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Abstract

As the world is technologically advancing, the integration of FSO communication in non-terrestrial
platforms is transforming the landscape of global connectivity. By enabling high-data-rate inter-satellite
links, secure UAV-ground channels, and efficient HAPS backhaul, FSO technology is paving the
way for sustainable 6G non-terrestrial networks. However, the stringent requirement for precise
line-of-sight (LoS) alignment between the optical transmitter and receivers poses a hindrance in
practical deployment. As non-terrestrial missions require continuous movement across the mission
area, the platform is subject to vibrations, dynamic motion, and environmental disturbances. This
makes the LoS between the transceivers difficult. While fine-pointing mechanisms such as fast steering
mirrors and adaptive optics are effective for microradian angular corrections, they rely heavily on an
initial coarse alignment to maintain the LoS. Coarse pointing modules or gimbals serve as the primary
mechanical interface for steering and stabilizing the optical beam over wide angular ranges. This survey
presents a comprehensive analysis of coarse pointing and gimbal modules that are being used in FSO
communication systems for non-terrestrial platforms. The paper classifies gimbal architectures based
on actuation type, degrees of freedom, and stabilization strategies. Key design trade-offs are examined,
including angular precision, mechanical inertia, bandwidth, and power consumption, which directly
impact system responsiveness and tracking accuracy. This paper also highlights emerging trends such
as Al-driven pointing prediction, lightweight gimbal design for SWap-constrained platforms. The final
part of the paper discusses about open challenges and research directions in developing scalable and
resilient coarse pointing systems for aerial FSO networks.

Keywords: optical wireless communication; UAV; FSO; non-terrestrial platforms; gimbal; ATP; Coarse
pointing mechanism; AI/ML predictive pointing

1. Introduction

With 6G aiming to extend seamless connectivity beyond terrestrial limits, non-terrestrial
platforms including satellites, HAPS, and UAVs are increasingly relying on free-space optical (FSO)
communication to deliver high-capacity, low-latency, and secure links across space—air—ground
networks. The rapid increase in the applications of unmanned aerial vehicles (UAVs) across commercial,
military, and scientific sectors has created a growing demand for high-throughput, low-latency,
and secure communication links. Applications such as real-time video surveillance, environmental
monitoring, aerial mapping, and autonomous swarming operations require wireless communication
systems capable of supporting multi-gigabit data rates and robust connectivity because of the dynamic
and interference-prone mission environments [1,2].

Free-space optical (FSO) communication has emerged as a viable solution to conventional radio
frequency (RF) systems’ limited spectrum, low data rates, larger beam divergence, and lack of terminal
security. FSO communication systems exploit the vast spectrum available in the optical domain,
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thereby enabling high data transmission capacity. Owing to their inherently narrow beam divergence,
these systems offer high spatial confinement of the signal, which not only enables high-capacity links
but also enhances link security against interception and jamming. In terms of size, weight, and power
(SWaP), FSO systems are proven to be more compact due to shorter wavelengths in the infrared and
visible range. The resulting narrow beam divergence can be described by Equation (1) where 6 is beam
divergence, A is the wavelength, and D is aperture [3-5].

1222
~ D

FSO systems benefit from shorter wavelengths in the optical regime, which allow the use of

6 1)

relatively smaller apertures compared to RF systems for achieving the same beam divergence. As
a result, the transmit and receive optics are more compact and lightweight than conventional RF
systems. This, however, brings the challenge of precise alignment and stabilization mechanisms for
FSO systems. Components like collimators, lenses, micro electro-mechanical systems (MEMS) mirrors,
solid-state lasers, and fibre-based components contribute to low system mass. The narrow divergence
of optical beams leads to highly directional links, which reduces the energy dispersion and enables
lower transmit power requirements.

