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Abstract: Since free-space optical links (especially fully photonic ones) are very challenging to
accurately align; scanning algorithms are used for the initial search and alignment of the transceivers.
The initial alignment aims to intercept the optical beam so that it hits a position-sensitive detector.
However, this operation can be very time-consuming (depending on the system parameters, such
as transceiver parameters, distance between transceivers, divergence of the transmitter, angle of
view of the receiver, etc.). A spiral scan is used as the most widespread pattern for scanning.
This article examines the effects of system parameters (e.g., global navigation satellite systems and
compass accuracy) on the angular area of uncertainty that must be scanned to find the optical beam.
Furthermore, several types of spiral pattern are compared depending on the time of the scan execution
and the required number of points for scanning the given uncertainty area. The cut hexagonal spiral
scan achieved the best results as it required 18.1% less time than the common spiral scan for the
presented transceiver.

Keywords: FSO; spiral scan; spiral patterns; alignment; angular area of uncertainty

1. Introduction

The aim of the emerging 6G architecture is for it to be flexible, efficient, and capable
of integrating diverse elements such as networks, joint communication and sensing, non-
terrestrial and terrestrial communication, AI-powered enablers, and distributed computing
capabilities [1,2]. The progress of 6G will be shaped by a range of innovative technolo-
gies, and smart optical transport connectivity is one such technology that will play a
significant role [3,4]. Free-Space Optics (FSO) technology can serve as a complement to
Radio-Frequency (RF) technology, reducing congestion in the radio frequency part of the
spectrum [5,6]. The FSO systems must be constantly improved to meet the conditions
for implementation in modern mobile networks. Thanks to the implementation of new
photonic technologies, optomechanical devices and Artificial Intelligence (AI) solutions, the
individual subsystems of FSO transceivers, such as pointing and tracking, are continuously
being enhanced. Improving these subsystems is the subject of research by many scientific
groups [7–13].

In FSO systems, accurate pointing, acquisition, and tracking are crucial for reliable
communication, especially for links in which the received optical wave is coupled directly
into the optical fiber. Firstly, the link must be coarsely aligned so that the transmitted
optical beam falls within the angular area of the uncertainty of the receiver. Consequently,
scanning techniques are typically employed to locate the counterpart optical transmitter
within this area. This ambiguity arises due to factors such as the accuracy of electrical and
mechanical components, limited precision of navigation devices, etc. This procedure is
typically time-consuming and requires careful adjustments. In the process of locating the
optical transmitter, the scanning algorithm, often employing spiral movement patterns,
systematically explores the angular area of uncertainty. The spiral scanning algorithm starts
from the center of the search area and progressively moves to the outer edges. By following
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this pattern, the receiver is able to capture and acquire the optical signal transmitted by
the transmitter. During the scanning process, the Position-Sensitive Detector (PSD) (e.g.,
four-quadrant photodiode) detects the incident light from the transmitter and ends the
scanning process if the defined threshold of optical power is exceeded. After this, the
system passes into the tracking state and, based on the obtained position of the spot from
the PSD, continuously compensates for the misalignment so that the beam hits a certain
point on the PSD (mostly the center of the detector).

The novelty of this paper lies in specifying the angular area of uncertainty for auto-
aligning the FSO transceiver (which uses a global navigation satellite system and compass)
and comparing a suitable spiral scan pattern to optimize the required time for optical beam
acquisition during the initial alignment of the transceivers. The results of this paper can
speed up the reconfiguration of the free-space optical network, for example, to maintain
communication in degraded weather conditions.

The paper is structured as follows. The next section presents a review of current
research dealing with FSO acquisition and alignment strategies from different perspectives.
Section 3 provides a brief overview of the FSO transceiver system used for the implementa-
tion of the investigated scanning methods. Section 4 discusses determining the angular
area of uncertainty that needs to be scanned. Section 5 presents the optimal spiral scan for
transmitter beam acquisition. Section 6 compares the scan patterns in terms of the required
execution time and number of points. The last section concludes the paper.

