-wave plate use influences transmitting signal characteristics and can introduce 

interference to the measured signal. It is caused by a lack of concentricity of the device with 

adjacent lenses. To examine the influence of the half-wave plate and compensate for it, two 

independent measurements were taken while examining the interrogation set response to each 

angle of light polarisation plane rotation. One measurement was taken before a TFBG with 

OSA2, the other with OSA1 attached to the output of the TFBG. Measurements were taken in 

the whole examined range of rotation, from 0° to 180°. The values of the power measured 

behind the TFBG are not aligned with the results presented in [11, 12]. It is caused by the 

influence of the half-wave plate which has no ideal concentricity. To avoid this influence 

the measurement results obtained with OSA1 were divided by measurement results obtained 

with OSA2 for the same angle of rotation. The resulting characteristic is aligned with the results 

presented in [11, 12]. Thus the influence of the half-wave plate was compensated. 

All calculations were done in the Matlab 2023a environment. The measurement result 

consists of a set of values (samples) representing the power of transmitted light for various 

wavelengths. For the purpose of the present research, each set of samples obtained in one 

measurement is treated as a discrete signal. 

3.  Digital processing of TFBG polarisation sensor transmission spectrums 

3.1. Fast Fourier Transform 

The Fast Fourier transform (FFT) is an algorithm that computes the discrete Fourier 

transform of a sequence of input values[16]. Typically it is used to process signals represented 

in the time domain to their representation in the frequency domain [17]. This transform is 

widely used in signal processing, information protection [18, 19], medicine [20, 21], speech 

processing [22], solving engineering problems[23, 24] and many others. In the case of preparing 

solutions for embedded devices it is necessary to pay attention to calculations efficiency[25]. 

A discussion of non-uniform fast Fourier transform (NUFFT) usage to process interferograms 

was presented in [26]. The authors found that NUFFT is comparable to widely used 
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interpolation in spectral profile shape and spectral noise level but is better in spectral amplitude 

and computer performance. In [27] the authors present an application of the Fourier transform 

in Fourier transform holography, which is a lensless imaging technique. The wave is 

superimposed with the wave scattered by a reference source positioned in the same plane. The 

Fourier transform is used to reconstruct the distribution of the object from the hologram. The 

author of [28] proposed a framework based on the Fourier transform, neural networks and other 

transformations for data analysis. In [29] we find an application of the vehicle-mounted solar 

occultation flux Fourier transform infrared spectrometer for monitoring air pollution. Fourier 

transform is used to transform interferograms to obtain infrared absorption spectra. The review 

of Fourier transform usage shows a big variety of its applications and usability in processing 

various types of data. Because of this universality, the authors decided to use the FFT transform 

to process data in the experiment. The Fourier transform is usually calculated using the FFT to 

save processing time and calculative power. For a discrete signal defined as an ordered 

sequence of values marked as , the FFT is realised according to the formula 1: 

  (1), 

where  is a primitive n-th root of 1. 

3.2. Processing idea and sensor calibration 

As already mentioned, a signal analysis will be used to extract additional features from 

measurements obtained with an OSA. At first, a fragment of the data is cropped from 

a measurement. The fragment contains the measured light power for wavelengths from 1539 to 

1559 nm. An example signal after cropping is presented in Fig. 4. In future research, such 

a fragment of data will be treated as a signal and will be named a “measured signal”. 

 

Fig. 4. Cropped measurement result for a rotation equal 0°. 

Before further analysis, to minimise the influence of the half-wave plate, compensation is 

done as presented in Chapter 2.4. The measured signal, after compensation, is transformed to 

the FFT domain by applying the FFT according to (1). The result is a set of FFT coefficients, 

representing spectrum frequencies, in the form of complex numbers. These complex numbers 

are transformed into real numbers by calculating their absolute value. From the resulting set of 

data, the first half is taken to further analysis. The second half is symmetric, so it can be omitted. 

Additionally, the first FFT coefficient, carrying information about a constant component, is 

removed. An example of signal representation after described transformations is presented in 

Fig. 5. 
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Fig. 5. A FFT domain representation of a signal measured for a rotation equal 0°. 

During the calibration process, measurements started from a 0° rotation, were taken with 

a resolution of 2°, and took 91 measurements finishing with a rotation equal to 180°. After each 

measurement, the half-wave plate was controlled to change the rotation about 2° clockwise. 