Further, due to the high directivity of optical beams, sidelobe loss is negligible since most of
the transmitted power is concentrated within a narrow divergence angle. These conditions have
made FSO systems ideal for SWaP-constrained platforms like UAVs, CubeSats, and microsatellites.
However, where smaller wavelength and narrow beam divergence are a boon for FSO links, there are
also certain reasons for bane in these systems. FSO with non-terrestrial platforms is inherently prone
to misalignment, due to the continuous platform motion, atmospheric disturbances, and mechanical
disturbances caused by non-terrestrial platform movements and vibrations during aerial missions [6].
Therefore, it is essential to maintain a stable optical link and precise alignment between transceivers
during aerial missions. Similarly, in the context of emerging 6G non-terrestrial networks, FSO links
face unique challenges. While their high capacity and secure narrow-beam communication make them
ideal for inter-satellite, satellite-to-ground, and HAPS/UAV backhaul, these same characteristics
also necessitate ultra-precise pointing, acquisition, and tracking (PAT). The dynamic motion of
non-terrestrial platforms, coupled with atmospheric turbulence and platform jitter, can easily disrupt
alignment. In order to guarantee dependable FSO connectivity in upcoming 6G NTN deployments,
strong beam steering, Al-driven predictive tracking, and hybrid RF-optical control mechanisms are
essential. Figure 1, provides a visual representation of the core challenges that must be overcome
during FSO-based communication with non-terrestrial platforms. This precise alignment in these
platforms is achieved through a two-stage process that involves coarse pointing and fine pointing.
Coarse pointing mechanisms are used to provide wide-range beam steering to bring the receiver
within the acquisition field-of-view (FoV), whereas fine pointing systems make high-resolution angular
corrections using MEMS miirrors, or liquid crystal deflectors [7].

In coarse pointing mechanisms, gimbal-based systems are widely used due to their mechanical
simplicity, robustness, and ability to support large angular deflection with high repeatability [8]. The
Figure 2 gives a basic representation of how gimbal modules are being used for maintaining the line of
sight with aerial platforms and keeping the optical communication link intact. As seen in the respective
figure, the gimbal has two kinds of movement, i.e., azimuth and elevation, to achieve the target. Where
azimuth and elevation correspond to the yaw and pitch movement, respectively. This survey reviews
the current state-of-the-art in coarse pointing modules, with a focus on gimbal systems designed for
FSO communication in aerial platforms. This paper explores mechanical configurations, actuation
techniques, control strategies, and integration methods with onboard sensors and navigation systems
of different models that are being used and have been published by researchers. This paper also lists
key challenges such as SWaP constraints, stabilisation under flight dynamics, and future directions
involving Al-enhanced predictive tracking and multi-agent coordination.
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Figure 1. Challenges during FSO-based communication with UAVs.
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Figure 2. Gimbal module used for communication with aerial platforms.

2. Existing Technologies and Implementations

This section reviews state-of-the-art literature, prototypes, and commercial /experimental systems
implementing coarse pointing gimbals for FSO communication in non-terrestrial platforms. Here, this
comparative analysis highlights performance metrics and trade-offs.

2.1. Literature Survey

Gimbal systems are a critical component in FSO communication systems, and researchers are
actively working in this field to build more robust, precise, and accurate pointing systems.

In [9], the researcher investigates the feasibility of using a mechanical gimbal for alignment
and tracking in an FSO communication link between a ground station and an aerial platform. Their
experimental setup involved a 633 nm helium-neon laser mounted on the gimbal, with its position
measured by a high-resolution position-sensing photodiode. The data acquisition and gimbal were
controlled via a computer. Their paper focuses more on the gimbal’s mechanical capabilities than on
control stack details. For tracking algorithms, the authors analysed their gimbal’s repeatability and
error, which allowed them to use that error distribution in the alignment and tracking algorithms. As
per their analysis, the gimbal’s repeatability for elevation was 0.41 m (0.004°) and for azimuth was 1.24
m (0.013°), with an overall pointing error of 0.3 m (0.0032°). The simulation results suggested that the
natural beam divergence in FSO links, even due to atmospheric turbulence, can effectively offset the
gimbal repeatability and accuracy errors, which can make the gimbal a more efficient tool for ATP in
ground-to-UAV FSO links.

In [10], the authors proposed a free-space experimental laser terminal (FELT) for the high altitude
platforms (HAPs) where a motorized periscope was used for beam steering. The periscope was able to
rotate on two axes, i.e., azimuth and elevation, to direct the optical beam. The periscope had a clear
aperture of 50 mm. The periscope was being used to focus the incoming beacon light from the ground
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station onto a CMOS tracking camera, and then the video signal was processed by a compact vision
system, which ran control algorithms to keep the periscope aimed at the ground station’s beacon.

