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Abstract: We propose the use of high-order optical vortices as markers in the positioning of a laser
beam. The broken optical vortices are arranged in constellations. The center of gravity of these
constellations makes it possible to position the beam carrying information encoded in the optical
vortices. This paper describes three positioning methods using both intensity and phase maps. The
methods described were tested in experiments performed in a laboratory and an open space.
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1. Introduction

Light beams with a special intensity and their phase structures have attracted attention
in modern technology in recent years. Beams carrying an optical vortex are of special
interest as they contain a characteristic isolated point of zero intensity and singular phase.
When traversing the closed path around the singular point, the phase increases by 2 pm,
where m =1,2,3 ... denotes the topological charge (TC). The use of such beams in optical
fiber communication was considered and described in [1]. The spatial characteristics of
optical fields such as polarization, amplitude, and phase structures have been extensively
studied in optical fiber communication to facilitate a significant increase in transmission
throughput and the efficient use of frequency-limited resources thanks to a promising
technique; i.e., space division multiplexing [2,3]. Optical vortex (OV) beams have already
found application in fiber optic communication or in free space [4-9]. Weather conditions
affect the propagation of information in free space. However, it has been shown that, by
means of a beam with optical vortices, it is possible to encode and transmit a message at a
distance exceeding 100 km [10].

The orbital angular momentum (OAM) in the vortex beams (VBs), where OV propa-
gates in the paraxial beams, can be used to increase optical communication throughput as
well as to develop new approaches to quantum coding [11,12].

An optical vortex is an isolated point or singularity in an optical field. An example
of a beam transmitting an optical vortex is the Laguerre-Gauss (LG) beam [13,14]. Many
methods characterize a vortex beam regarding its intensity profile. The bright ring of the
ideal vortex beam is circular, with a diameter that encapsulates the information of the
beam size [15]. In the case of optical imperfections, the intensity profile loses a spherical
symmetry, changing for example into the elliptical one [16,17].

Optical communication uses optical vortices with higher topological charges (TC), and
these break up during propagation, so it is important to know the stability and dynamics
of the vortex core propagation [18,19]. A vortex with a higher charge in a superfluid is
energetically unfavorable compared to vortices with a unit charge. Thus, a vortex with
a higher charge always tends to break up into unit charge vortices [20,21]. The breaking
up of optical vortices can be controlled by several external parameters [22,23]. Currently,
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many methods for the determination of the TC [24-29] are known and used, but to obtain
the best efficiency of TC determination, a beam positioning method should be used.

In the article, we propose the use of the phenomenon of breaking optical vortices
with higher topological charges for beam position control. First, we present a numerical
simulation method to obtain a beam with a higher TC segmented to a few units of charged
optical vortices. Next, novel vortex location finding methods are described. In the last step,
the results of the experiment are shown. The experiment was conducted in the conditions
of atmospheric turbulence. Under such conditions, the splitting of higher charge optical
vortices is observed [30].

The positioning method described in this article may be useful in optical communica-
tion channels with digital signal processing but is not limited to this application.

2. Numerical Simulations

The mathematical expression describing an optical field with a optical vortex inside
can be written as [18]

E(r,0,z) = Ey exp(—rz/wz(z)) exp(im0) 1)

where Ej is a characteristic amplitude , w(z) characterizes the beam size, k is the wave
number, m is the topological charge, and (7, 0) are polar coordinates. Figure 1 shows the
intensity and phase maps in the initial state in the case when m = 3. A dark area and a
bright ring can be observed in the intensity picture, and three phase ramps converging to a
common point can be observed in the phase map. As mentioned in the Introduction, when
the beam propagates, a multi-charge vortex splits into the characteristic constellation of
separated, unit-charged vortices. The separated optical vortices with the same TC can be
described by the following expression [18]:

E(r,0,z) = Ey exp(—rz/aJZ(z)) exp(—ikz)Hin1 Aj(rj,z) exp(im;0;), ()

where A(r,z) describes the amplitude profile of the vortex core, m is a signed integer called
topological charge, M is the number of singly charged vortices, and (r]', Qj) are the polar
coordinates measured with respect to the center of the jth vortex; for example, if M =3,
then m; = my = m3 = 1. Figures 1 and 2 show an exemplary generation of a vortex beam
with an optical vortex with a topological charge of m = 3. Figures 1la and 2a show the beam
intensity, and Figures 1b and 2b show the phase field.
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Figure 1. Vortex beam with a topological charge of m = 3: (a) intensity, (b) phase profile.
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Figure 2. Vortex beam with a topological charge of m = 3 after separation into three vortices with topological charges of

m = 1: (a) intensity, (b) phase profile.