2. Related Works

Modern communication services require higher data throughput and at the same time
create a higher dependence on the stability and availability of the network infrastructure.
Network outages can result in loss of data or financial gain. Outages can be caused, for
example, by network design errors, human failures, or unpredictable natural disasters.
In such situations, the goal is to restore operations or smoothly and quickly switch to a
backup route. FSO technology can serve as an emergency communication system and
can be included in the disaster network resilience program. The optimal placement of
FSO transceivers in a natural disaster is described in [14]. The authors were concerned
with minimizing the number of transceivers needed to restore the network and took into
account dependence on the weather to find strategic locations to guarantee a given network
throughput. The designed solution (network) can reconfigure itself depending on the
weather conditions. Reconfiguration, however, requires the acquisition and pointing of the
FSO transceiver, which can delay the installation of the entire communication network.

The authors in article [15] deal with acquisition, pointing, and tracking for ground-
satellite links. They consider that the angular area of uncertainty is typically larger than the
beam divergence required for detection. However, a large angular area of uncertainty with
a narrow beam divergence can lead to an unreasonably long acquisition time. Angular
area of uncertainty is given by a combination of altitude, azimuth, elevation, and gimbal
uncertainties. For beam acquisition, continuous spiral, step (square) spiral, segmented scan,
and raster scan are introduced. Among these, continuous spiral scan is considered the most
efficient, while raster scan is regarded as less efficient. Acquisition approaches stare/stare,
stare/scan, scan/stare, and scan/scan are discussed in terms of the receiver’s field of view,
the distance between transceivers, and acquisition probability. The stare/scan technique is
concluded as being well suited for ground-to-satellite systems. Furthermore, power criteria
and the impact of four-quadrant photodiode noise are described.

Article [16] discusses various types of acquisition, pointing, and tracking mechanisms,
including gimbal-based, mirror-based, gimbal–mirror hybrid, adaptive optics, liquid crys-
tal, RF–FSO hybrid, and other mechanisms. The authors compared these mechanisms
in relation to pointing resolution, angular steering speed, and application. Mirror-based,
adaptive optics and RF–FSO hybrid mechanisms are highlighted as viable options for
building-to-building communications. Additionally, for unmanned aerial vehicles or au-
tonomous transceivers, the use of a gimbal-based mechanism is advised.
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Paper [17] introduces a beacon-less acquisition approach utilizing the spiral scanning
method. The system uses a gimbal mechanism combined with a fast-steering mirror and a
Complementary Metal-Oxide Semiconductor (CMOS) image sensor. The proposed method
combines the utilization of a gimbal and a fast-steering mirror for beam acquisition. During
the process, the spiral scan is performed by employing both the gimbal and the mirror.
This approach involves conducting an additional scan using the fast-steering mirror at each
spiral point of the gimbal. By doing so, the method expands the field of view of the gimbal
and reduces the number of spiral scan points required.

A novel approach to the analytical optimization of spatial acquisition for inter-satellite
optical communication is presented in [18]. The authors deal with mean acquisition time
estimation, where a spiral is used as a scanning pattern. The optimum ratio between the
angular area of uncertainty and pointing-error deviation is found to be 3.

The impact of atmospheric turbulence on the optical beam is described in article [19].
It can be seen that the atmospheric turbulences create fluctuations in optical intensity and
at the same time cause random deviation of the optical beam position, which is called beam
wandering. These phenomena can increase the angular area of uncertainty and thus the
time required for scanning and sampling during acquisition.

An autoaligning FSO module is presented in [20], where the authors used a phototran-
sistor ring in combination with a Charge Coupled Device (CCD) sensor. This module uses
a simple row scan for beam acquisition, where information from the optical beam of the
CCD sensor, the signal from the phototransistor sensor, the signal from the photodiode, and
the current position of the servomechanisms are taken into account for pointing purposes.
Furthermore, the system was tested for its ability to suppress vibrations.