In [11], a research paper details the development of an FSO tracking and auto-alignment
transceiver system and demonstrates its ability to maintain LOS with mobile platforms like UAVs. The
system utilises a mechanical gimbal with servo motors, a position sensing detector (PSD) to receive the
signal, a 40mW industrial laser module for data transmission, and a computer for coordination. In this
paper, the system uses a simple proportion algorithm that calculates gimbal coordinates based on the
laser spot’s position on the PSD and a pre-determined correction coefficient. This coefficient varies
across different zones of PSD to ensure accurate recentering and prevent overshooting. The system’s
efficiency was tested on a mobile unit on a model train track, and it maintained alignment even at
angular velocities up to 3.21°/s. The gimbal specifications indicate a maximum angular speed of 60°/s,
and experimental results further demonstrate that the system is capable of maintaining power above
the critical thresholds during operation, thereby validating its overall efficiency.

In [12], the authors have developed a high-performance, two-axis gimbal system for free-space
laser communications onboard UAVs. Their system aims to achieve affordable, reliable, and secure
air-to-air laser communication between two UAVs. This custom-designed gimbal offers a 180° FoV in
both azimuth and elevation, with increased velocities of up to 479° per second. It is a 24-volt system
with integrated motor controllers and a driver. This system also complements a passive vibration
isolation system. The gimbal uses piezoelectric servo motors, a signal amplifier, a motor controller, an
onboard flight computer, and a tracking algorithm. Their tracking algorithm has been developed to
aim an airborne laser at a stationary ground station with known GPS coordinates, by autonomously
calculating a LoS vector in real-time using the UAV’s differential GPS and IMU data along with the
ground station’s GPS location.

In [13], the authors have used a MEMS-based modulating retroreflector (MRR) as the communication
terminal onboard the UAV. Their design significantly reduces power, size, and weight on the UAV by
eliminating the need for a laser transmitter and ATP subsystems on the UAV platform. In contrast, the
ground station design utilises ATP as a subsystem, where a two-axis gimbal for coarse pointing and an
FSM is employed. This gimbal features a high-speed control system with a speed of up to 100°/s and
a resolution of 0.0064°, while the FSM has a maximum angular resolution of 2urad. They are using
a beacon-based tracking algorithm, where the laser beacon is employed at the ground station. The
gimbal continuously tracks the UAV’s trajectory using GPS data. The beacon’s reflection from the MRR
is monitored by an IR camera to determine the UAV’s exact position. Fine positioning is achieved by
correlating the beacon image’s position on the camera’s focal plane with the necessary FSM movement
to illuminate MRR. The system also manages laser power optimally through distance-dependent
beam-divergence control.

In [14], the author presents a design and prototype of a compact, lightweight two-axis gimbal
for air-to-air and air-to-ground laser communication with UAVs. The gimbal incorporates a refractive
telescope with 7.5cm diameter aperture folded between mirrors, and an FSM for fine pointing. The
gimbal uses custom-built servo motors with optical encoders, where the azimuth stage connects via
a slip ring, and the elevation stage is equipped with passive optics, supported with custom-built
ceramic-on-steel bearings. Although the manuscript doesn’t mention which tracking algorithm they
are using, their demonstration registers stable operation and effective performance in demanding
environments.

In [15], the authors pioneered a gimbal-less body pointing architecture, where the laser was
rigidly mounted to the Aerocube-7 cubesat’s body while the entire 1.5U cubesat acted as the pointing
mechanism. To aim the laser, the spacecraft’s attitude control system (ACS) would reorient the whole
satellite. This was made possible by an extremely precise ACS that included miniature star trackers,
sun sensors, and reaction wheels. This system allowed the spacecraft to achieve a pointing accuracy of
better than 0.005 degrees. Later in [16], the authors launched Aerocube-10A and Aerocube-10B, each a
1.5U cubesat for inter-satellite laser pointing. 10A was emitting a laser beacon while 10B was using its
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optical sensor to detect the laser. Both of the cubesats were using their advanced ACS. The authors
were successful in validating the performance of their gimbal-less body pointing system, which was
being actuated by reaction wheels.