Figure 2 presents the appearance of the intensity and phase of the beam with a TC of
m = 3 that decays into three vortices with a charge of m =1 each. There are three separated
phase faults on the phase maps. The beginnings of the phase faults indicate the location
of the vortex. The geometry of the vortex constellation is a stable structure and behaves
like a rigid bodys; i.e., the distances between the vortices do not change, unless the weather
conditions are drastic.

In this work, methods that can be used to locate the vortex points are presented. With
designated points, the center of gravity of the beam can be determined, which in turn
allows the entire optical beam to be positioned.

3. Intensity Analysis Methods

The intensity analysis method can be used for a beam with or without a vortex.
A commonly used quadrant detector for a Gaussian beam can be adopted for a vortex
beam [31]. The best advantage of this method is its speed, but it is susceptible to asymmetric
beams. A very similar situation occurs when a CCD camera (with many more pixels) is
used and the center of gravity is calculated. In positioning with the use of OV, the minimum
intensity regions are the most important because the optical vortices are in these regions.
The minimum intensity localization method was applied for simulated and recorded data
using typical image processing operations. The sequence of operations is listed below:

Applying a two-dimensional median filter;

Conversion to binary (black and white) images with the defined threshold level;
Color inversion, with minimum light intensity represented as white color;
Grouping pixels with a white color in regions;

Calculating the center of gravity for each white region.

As mentioned in the next sections of this article, the intensity analysis method is used
only for the coarse localization of OV. Image regions based on coarse localization are used
as input data for the artificial neural network.

4. Method of Analyzing Interferograms with Fork Fringes

If we add a plane wave to the Laguerre-Gauss mode, we obtain interference patterns
in which there is a characteristic bifurcation of the band called a fork. The bifurcation is in
the place where the optical whirl occurs [32]. The bifurcation direction of the interference
fringes depends on the sign of the TC. Figure 3 shows what the optical field distributions
look like after adding a plane wave, in the case in which the optical vortices are separated.
Two exemplary topological charges are shown. Additionally, phase maps for separated
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optical vortices with different TCs are presented. The values of charges and signs are
different.
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Figure 3. The separated optical vortices with the addition of the plane wave, (a,c); the phase map for the separated optical
vortices, (b,d). Cases (a,b) were generated for m = +3; (c,d) were generated for m = —5. The plane wave slope direction was
the same in all cases.
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The recording of the fringe fields enables the standard Fourier technique [33] to be
used for phase recovery. As mentioned before, vortex points are located at the beginning
of the phase step line. This technique was used for experimental phase maps and gave
correct results [34,35]. Alternatively, vortex points can be localized on phase maps with the
use of the artificial neural network in the same way as in the pseudo-phase method (see
next section).

5. Pseudo-Phase Analysis Method

The spiral feature of the vortex beam can be extracted from the intensity images by
applying the Laguerre—Gauss filter to obtain a so-called composite signal [36]. The recorded
intensity is convolutional with the filter in the form of

FLG(r,0) = i-n®2d*r exp(—no'Zrzdz) exp(i-mf) 3)

where r and 6 are the polar coordinates, and d serves as a bandwidth of the LG filter.
The results obtained by the convolution can be generally written as

Teon(r,0) = 1(r,0) R) fLG(r,0) = |Leon(r,0)| explip(r,6)] 4)

where ¢(7, 8) is called the pseudo-phase.
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Figure 4 shows the arguments and result (only phase ¢) of the convolution operation of
an LG filter with an intensity image. After performing the convolution operation described

by Equation (4) and extracting the phase ¢, we obtain the pseudo-phase maps shown in
Figure 4c.

3

(a) (b) & (©) e

Figure 4. (a) Intensity of the vortex beam with a topological charge of m = 3 after separation into three vortices with

topological charges of m =1, (b) phase plotted as arg(fLG(r,0)), (c) pseudo-phase, plotted as arg(I.on(r,0)) for the vortex
beam with a topological charge of m = 3. The figure shows the convolution operation.