Two acquisition/alignment methods are presented in [21]. The first one is a black-box
AI-based algorithm used with a gimbal-based mechanism (the algorithm does not have
any information about the system). The algorithm uses Particle-Swarm Optimization (PSO)
to find the beam position that returns the highest received power. The authors investigated
swarm sizes in order to minimize the convergence (alignment) time. In the described
experiment, this method achieved a pointing success rate of 96%. The second one is a multi-
stage Greedy algorithm (partial information about the system is known). This algorithm
assumes that the aligning problem is characterized by a well-behaved global minimum
and that the optimization gradient is circularly symmetric around it. Furthermore, a
characteristic of received optical power as a function of the x and y coordinates of the used
stepper motors is available for adaptive step size control. The greedy algorithm provides a
faster convergence to maximum optical power than the previously mentioned AI-based
algorithm. However, the pointing success rate of this algorithm was (according to the
experiment) 92%.

In Ref. [22], a hexagonal scanning method for satellite laser communication is modelled.
The hexagonal scan is divided into inner and outer parts. The authors compare this method
to their original hexagonal scan and demonstrate that the required scan time is reduced
by 6.4%.

Article [23] deals with the acquisition of a moving target. The rectangular spiral scan,
hexagonal spiral scan, and hexagonal honeycomb scan methods are compared here. The
hexagonal honeycomb scan proposed by the authors achieves a 3% higher acquisition
probability than a non-hexagonal scan.

In Ref. [24], the authors present the use of a spiral scan (instead of a raster one) for use
in an Atomic Force Microscope (AFM). The principle is very similar to scanning the area
of uncertainty in FSO since a Micro-Electromechanical System (MEMS) and a photodiode
are used here. The described method focuses on cross-coupling and vibration issues to
improve the imaging performance of an AFM at higher than normal scanning speeds.

A novel pointing-and-acquisition algorithm for bidirectional FSO communications
between a gateway and an aircraft was proposed in [25]. An RF signal is used to exchange
Global Navigation Satellite System (GNSS) information and angle-of-arrival estimation (by
using a planar or lens antenna array). This information is used for open-loop coarse point-
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ing, in which a beacon laser at the aircraft is replaced with multiple passive retroreflectors,
reflecting the uplink beacon beam back to the gateway.

The authors in [26] investigate the Average Acquisition Probability (AAP) calculation
method for spiral-circular composite scanning suitable for communication between satel-
lites. An effective coverage area and acquisition probability are calculated. The AAP was
developed to describe the influence of the field of uncertainty and vibration simultane-
ously. With the help of the presented calculation method, optimal system parameters can
be determined.

An acquisition, tracking, and pointing system based on computer vision for recon-
figurable FSO communication systems is presented in [27]. The receiver is marked by a
landmark to estimate the direction and relative position from the transceiver by applying
image recognition and computer vision techniques. Further trade-offs among field of view,
latency, and reliability are analyzed and the experimental results of measurement on FSO
with an effective range of 12 m are presented. The proposed method can recognize and
track a moving target at a speed of 0.15 m/s and support 10 Mbps communication.

3. FSO Transceiver System Description

The scan methods examined and presented in this paper were investigated to support
an auto-aligning short-range transceiver, the description of which will follow. The layout of
the transceiver is shown in Figure 1a. The system consists of three main parts. The first part
is the altazimuth mount, which allows rotations in azimuthal and elevational directions.
The resolution of the rotation is 1 µrad. The second part consists of the optical components
of the transceiver. The transceiver uses two optical channels. For initial/coarse pointing, a
channel with a850 nm laser diode is used as a beacon, whose divergence is set using a lens.
For reception/positional detection of the counterpart’s navigation beam, a four-quadrant
photodiode with a receiving lens is used. The second channel is used for communication
and uses a 1550 nm laser beam. The transmitting data is carried by an optical cable through
an Erbium-Doped Fiber Amplifier (EDFA), which is used to increase optical power to
support data transmission ranges up to 1 km. From the EDFA, the optical signal is guided in
an optical fiber to the collimator, which collimates the beam and allows setting the required
divergence. A Schmidt–Cassegrain telescope with adjustable focus is used for receiving
the communication beam from the counterpart transmitter. This telescope focuses the
beam onto an MEMS mirror, from where it is reflected into the receiving optical fiber. The
MEMS mirror is used together with another four-quadrant photodiode to compensate for
atmospheric phenomena affecting the receiving communication beam. The last part creates
a controlling unit used to control the altazimuth mount, optical components, pointing,
acquisition, and tracking. This part also includes a GNSS and a digital compass module.