In [17], the researcher focuses on a spatial beam tracking and data detection module for FSO
communication with UAVs, rather than a physical gimbal model. Instead of using a bulky mechanical
gimbal, they are using a quadrant photodetector (QPD) array for optical beam tracking. They employed
a maximum likelihood criterion for spatial beam tracking when channel state information is known.
For unknown CSI scenarios, they have proposed a blind channel estimation method that does not
require pilot symbols but enhances the bandwidth efficiency, and then data detection uses those results.
The efficiency of the tracking model is assessed by analysing tracking error probability and bit-error
rate (BER) through derived closed-form expressions and monte-carlo simulations. Their simulations
registered that hovering fluctuations severely degraded their performance, but that can be mitigated
by optimising the detector size and balancing increased field of view against background noise and
reduced electrical bandwidth. They also optimised the length of the observation window, representing
a trade-off between performance and system complexity. Extending the work, researchers in [18]
further explored monte-carlo simulations and used optimal detector sizing based on UAV motion
statistics to develop blind channel estimation algorithms for higher bandwidth.

In [19], this paper proposes a low-cost, retina-like robotic lidar based on incommensurable
scanning. This lidar is integrated with a 2-DOF gimbal system with high-torque motors. Their tracking
algorithm involves two main parts, i.e., detection and tracking. Detection, segmentation, and clustering
are used to remove background points, and the median of residual points is considered the UAV’s
centre. After detection, a PC sends instructions to adjust the gimbal’s pose using a PID algorithm to
keep the UAV centred in the lidar’s FOV.

In [20], the research paper investigates a hovering UAV-based serial FSO decode and forward
relaying system by focusing on channel modelling and parameter optimization rather than a specific
gimbal hardware design. The researchers developed a tractable channel model that considers four
parameters, i.e., atmospheric loss, atmospheric turbulence, pointing error, and link interruption
due to angle-of-arrival (AoA) fluctuation. The paper does not use a gimbal, but it models and
optimizes parameters related to the optical link itself to mitigate the effects of UAV hovering. Using
the model, authors are optimizing beam width, FoV, and the platform’s locations. The primary
optimization algorithms involve deriving minimum beam width requirements and solving non-linear
equations for optimal FoV. For UAV location optimization under obstacle scenarios, the authors
transform the problem into a min-max problem, which is solved by using MATLAB’s fmincon function.
Based on their simulation results, their proposed optimization scheme significantly improved system
performance, including link and end-to-end outage probabilities. This approach provides a framework
for optimizing FSO links with UAVs by adjusting optical and deployment parameters to counteract
channel impairments.

In [21], the paper presents an adaptive sampling-based particle filter for a visual-inertial gimbal
system designed for drones flying in natural mountainous environments. Their system aims to stabilize
camera orientation robustly for applications like volcanic eruptions. The core of their tracking model
relies on computer vision and an IMU unit data fusion. This tracking model is integrated with a
lightweight ResNet-18 backbone network to segment images into binary parts (ground and sky). This
binary mask allows for the extraction of natural cues like the skyline and ground plane, which serve as
robust references for gimbal stabilization. The paper has also proposed a non-linear particle filter with
adaptive resolution sampling on a manifold surface, integrating orientation from both CV and IMU
pipelines for fusion. The gimbal is a 3-D printed module, with a jetson nano as the main processing
unit, an IMU, a raspberry pi camera, a barometer, and an opencr 2.0 driver board controlling two
dynamixel AX-18A servo motors. The efficiency of the gimbal system with a fusion approach shows the
lowest root mean square error (RMSE) and improved robustness compared to IMU filters, especially in
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scenarios with magnetic disturbances that affect magnetometers. Although this system is not for FSO
communication, it is rather for camera stabilization on UAVs, but it represents a promising method.

In [22], the authors proposed a rigorous statistical channel model incorporating hoyt-distributed
pointing error due to the anisotropic UAV jitter in azimuth (std = 0.4°) and elevation (std = 0.05°).
The model permits the derivation of the joint PDF and assessment of link performance in the presence
of realistic jitter.