Colored and superimposed pseudo-phase and original phase maps are presented in
Figure 5. Vortex positions are indicated by the red circles, which are at the point where the
spiral connected with the 27t phase jump ends.

Figure 5. Pseudo-phase, plotted as arg(I.u(r,8)) for the vortex beam with a topological charge of
m = 3 after separation into three vortices with topological charges of m = 1, with the original phase
map colored and superimposed. The red circles indicate the locations of vortex points on both types
of maps.

The presented pseudo-phase maps differ depending on the number of optical vortices.
The next figure (Figure 6) shows an example for five optical vortices.
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Figure 6. (a) Intensity of the vortex beam with a topological charge of m =5 after separation into five vortices with topological
charges of m =1, (b) pseudo-phase, plotted as arg(I...(,8)) with the original phase map colored and superimposed. The
red circles indicate the locations of the vortex points on both types of maps.

The initial location of vortex points can be determined from the intensity minima.
Having defined these areas, we cut out small areas from the pseudo-phase maps around
the initially found position. These maps contain the beginning of the phase jump. This
phase jump line can be treated as an edge and can be extracted by the Roberts method [37]
of edge finding, which is used in image processing. This method gives a location accuracy
of 2 pixels on the CCD matrix. Location accuracy can be significantly increased by using
a learned artificial neural network [38]. It is shown that the vortex can be localized with
subpixel accuracy also on the experimental phase maps. A measurement accuracy on
the order of 10~ pixels was possible after the application of a feedforward artificial
neural network technique with three hidden layers. The hidden layers had a hyperbolic
tangent activation function, and the output layer was characterized by a linear activation
function [39]. The close neighborhoods of vortex points on pseudo-phase maps are similar
to the phase maps of the Laguerre-Gauss mode. Learned artificial neural networks work
in the same way for both kinds of phase maps. Moreover, the algorithm based on neural
networks is less sensitive to experimental disturbances related to wavefront noise.

6. Experimental Results

To verify the proposed solutions, measurements were made in the test system. The
measuring system was set up so that only the intensity or the fringe field could be obtained.
A stabilized He-Ne laser and an expander were used as the source. The measuring system
was located in the room while the light beam went outside to the mirror and back; i.e., the
influence of weather conditions was observed. The distance from the laser to the mirror
was about 50 m, meaning that the optical path length was 100 m.

Figures 7 and 8 show the measurement system, which was designed to verify if the
proposed methods could be useful in a real situation. The configuration of the elements in
both examples was the same, while the arrangement shown in Figure 8 shows the method
of obscuring the reference wave responsible for the occurrence of bifurcated interference
fringes. In such configurations, the system enables the recording of the intensity itself and
the interference field.
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Figure 7. Diagram of an experimental setup for detecting an interferogram with fringes like a fork, BS—beam splitters,
SPP—spiral phase plate.

CCD

Laser +
beam expander

Figure 8. Diagram of an experimental system for detecting intensity with an additional shutter, BS—beam splitters,
SPP—spiral phase plate.

Figures 9 and 10 show the results of the experiment that were obtained in the con-
figuration of the measurement system shown in Figure 7. Examples were selected with
different fringes and different topological charges.

(a) (c)

Figure 9. Experimental results with a separated optical vortex with the topological charge of m = 4. The intensity was
recorded with an additional beam (Figure 7): (a) intensity, (b) magnified intensity area, (c) phase profile. The green circles
represent the locations of the vortex points.
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Figure 10. Experimental results with a separated optical vortex with the topological charge of m = 3. The intensity recorded

with an additional beam (Figure 7): (a) intensity, (b) magnified intensity area, (c) phase profile. The green circles represent

the locations of the vortex points.

Locating the vortex points that are at the bifurcation of the fringes requires the fol-
lowing steps: notches for fringe field analysis and the application of the optical Fourier
transform. Then, from the map of the diffraction spectrum, the first diffraction order should
be selected, and the inverse Fourier transform should be applied to the next limited area
(without the zero order). In this way, we obtained the complex distribution and, after
calculating the angle, we obtained the phase maps shown in Figures 9c and 10c. The
jumps in the phase value appear on the obtained phase maps. It is important to find the
ends of these lines, and image processing methods locate these ends with an accuracy not
exceeding 1 pixel; to increase the accuracy of determining points, the authors used neural
networks that analyzed selected regions with dimensions of 20 by 20 pixels, with the end
of the phase jump line placed in the center of the cut area [34,35]. The learned artificial
neural network locates vortex points with sub-pixel accuracy. For an algorithm based on
neural networks, it makes no difference whether it looks for the end of the phase jump
with phase or pseudo-phase maps. In both cases, the accuracies are the same.