To point/align two such transceivers, an initial pointing is performed by calcula-
tion of the bearing (angle rotation to the north) and elevation angles for each transceiver
and their required rotation angles to these positions. Bearing and elevation are calcu-
lated by obtained positions from GNSS (latitude + longitude + altitude) and compass
(actual bearing + actual elevation), which exchange transceivers with each other by using
LoRa module in peer-to-peer mode. After this step, the transceivers should be aligned, but
GNSS and compass accuracy will cause the incorrect calculation of bearing and elevation
angles. Furthermore, the accuracy of the gimbal and beam detection sensor will also impact
the final positional error. The mentioned accuracies define the angular area of uncertainty,
Θunc, which, after the initial pointing, needs to be scanned to find (detect) the optical beam
of the opposite transceiver.
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(a) (b)

Figure 1. (a) FSO transceiver layout. (b) FSO transceiver prototype during measurement.

4. Determination of the Angular Area of Uncertainty

The accuracy of GNSS has an impact on the correct calculation of the horizontal
distance of the transceivers, L, and their bearing angle. In Figure 2, a corner case, where the
GNSS error reaches the highest deviation in the direction perpendicular to the transceiver
link, is shown. In this case, the calculation of the horizontal distance is affected by the error

∆Lgnss = L′ − L =
2 gnss_error
sin
(

βgnss
) − L (1)

and the bearing angle by error

βgnss = arctan
(

2 gnss_error
L

)
, (2)

where the gnss_error is defined by the GNSS accuracy.

Figure 2. Angle error βgnss and horizontal distance error caused by GNSS accuracy.

The second corner case only affects the incorrect calculation of the horizontal distance,
L, since the βgnss angle is equal to zero, as shown in Figure 3. The horizontal incorrect
distances are then given as L′′ = L − 2gnss_error and L′′′ = L + 2gnss_error.
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Figure 3. Distance error caused by GNSS accuracy for βgnss = 0.

The accuracy of the altitude measurement affects the error of elevation angle and line
of sight calculation. Figure 4 shows the corner cases of elevation angle βEl calculation
affected by altitude error Alt_error. The error of the elevation angle is defined by

β′
El = α′El − αEl , (3)

β′′
El = α′′El − αEl , (4)

respectively, where αEl is the elevation angle,

αEl = arctan
(

∆alt
L

)
, (5)

where ∆alt = Alt1 − Alt2 is the altitude difference of the transceivers and L is the distance
of the transceivers. The angles

α′El = arctan
(

∆alt + 2Alt_error
L

)
(6)

α′′El = arctan
(

∆alt − 2Alt_error
L

)
(7)

define the corner cases for maximum altitude errors +Alt_error and −Alt_error.

Figure 4. Elevation angle error affected by altitude accuracy.

The angular area of the uncertainty of the presented transceiver is also affected by the
accuracy of the compass (bearing and elevation angle sensor). The accuracy of the sensor
depends on the presence of metal parts and magnetic sources near the sensor. Also, to meet
the accuracy specified by the manufacturer it is usually necessary to calibrate the sensor by
moving and rotating it in random directions.