Analysis of FFT domain representations obtained for measured signals for various rotations 

of the polarisation plane allowed us to notice that there are some differences among these 

representations. These differences are particularly noticeable for frequencies having smaller 

numbers (1-200). For higher frequencies, it is also possible to observe value changes, but they 

are usually very random and can be considered to carry a lot of interference. Example FFT 

domain representations for measurements taken for various angles of rotation are presented in 

Fig. 6. 

 

Fig. 6. Example frequency representations of measured signals. 

The next step is to identify how the particular frequency changes in the function of light 

polarisation plane rotation. To achieve this, FFT domain representations of all measurements 

were recombined, and for each frequency a series of values was created. Each series contained 

values of the same frequency measured for various angles of polarisation plane rotation. To 

obtain a continuous function of a given frequency in the function of rotation angle, each pair of 

adjacent values was connected with a linear function. If we assume that the adjacent values are 

points P1 and P2 in a flat ,  plane, and their positions are given as coordinates:  

and , then the function connecting these points can be described with equation 2: 

  (2). 

A part of the created example function (further called a characteristics) is presented in Fig. 7. 
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Fig. 7. An example of creating frequency characteristics. 

For all frequencies characteristics were made. Their examples are presented in Fig. 8. 

 

Fig. 8. Characteristics of chosen frequencies. 

As can be seen in Fig. 8, the characteristics obtained for various frequencies can vary 

significantly. They can have various shapes and various levels of interference. An analysis of 

the characteristics performed revealed that information valuable for our purposes is carried by 

characteristics of frequencies having numbers lower than 200. The rest of them contain too 

much noise to be useful. Characteristics of frequencies having numbers smaller than 200 were 

sorted to choose those that characterise a significant value change in the function of rotation 

and have a low level of interference. Finally, 36 characteristics were chosen for further 

processing. In the case of the TFBG used in the experiment, we used characteristics of 

frequencies: 1, 0,11, 5,56e-2, 3,13e-2 – 2,78e-2, 2,17e-2 – 1,89e-2, 1,75e-2, 1,59e-2, 1,49e-2, 

1,47e-2, 1,43e-2, 1,33e-2, 1,3e-2, 1,28e-2, 1,2e-2, 1,18e-2, 1,15e-2, 1,14e-2, 1,1e-2, 1,09e-2, 

1,06e-2, 1,05e-2, 1,04e-2, 1,02e-2, 9,43e-3 and 9,26e-3 [1/nm]. 

 Frequencies used may vary depending on the TFBG used. The number of frequencies used 

should be at least 20. Otherwise, the algorithm may return incorrect readings. 

The chosen characteristics and frequencies used to create them are saved permanently. They 

will be used in the further process of determining an angle of light polarisation plane rotation 

on the basis of a measurement result. This is the final step of the sensor calibration. The result 

of calibration is the set of obtained frequency characteristics. 

3.3. Measurement idea 

When calibration is finished, it is possible to measure a light polarisation plane rotation on 

the base of measurement taken with an OSA. The result is obtained from measurements 

processed by calculating absolute values of all obtained frequency coefficients. Next, these 
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coefficients, being the same frequencies as saved in the sensor calibration process, are 

examined. The value of the i-th frequency coefficient from measurement (FFTm) is used to 

determine the light polarisation plane rotation angle that can be read from characteristics of the 

i-th frequency. Such an angle will be further named potential rotation angle and marked with 

the symbol ⍺pot. If we describe the frequency characteristic as a function: 

  (3), 

where FFTC is the value of frequency coefficient and ⍺ is light polarisation plane rotation angle. 

⍺pot are all the values of rotation angle that, when inserted into the equation 3, will give the 

value FFTm. It is worth mentioning that, as a result, it is possible to obtain more than one value 

of ⍺pot, as was presented in the example shown in Fig. 9. 

 

Fig. 9. Determining ⍺pot values on the basis of chosen characteristics. 

All characteristics saved during sensor calibration are used to determine ⍺pot values. All ⍺pot 

values found are saved in a list named PA. After this, values from the list PA are divided into 

groups. Each group contains ⍺pot∈<k-0.5,k+0.5)°, where k∈Z and k∈{0,1,2,...,179}. Next, the 

number of ⍺pot in each group is verified. The largest group indicates the light polarisation plane 

rotation angle. The estimated rotation angle ⍺est is assessed as k degrees when the rotation angles 

from the biggest group ⍺pot∈<k-0.5,k+0.5). That allows us to determine the rotation angle with 

a precision not lower than ±1.5°. A histogram presenting the results of the measurement done 

for the rotation angle of 11° is presented in Fig. 10. It can be seen in the histogram that the 

group of measurements having ⍺pot∈<10.5,11.5) is the largest one. It allows to assess that the 

angle of rotation was 11°±1.5°. 