In [23], the researcher introduces a framework for FSO communication using a reconfigurable
intelligent surface (RIS)-equipped UAYV, and their primary goal is to optimize the UAV’s trajectory
and the RIS’s phase shifts to maximize average capacity while also incorporating atmospheric loss
and pointing error loss. They employed two optimization algorithms, leading angle assisted particle
swarm optimization (PSO), and proximal policy optimization (PPO). They represented the efficiency of
their proposed system through numerical simulation. Their results were in favour of the combined use
of PSO and PPO optimization, as it was able to achieve greater efficiency and accuracy compared to
decode and forward (DF) relay and deep Q-learning (DQN) methods. Alongside, the UAV’s trajectory
optimization effectively helps to avoid fog and position itself optimally to mitigate pointing error loss,
and hence, significantly improves the average capacity of the FSO link.

In NASA'’s optical communication and sensor demonstration (OCSD) mission, instead of a gimbal,
the architecture employed a body-pointing system, where a star tracker and GPS were used as tracking
aids. Both of these systems employ body-pointing, which avoids the need for complex gimbals.
OCSD was one of the first demonstrations to prove that a cubesat could achieve the pointing accuracy
required for laser communications by steering the entire spacecraft body. It was successfully able to
demonstrate downlink of up to 200 Mbps [24]. Similarly, in [25], the author proposed and implemented
an architecture for terabit-class optical downlinks for NASA’s terabyte infrared delivery (TBIRD)
cubesat, where they were able to transmit more than 200 Gbps per pass to ground stations. It was a 6U
cubesat, and the same fundamental method is being used for its downlink. The optical subassembly
included both the transmit and receive apertures and was mounted in a fixed monolithic housing that
contains no steering mirrors. To aim the downlink laser, the entire spacecraft bus maneuvers using its
reaction wheels. In Figure 3, is representing the concept of the optical downlink for the TBIRD cubesat.

JPL Optical
TeraByte InfraRed Delivery (TBIRD) Ground Station 1
laser communications payload

Figure 3. Optical downlink concept for the TBIRD CubeSat [25].

In [26], the paper introduces a pointing error model that significantly aids in the PAT of UAVs during
FSO communication. This model innovatively incorporates 3D jitter, accounting for roll, pitch, and yaw
angle fluctuations of fixed-wing UAVs. The authors have employed successive convex approximation and
dinkelbach methods to solve this non-convex optimisation problem. This characterises the 3-D pointing
errors, allowing the model to make a more accurate assessment of the FSO link and then optimise the
UAV’s flight trajectory to mitigate the detrimental effects of jitter on communication performance. The
simulation results demonstrate that optimising the UAV’s trajectory based on this 3-D jitter model can
achieve up to 11.8% higher energy efficiency than conventional models.