Last but not least, the pointing accuracy depends on the resolution capabilities of the
altazimuth mount (gimbal). However, the used mount achieves high accuracy in the order
of µrad, and thus its influence on the initial/rough pointing can be neglected.
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Overall, the error angles βgnss and βEl reach the highest error at short distances and
decrease exponentially with increasing distance. The biggest elevation error, βEl , occurs
when the transmitter and receiver are placed at the same altitude (∆alt = 0 m). A lower
elevation error is achieved with a higher absolute value of ∆alt, mainly for short distances.
For longer distances, the impact of ∆alt can be neglected. The impact of distance error ∆L is
in the order of centimeters for common GNSS accuracies (gnss_err in the order of meters)
and distances L > 100 m. For this reason, the influence of the distance error ∆L to the
elevation angle αEl can be neglected because it will be much lower compared to the error
caused by altitude inaccuracy. At large distances, therefore, the compass accuracy will have
the greatest influence on the angular size of the angular area of uncertainty. The influence
of GNSS accuracy can be further reduced many times by using Real Time Kinematic (RTK)
technology, which uses knowledge of the position of reference stations and, by calculating
the differential correction, can increase the accuracy of determining the position up to 1 cm.
The resulting angular area of uncertainty is then mainly determined by the combination of
the errors described above as

Θunc = 2 · max
(

max
(

βgnss, βbearing

)
, max

(∣∣β′
El
∣∣, ∣∣β′′

El
∣∣, βelevation

))
, (8)

where the function max() takes the bigger of the specified parameters and βbearing and
βelevation are the compass accuracies declared by the manufacturer.

5. Optimal Spiral Scan Pattern for Acquisition

As mentioned in the introduction, a spiral scan is most widely used in FSO. The
calculation of spiral points (coordinates) for sampling the angular area of uncertainty can
be done using the polar equation of the spiral with arc approximation,

ri =
φFRS(1 − Fo)

2π
φi, (9)

where ri is the radial distance of point i from the center of the spiral, φi is an angle rotation
of the point i, Fo is an overlap factor, and φFRS is a spiral step for each (2π rad) rotation,
defined as

φFRS = ΘAOV(1 − Fo), (10)

where ΘAOV is the angle of view of the receiver. The algorithm for obtaining a point i > 0
on a spiral uses the equation

φi = φi−1 +
Arcstep

ri−1
. (11)

The position of an initial point i = 0 can be choosed as r0 = φFRS/2, φ0 = 0 and
Arcstep = φFRS. The parameters of the spiral are shown in Figure 5. The algorithm is
stopped at the condition when φi > φmax, where

φmax = Nrings2π (12)

defines the maximum angle of the spiral rotation to cover the angular area of uncertainty
of radius Θunc and

Nrings =
Θunc

2φFRS
(13)

gives a number of spiral rings. The number of loops of the algorithm finally indicates the
number of points, imax, that make up the spiral.



Photonics 2024, 11, 540 8 of 17

Figure 5. Parameters of the spiral.

In Figure 6a, a spiral scan is depicted. The red dashed circle defines the angular area
of uncertainty, Θunc, the black solid circles correspond to the receiver angle of view, ΘAOV ,
and the blue solid line shows a path between points that starts at the coordinates (0, 0).
Further scan charts will use the same terminology. From Figure 6a, it can be seen that the
algorithm for spiral generation suffers from unfilled spaces around the center. This can be
improved by adding a few more points near the center, as shown in Figure 6b. This can be
done by using the algorithm for a spiral, where Arcstep = r0 = φFRS/2.5.

(a) (b)

Figure 6. (a) Spiral scan. (b) Spiral scan with additional infill around center.

Figure 7a shows a square spiral scan that starts at the coordinates (0, 0) and advances
in a direction from this point with an azimuthal step,

∆Azm = ±φFRS, (14)

and elevational step,
∆El = ±φFRS. (15)

However, this scan contains several points that are mostly outside the angular area
of uncertainty, and there is very little probability of finding a beam spot at these points.
Therefore, these points can be removed to speed up the scan, as shown in Figure 7b. Better
results can also be further achieved by rotating the entire scan by 45 degrees, as shown
in Figure 7c, where between most of the scan points there is a movement in a diagonal
direction, which engages both gimbal motors (azimuthal and elevational) equally and leads
to the most time-efficient movement.
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(a) (b)

(c)

Figure 7. (a) Square spiral scan. (b) Cut square spiral scan. (c) Cut square spiral scan rotated by 45°.