 

Fig. 10. The histogram obtained for the measurement done for the rotation angle of 11°. 

The present method allows a rough estimate of the rotation angle. Inaccuracy was assessed 

as 1.5°, because in very rare cases the same sizes of groups can appear in two adjacent groups. 

Then it is impossible to assess which group is the proper one, and the present assessment can 
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indicate the centre value of the adjacent group as ⍺est. A similar situation can happen when 

measuring angles close to the boundary of a group (e.g. ⍺=1.5). 

A rough estimated result needs to be clarified. It is possible by further processing. Among 

all ⍺pot only these are taken whose meet condition: |⍺est- ⍺pot|<2°. After removing 20% of 

extreme values from the remaining set (10% of lowest values of angles and 10% of highest 

ones) the rest of ⍺pot values are used to calculate their average value, which is the final result of 

measurement. In the present example a measured ⍺=10.96°, so the calculated measurement 

error in this case is 0,04°. In Fig. 11 a block diagram of invented algorithm is presented. 

Start

Read PA - a set of 

potential angles ( pot)

Filter PA set. Remove from it all values that do 

not meet condition:  | est-  pot|<2 degrees

Sort PA set. 

Determine the number of values in the PA set. 

Save it as SIZE variable. Calculate the number of 

samples to trim according to the formula: 

N=floor(0.1*SIZE)

Remove N first values from PA set

Remove N last values from PA set

RESULT=average(PA)

Return RESULT
 

Fig. 11. A diagram of the estimated result clarification algorithm. 

4. Discussion and conclusions 

In the research presented in this paper the proposed polarisation plane rotation sensor was 

calibrated with a series of measurements taken for angles ⍺∈{0,2,4,...,180}°. To verify the 

operation of the sensor a series of measurements were taken for ⍺∈{1,3,5,...,179}°. Each of 

these measurements was processed with the proposed algorithm. The obtained results are 

presented in Fig. 12. 

 

Fig. 12. Sensor verification. 

The results presented in Fig. 12 reveal that the proposed method works properly and allows 

for measuring the angle of rotation in the range 0−180°. To verify the proposed method's 

accuracy the errors of measurements were calculated. The real rotation of the polarisation plane 

was known from the half-wave plate setting. For each measurement, this value was subtracted 
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from the measurement result. Values of errors calculated for all measurements taken during 

sensor verification are presented on the graph visible in Fig. 13. 

 

Fig. 13. Measurement errors for various angles. 

Analysis of the results presented in Fig. 13 reveals that the proposed method is characterised 

by bigger inaccuracy close to rotation angles equal 0°, 45°, 90°, 135° and 180°. This is because 

many of the frequency characteristics have minima or maxima next to these angles (see example 

characteristics in Fig. 8). A characteristic is flat in its maximum or minimum, which makes the 

read result more prone to mistakes, especially when some interference appears. Moreover, some 

characteristics contain a significant level of interference (see characteristic of frequency 1,08e-

2 [1/nm] in Fig. 8.) which introduces a significant level of interference to the measurement. 

This error is smaller in the case of taking a measurement at the angle for which the gradient of 

the characteristic is big. 

Bigger values of errors are found for boundary measurements taken for 1° and 179°. It is 

noticeable that the error for the measurement taken for 1° rotation is positive and the error for 

179° rotation is negative. That can be explained by two phenomena. One is the fact that many 

frequency characteristics are flat next to these angles of rotation. The second is the way of 

calculating the rotation angle. To determine the measurement result all values of ⍺pot that meet 

the condition |⍺est- ⍺pot|<2° are taken for analysis. In the case of measurements taken for angles 

smaller than 2° the left boundary of the range from which we can take ⍺pot values is not |⍺est- 

⍺pot|<2, but ⍺pot>0. Because of the lack of symmetry in the range from which ⍺pot values are 

taken, there is a bigger chance that a bigger number of ⍺pot values greater than the real angle of 

rotation will be taken. Finally, an average value of ⍺pot angles from the defined range is 

calculated, so there is a great chance that the measurement result will be overrated. The same 

mechanism of error generation exists for angles greater than 178°. For these angles, there is a 

bigger chance that measurement result will be underrated. 
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