The Table 1 provides a comparative summary table of this literature survey, based on platform
type, gimbal configuration, tracking aid used, and performance highlights.
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Table 1. Comparative summary table.
Gimbal . . Performance
References | Platform Type Configuration Tracking Aid Highlights Notes
Small Two-axi ith
[9] fixed-wing b O-ax1s w Beacon + servo Tracked at 270 km/h | Real flight trials
eacon
UAV
Successful Classic early
[10] Balloon/HAP 2-axis coarse stage GPS, beacon stratospheric FSO | stratospheric optical
downlinks >1 Gbps | trials
. Fast auto-alignment,
[11] Small VTOL TWO-aXlS AZ-EL QPD + beacon reduced acquisition DASC conference
UAV gimbal time prototype
Two-axis 360°X78°, 60 "~ | Proof-of- concept
[12] Small UAV DGPS/ IMU 479° /s, Sub-degree . 'cep
servomotor error air-to- ground link
. L Light weight
[13] UAV terminal/ | Two-axis gimbal + GPS/ beacon Moderate  speed, terminal, ground
ground FSM Coarse stage only side
Sub-mrad
Stratos  pheric L stabilization .
[14] UAV Two-axis gimbal Beacon + IMU in turbulent Airborne study
environment
. . First compact
[15] CubeSat (1.5U) Miniature  2-axis | Star . tracker + | Early (_IubeSat laser spacebome  laser
stage reaction wheel downlink demo :
terminal
Rotor-  hover | N/A (Receiver side | 4-QD detector Analytical e quadrant
[17] model, optimized .
UAV APT) array - array modeling
tracking
[18] Multi-rotor N/A (receiver APT 4-QD arra xcl)ircllt:t_ecdarloointin Modeled detector
UAV from [20]) y p & sizing
model
Multi-rotor Two-axis LiDAR- | LiDAR Compact, low -
[19] . - inertia, Robust | Coarse pointing
UAV aided detection -
under UAV motion
[20] Hovering UAV | N/A (System-level | GPS, FSO path | Closed-form outage | Relay optimi zation
relay model) integration and capacity results | design
Multi-rotor with | 3D-printed 2-axis | Vision- IMU Pa‘rt.1c1? .ﬁlt.er Light weight vision-
[21] . . . minimized drift in A
gimbal pod gimbal fusion o based stabili zation
natural conditions
[22] Multi-rotor analytical model Statistical Az accuracy 0.4°, El i&?ﬁgﬂ mc())cilriggg
UAV y 0.05° & P g
error
PSO + PPO
23] Fixed- wing | N/A (analytical + | RIS aided beam | minimize joint | Trajectory optimi
UAV +RIS optimi zation) alignment pointing and | zation
atmospheric loss
Successful
. GPS + Mini star | LEO-to-ground Minimal APT, very
[24] CubeSat (3U) Body-pointed tracker lasercom  without | low SWaP
gimbals
Demonstrated
Star  Tracker >200 Gbps optical | record CubeSat
[25] CubeSat (6U) Body-pointed GPS " | downlink; Tb-class | optical
per pass communication
throughput
Fixed-  wing . GPS + INS + . Outlook to 6G UAV
[26] UAV modeled trajectory control 3D jitter-aware FSO networks

3. Fundamentals of FSO Communication for Non-Terrestrial Platforms

An FSO communication system transmits a collimated optical laser beam within the near infrared
(2800 nm) to visible light (380 nm) wavelength range from the transmitter aperture to the receiver
aperture through the atmospheric medium. The received optical power P, is governed by the link
budget (Equation (2)):

(2)

Here, P} is transmitted power, T; and T; are transmitter and receiver optical efficiencies, L, is

Po=D0 T - Ty - Lgeo “ Latm - Lpoint

geometric loss (due to beam spreading), L is atmospheric loss (due to scattering, and absorption),
and Lpoint is pointing loss due to misaligment. The Figure 4 depicts a laser travelling from a ground
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transmitter to a target aerial platform, and along the path visually representing each loss component
from Equation (2).

Lpoin:(Pointing Loss)

Aerial Platform

Latm(Atmospheric Loss)

Lgco(Geometric Loss)

Ground Station
- Transmitter

Figure 4. FSO link budget visualisation.

In this, Ly or pointing loss is highly sensitive, especially with aerial platforms, as even
sub-milliradian angular deviations can lead to significant losses as the LoS between transceivers gets
hindered due to the narrow beam divergence of optical carrier frequency [27]. Therefore, maintaining
LoS is fundamental to FSO operation with aerial platforms, and to support this, optical laser beams
with divergence angles in the range of a few milliradians, depending on the optics used. This restricts
the beam footprint to a few centimetres at moderate distances. But, any deviation due to aerial platform
translation, rotation, or vibration can still cause the receiver to fall outside the beam cone, leading to
breakage of the link [7].

Generally, UAVs experience continuous 6 degrees of freedom (DOF) motion, affected by wind
gusts, flight manoeuvres, and control lag. These dynamics introduce platform jitter and spatial
drift; these hindrances affect the LoS, leading to link outages if not compensated by real-time tracking
mechanisms [28]. In addition to this, atmospheric effects such as aerosol scattering, turbulence-induced
beam wander, and scintillation add stochastic signal degradation, particularly at altitudes below 2km
[29-31].