Another scan approach/pattern that can be used is a hexagonal spiral scan, as shown
in Figure 8a. The azimuthal step is defined in the same way as for the square scan (14) for
the diagonal direction:

∆Azm = ± φFRS
2

, ∆El = ±
√

3φFRS
2

. (16)

As a result of these azimuthal and diagonal steps, the coverage/filling of the angular
area of uncertainty will increase compared to spiral and square spiral scans. As in the
previous method, the points that are outside the scanned area can be removed from the scan,
as shown in Figure 8b. However, between the last 3 points, there are relatively long paths,
which the gimbal must travel between these points, increasing the scan time. This can be
improved by optimizing the scanning order of these points, which is shown in Figure 8c.
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(a) (b)

(c)

Figure 8. (a) Hexagonal spiral scan. (b) Cut hexagonal spiral scan. (c) Cut hexagonal spiral scan with
optimized path.

The time to perform the entire scan can be calculated using the equation

Tscan = tstay +
imax−1

∑
i=0

(
tmovei + tstay

)
, (17)

where tstay is the time required for sample reception and tmovei defines the time required
for the gimbal to move from one point to another as

tmovei = max{|Azmi − Azmi+1|ωAzm; |Eli − Eli+1|ωEl}, (18)

where |Azmi − Azmi+1| and |Eli − Eli+1| define the step in azimuthal and elevational axis
and ωAzm and ωEl stand for the angular velocity of the azimuthal and elevational axes. For
the case where ωAzm = ωEl , the time required for the gimbal to move by a distance of

dmove =

√
(Azmi − Azmi+1)

2 + (Eli − Eli+1)
2 (19)
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will be minimal for case

|Azmi − Azmi+1| = |Eli − Eli+1|, (20)

which corresponds to diagonal movements.

6. Comparison of Scans for Acquisition

In this section, a comparison will be performed between spiral, cut squared spiral,
cut rotated squared spiral by 45°, cut hexagonal spiral, and cut hexagonal spiral with
optimized scan path. Two conditions were set for the comparison—the overlap factor
Fo was chosen to ensure near 100% coverage of the scanned area and only points with
coordinates within an area with a radius of Θunc/2+ φFRS/4 were considered for the scans.
The scan execution time and the number of required points were compared depending on
the size of the angular area of uncertainty and the receiver’s angle of view. Equation (17)
was used with measured movement time data for azimuth and elevational axis, as shown
in Figure 9. It can be seen that the movement times for each axis are the same. The gimbal
has a function of gradual acceleration and deceleration, which reduces the vibration of the
entire optical system when changing the position. The effect of this function can be seen in
the graph for smaller changes in the distance angle, where this curve is non-linear. Further
time required for sample reception, tstay = 1, s was considered for the simulation.

Figure 9. Duration of movement in the azimuthal and elevational directions.

Figure 10 shows a simulation of the required scan time for angular area of uncertainty,
Θunc, in a range of ⟨4◦, 10◦⟩ and the receiver angle of view, ΘAOV = 1◦ (the dependency is
shown as a ration of Θunc/ΘAOV). As can be seen in Figures 6–8, there are many places
within the angular area of uncertainty that are not covered by the scan. The coverage of
this area of uncertainty can be expressed by the fill factor, which is given as a percentage
and, in the case of complete coverage of the area of uncertainty by scan, reaches a value
of 100%. Since each scan pattern shown above achieves a different fill factor value, which
is much lower than 100%, the overlap of scan points was set so that the fill factor was
higher than 95%. The necessary overlap factor (F0) for individual methods was set as
F0 = 0.24 for spiral scans, F0 = 0.33 for square spiral scans, and F0 = 0.12 for hexagonal
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spiral scans. The simulation confirmed that, in the case of using a gimbal with the same
angular velocity in the azimuth and elevation directions, it is more beneficial to travel
between points in diagonal directions. This effect can be seen in the comparison between
the squared spiral scan and the rotated squared spiral scan (orange line vs. green line).
The step-like shape of squared and hexagonal spirals is caused by the non-linear addition
of points due to the enlargement of the angular area of uncertainty shown in Figure 11.
Furthermore, a reduction in scan execution time can be observed for the hexagonal spiral
with the optimized path (red line vs. purple line). The scan execution time reduction
between cut squared spiral vs. cut rotated squared spiral by 45° and cut hexagonal spiral
vs. cut hexagonal spiral with optimized scan path is observable for the cases where tmovei is
approximately the same size or smaller than tstay. For other cases, the scan execution time
is approximately equal.