In Figures 9 and 10, the presence of vortex points is marked with green circles. It
is possible to determine the location of optical vortices based on the bifurcation of the
fringes, but these methods are not as accurate as the methods using phase fields. To locate
bifurcations, one can also use algorithms based on neural networks. Information about the
sign and topological charge of optical vortices can be easily read from the bifurcations of
the interference fringes, while the localization itself is sensitive to noise and disturbances
that occur during low-intensity recording.

Figure 11 shows an example of the images recorded in the configuration of the mea-
surement arrangement shown in Figure 8. In this case, no additional light beam is needed.
The recorded intensity for the three separated vortices was subjected to the convolution
operation. As a result of convolution, the pseudo-phase maps shown in Figure 11c were ob-
tained. This method is simpler in terms of technology and calculations than the fringe-field
method, and the obtained result has the same accuracy.

In the measurement series, an exemplary measurement of which is shown in Figure 11,
the minimization and pseudo-phase methods were used to locate vortex points. In half
of the results, the minimum search method gave incorrect results due to turbulence. The
pseudo-phase method worked properly on all captured images.
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(c)

Figure 11. Experimental results with a separated optical vortex with the topological charge of m = 3. Measurements made
without an additional beam (Figure 8). (a) Intensity, (b) magnified intensity area, (c) pseudo-phase profile. The green circles
represent the locations of the vortex points.

Figure 12 shows an example of the experimental results. There are three vortex points
marked in the figure. In further calculations, the center of gravity of the figure formed by
the constellation of optical vortices was determined. In this case, it was a triangle. The
center of gravity is an appropriate point for beam positioning because communication
often uses information carried by the optical vortices themselves.

Figure 12. Experimental results with a separated optical vortex with the topological charge of m = 3. (a) Pseudo-phase
profile, (b—d) enlarged fragments for three vortex points. The yellow “x” indicates a point found by the procedure using
artificial neural networks, while the blue circle indicates the minimum intensity found on the basis of the procedure

described in Section 3.

If the disturbances do not affect the finding of the intensity minima, this method
can be used for beam positioning. In experimental conditions, the intensities of the light
beams are often distorted, which significantly affects the detection of a single beam. The
pseudo-phase method gives more reliable results in non-laboratory conditions.
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As an example, the results of tracking the centroid of a constellation of three optical
vortices using the intensities recorded in two different settings of the measurement system
(Figures 7 and 8) are also shown (Figure 13).
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Figure 13. Positions of the centroid of the three vortex point constellations (a) using the pseudo-phase method and (b) the
bifurcated interference fringes method.

Figure 13 shows the movement of an optical beam propagating through the air in free
space. Both the pseudo-phase and interferogram methods allow the determination of the
position of the center of gravity of the constellation of optical vortices. Figure 13 shows
the location of approximately 500 points. The scatter of the results is due to atmospheric
disturbances and ambient vibrations. The algorithms allowed us to track the position of
the beam. Based on the information from the presented methods, it is possible to position
the optical beam.

7. Discussion

The presented positioning methods use optical whirls as markers indicating the
location of the beam center. Knowing the location of these tags enables effective positioning.
Optical vortices are used as information carriers in optical communication. For this purpose,
topological charges of OVs are sometimes recognized. The proposed methods can be used
both for positioning and recognizing signs and topological charges. In measurements
where the beam has passed through the air, the intensity distribution can be significantly
distorted. In such cases, searching for vortex points based on the intensity minima is
troublesome. The pseudo-phasic or phase field analysis method gives correct results under
standard weather conditions. In addition, neural network algorithms applied to phase or
pseudo-phase maps significantly improve positioning accuracy. The methods shown only
analyze the center of the laser beam as the sensor aperture may be smaller than the beam
aperture. An important aspect of the presented methods is the possibility to use only part
of the optical beam for positioning.
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