To address the LoS sensitivity and beam drift issue, a real-time tracking mechanism was needed.
Therefore, FSO systems employed acquisition, pointing, and tracking (APT) subsystems. The APT
system is further divided into a coarse pointing module (CPM) and a fine pointing module (FPM). The
CPM is responsible for the acquisition phase, where it brings the ground station into the platform’s
FoV and broadly aligns the optical beam toward the aerial platform. CPMs are generally mechanical
systems that use servo or BLDC motors and encoders for orientation control and support the fine
pointing modules by keeping the UAVs in the FOV. These are effective for coarse pointing but are
limited in speed and resolution [32]. The second module, i.e., FPM, is responsible for achieving precise
control of the beam direction using high-bandwidth actuation systems by maintaining link stability
and ensuring the optical beam stays within the receiver aperture for high-data-rate transmission [33].
This fine pointing is achieved by using fast steering mirrors or MEMS devices, optical beam deflectors,
liquid crystal beam steerers, etc. Also, the PAT systems must be lightweight and responsive to be
compatible with UAV payload constraints [34].

4. Coarse vs Fine Pointing in UAV-Based FSO Communication

Maintaining a stable LoS in FSO-based communication links with UAV platforms is challenging
because of the dynamic environments during aerial missions. These kinds of challenges require a
precision alignment system capable of tracking both rapid and large-scale angular displacements.
To achieve this, a two-stage PAT strategy is typically used by researchers and engineers, i.e., coarse
pointing for wide-range mechanical alignment and fine pointing for high-accuracy beam correction.
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These stages operate synergistically to ensure that the transmitted laser beam remains within the FOV
of the UAYV, despite its continuous motion and environmental disturbances. The Figure 5 represents
a basic geometrical representation of a gimbal system consisting of both coarse and fine pointing
systems. Figure 6a,b displays a close-up image of the CPM and a MEMS mirror (which is used for fine
pointing), respectively.

@) (b)

Figure 6. (a) Mechanical gimbal for coarse pointing. (b) MEMS mirror for fine pointing.

4.1. Coarse Pointing: Mechanical Beam Acquisition

As their name suggests, CPMs are responsible for coarse pointing, i.e., gross angular positioning
of the transmitter and receiver optics. CPMs generally consist of mechanically actuated systems such
as gimbals or pan-tilt mounts with 1-DOF, 2-DOF, or 3-DOF configurations. This system’s operational
angular range is around tens of degrees, ensuring that the laser beam is directed toward the target’s
general location, even under large initial pointing uncertainties due to UAV position errors, drift, or
high-speed manoeuvres. The coarse pointing objective is given in Equation (3) as follows:

|6c — 6¢| < Oy (3)

Here, 6, is the coarse pointing angle, 6; is the target’s angular displacement relative to boresight, and
Orov is the acquisition field-of-view of the fine pointing mechanism. If the error exceeds this, the
fine-pointing loop cannot engage. Alongside, the mechanical resolution Af. of coarse pointing is
limited by actuator resolution and backlash is given as Equation (4):

360°

Ab, = N 4)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202509.0406.v1


https://doi.org/10.20944/preprints202509.0406.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 September 2025 d0i:10.20944/preprints202509.0406.v1

10 of 28

Where N is the steps per revolution (stepper or servo resolution), and r is the gear reduction ratio.
In CPM, gimbals typically have angular resolutions in the range of 0.1-1 milliradian and slew rates
around 10 — 100° /s, which are sufficient for acquiring moving UAV targets [6,35].

Depending upon application, system complexity, and available feedback sources, CPMs work
either in open-loop or closed-loop. Open-loop gimbals work on predefined inputs based on global
positioning system (GPS) sensors or inertial navigation system (INS) sensors. These gimbals move
to a calculated position without real-time correction, which makes their mechanisms simpler, faster,
and easier to implement. But they are exceedingly unreliable and susceptible to error buildup due to
GPS/INS drift, platform motion, etc. On the contrary, closed-loop gimbal systems work with real-time
feedback. They use sensors like inertial measurement units (IMUs), beacon signal (from the other
terminal), and angle-of-arrival (AOA) as feedback sources, which help them continuously correct their
orientation to minimize angular error. The actual gimbal angles, i.e., azimuth and elevation angles, are
measured using encoders. Then, errors are calculated based on the measure and desired angles and
then fed into a controller like PID, then the controller drives the motor of the gimbal to minimize this
error [36,37].