Figure 10. Comparison of scan execution time dependent on the ratio of the angular area of uncer-
tainty and angle of view simulation.

Adequately for the simulation (Figure 10), a real measurement was performed to
verify the correctness of the simulation. The transceiver (described in Section 3) based
on gimbal Celestron Nexstar Evolution 8 was placed in the university corridor and the
Raspberry Pi 4 (which is part of the transceiver) was programmed to move with the gimbal
in order to scan the area of uncertainty, Θunc, in the range of ⟨4◦, 10◦⟩, where the receiver’s
angle of view was set to ΘAOV = 1◦. Furthermore, the same values of the overlapping
factors F0, as mentioned above, were used, and the time required for sample reception
was set to tstay = 1 s. At the beginning of the program, the scan points are calculated
according to the scanning pattern. Then, the scan starts by sampling data from PSD for time
of tstay at the position of the first scan point. This is followed by sending the coordinates
of the next point from the Raspberry to the microcontroller, which communicates with
the gimbal via an auxiliary port. After this, the Raspberry periodically checks (via the
microcontroller) whether the required position has been reached by the gimbal. As soon as
the Raspberry determines that the position has been reached, sampling data is performed
again for the period of tstay. This procedure is repeated for all scanned points and each
scanning pattern. At the beginning and end of each scan, a timestamp was recorded by
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which a scan execution time was calculated. A photo of the measurement setup is depicted
in Figure 1b. As the transceiver was scanning the whole area of uncertainty (no termination
threshold was used), no counterpart transceiver was required for this measurement, and
the sampled data from the PSD were not used since the time taken to perform the entire
scan is examined. The results of this measurement are shown in Figure 12. The shape of the
scan curves obtained by real measurement corresponds to the simulated ones. In general,
all scans were performed for a longer time than the simulation was calculated. This was
caused by communication for controlling the gimbal (due to the hardware concept) and
sampling data from the PSD, which lasted longer than 1 s. This fact was also manifested in
the case of the cut square spiral scan which should be slower than the cut rotated square
spiral scan (control of only one motor for azimuthal or elevation movement vs. control of
both motors for diagonal movement). By performing this measurement, the simulated data
presented above can be considered valid, and the same simulation principle can be used
for further investigation, such as the one that will follow.

Figure 11. Comparison of the number of points needed to scan the angular area of uncertainty.

The comparison above was based on the time required to perform the entire scan.
In real conditions, however, the scan ends when an optical power threshold is exceeded,
which speeds up acquisition and pointing. This case was simulated by the sweeping angle
between transceivers (angle displacement) in the range of σ = Θunc/2 around the mean
value of µ = 0◦ by the normal distribution. This generated and averaged 10,000 angle
displacements for each angular area of uncertainty, Θunc, linearly divided into 30 values in
the range of ⟨4◦, 10◦⟩ and the receiver’s angle of view, ΘAOV = 1◦. Each obtained value was
then compared to the scan pattern with the best results (marked as reference) by calculating
relative time saving as

Relative_time_saving =

(
1 −

Tscanre f erence_pattern

Tscanpattern

)
∗ 100 [%], (21)

where Tscanre f erence_pattern is the execution time of the reference scan pattern and Tscanpattern

is the execution time of the compared scan pattern. These relative time savings were
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then averaged over all obtained values for each Θunc to obtain an average relative time
saving. The result of this simulation is shown in Figure 13, where the scan execution time
required to trigger threshold is shown. It can be seen that the cut hexagonal spiral scan
achieved the lowest necessary time for the scan and was marked as the reference scan
pattern. From this, the relative time saving, for example, of the spiral scan pattern can
be calculated at Θunc

ΘAOV
= 8, where the Tscanre f erence_pattern = 51.3 s (average time required to

trigger the threshold in the case of the cut hexagonal spiral scan) and the Tscanpattern = 61.3 s
(average time required to trigger the threshold in the case of the spiral scan) leads to
Relative_time_saving = 16.31%. The comparison of the scan terminated by exceeding the
threshold for all patterns to the cut hexagonal spiral scan is summarized in Table 1. The cut
hexagonal spiral scan pattern required, on average, 18.1% less relative time than a spiral
pattern and 26.8% less relative time than the cut square spiral pattern. The cut hexagonal
spiral scan also achieved better results compared to the cut hexagonal spiral scan with an
optimized path (the obtained result is thus opposite to the simulation shown in Figure 10
and real measurement shown in Figure 12, where the effectiveness of the full scan was
investigated). This is caused by the fact that, in most cases, the scan is finished much
earlier, so the points whose order were modified are not scanned at all, or these “reordered”
points cause delayed scanning of points that are in the area with a higher probability of the
occurrence of an optical beam (area closer to center of Θunc), and therefore the scan takes
longer than in the case of a scan without an optimized path.

Figure 12. Comparison of scan execution time dependent on the ratio of the angular area of uncer-
tainty and angle of view-real measurement.

Table 1. Average relative time saving for scan terminated by exceeding threshold of cut hexagonal
spiral scan compared to all presented patterns.

Type of Scan Average Relative Time Saving

Spiral 18.1

Cut squared spiral 26.8

Cut rotated squared spiral 22.6

Cut hexagonal spiral with optimized path 0.29



Photonics 2024, 11, 540 15 of 17

Figure 13. Comparison of scan execution time required to trigger threshold.

7. Conclusions

In this paper, the impact of electro-mechanical parts on the angular area of uncertainty,
which has to be scanned, was presented. At short distances (approximately <500 m), the
effects of GNSS accuracy and compass accuracy prevail. As the distance increases, the
influence of GNSS accuracy decreases and the angular area of uncertainty is mainly given
by the compass accuracy. The influence of atmospheric phenomena was neglected, because
the purpose of the scan is to capture the optical beam on the PSD sensor roughly. Moreover,
these phenomena are suppressed by averaging the optical power for tstay.

Various spiral scan patterns were introduced, simulated, and compared in terms of
the time and number of points necessary to cover the complete angular uncertainty area.
The simulations and results were presented for a gimbal with equal angular velocity in
both the azimuthal and elevation axes. The optimized cut hexagonal spiral scan exhibited
the most efficient scanning time. A comparison was then made between this simulation
and actual measurements. The recorded values slightly exceeded the simulated results,
attributed to system control overhead.

Furthermore, the cut rotated square spiral scan, which was expected to require less
time based on simulation, actually demanded slightly more time than the cut square
spiral scan. In practical applications, scanning ceases upon surpassing the predefined
threshold. This threshold-based termination was applied to all the proposed patterns in
the simulations. From this perspective, the cut hexagonal spiral scan achieved an average
time reduction of 18.1% compared to the conventional spiral scan and 26.8% compared
to the cut square spiral scan. A suitable choice of threshold for terminating the scan can
significantly reduce the time required to find the counterpart transceiver.
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Abbreviations

The following abbreviations are used in this manuscript:

AAP Average Acquisition Probability
AI Artificial Intelligence
AOV Angle Of View
APT Acquisition, Pointing and Tracking
CCD Charge Coupled Device
CMOS Complementary Metal Oxide Semiconductor
EDFA Erbium-Doped Fiber Amplifiers
FOV Field Of View
FSM Fast-Steering Mirror
FSO Free-Space Optics
GEO Geostationary Orbit
GNSS Global Navigation Satellite System
LEO Low Earth Orbit
LOS Line Of Sight
MEMS Micro-Electromechanical System
PID Proportional–Integral–Derivative controller
PSD Position Sensitive Detector
PSO Particle-Swarm Optimization
RF Radio Frequency
RTK Real Time Kinematic
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