PID controllers are a very common method to control these dynamic systems. Equation (5)
represents the PID control, where e(t) = 6;(t) — 6,,(t) is angular pointing error, 6;(t) is the desired
azimuth/elevation angle, 0,,(t) is measured gimbal orientation from encoders, and u(t) is control
input to the motors [36].

de(t)
dt

Equation (6) represents the gimbal dynamics (2"d-order approximation), where ] is the inertia of

u(t) = Kpe(t) + K; /Ote(r)dr—i-KD 5)

the gimbal, and B is the damping coefficient [36].
JOm + Bby = u(t) (6)

Combining Equations (5) and (6) yields the closed-loop second-order system given by Equation
(7) [36]:
]'e'+Bé+er+K1/e+KDé:0 @)

This equation models how the gimbal responds to disturbances (like UAV vibrations, wind
gusts, or mechanical jitter). It shows how mechanical inertia (J), friction (B), and control parameters
(PID gains) interact to minimize pointing error. Without such stabilization, the narrow optical beam
would quickly lose alignment due to motion and disturbances of the aerial platforms. Here, Kpe:
Corrects instantaneous pointing error, K; [ e: Eliminates steady-state error (keeps beam centered
on UAV/ground station over time), and Kpé: Provides damping and stability, countering fast UAV
vibrations and reducing overshoot.

In addition to GPS, IMUs, and servo gimbals, star trackers are also being investigated as coarse
pointing sensors in non-terrestrial FSO links. These optical units help in determining absolute attitude
by imaging star fields and matching them with onboard catalogs. Traditionally, star trackers are a
spacecraft technique, but it is also used with high-altitude platforms like UAVs in a miniaturized
form. This system supplies high-precision orientation data without GPS, and reduces initial pointing
uncertainty significantly, which is quite critical when pointing a narrow optical beam at long distances
[38—40]. During the coarse acquisition phase, systems typically operate in open-loop (feedforward)
mode, and the transmitter is aimed solely based on estimated attitude and position (via GNSS, IMU,
or star tracker), without feedback. This open-loop acquisition can be represented as:

Ocma(t) = f(GPS(t), INS(t), StarTracker(t)) (8)
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where 0., (t) denotes the azimuth/elevation command angles derived from navigation sensors. Since,
this stage is feedforward, the instantaneous pointing error is simply

Gerr(t> = GturgEt(t) - Gcmd(t) (9)

Only when |6,,,,4(t)| < 8,y according to Equation (3), the beam is approximately aligned, a closed-loop
pointing and tracking stage takes over (using beacon signals, FSMs, quadrant photo detectors
(QPD), position sensitive device (PSD), etc. ) to precisely aim the beam on optical detector. These
kinds of hybrid two-stage APT architectures, which follow open-loop and closed-loop strategies,
are well established in small satellite and aerial laser communication systems [41,42]. Notably in
[43], the authors described an FSO communication system with UAVs where coarse pointing is
controlled by a GPS-aided gimbal, then preceded by tip/tilt fine tracking, and AeroCube-7 relied on a
high-performance star tracker for coarse alignment before any fine pointing stage [39].

4.2. Fine Pointing: High-Precision Optical Stabilization

The second stage of pointing is fine pointing; once the coarse system places the beam within the
FOV, fine pointing mechanisms come into play. These systems typically comprise fast steering mirrors,
piezo-actuated mirrors, MEMS tilting platforms, liquid crystal beam deflectors, and electro-optic
or acousto-optic beam deflectors. Like CPMs, fine-pointing mechanisms have limited angular
ranges. Their angular ranges lie in the sub-degree regime, but operate at much higher bandwidths
(typically>1kHz) to suppress high-frequency jitter and small-scale misalignment caused by vibrations
of non-terrestrial platforms or atmospheric turbulence [7].

Fine pointing systems are closed-loop control systems; therefore, they are able to maintain the
alignment of an optical beam more precisely with a remote receiver, despite such vibration, drift, or
atmospheric turbulence. This fine-pointing loop involves real-time sensing, actuation, and correction
to keep the beam tightly aligned. First, the sensor detects deviation or jitter in the incoming or
outgoing optical beam. These sensors could be quadrant photodiode (QPD), position sensitive detector
(PSD), camera-based tracking sensors, or beacon-based optical sensors. Then the sensor output is
processed to determine the pointing error and calculate the angular offset between the desired and
actual beam direction. After calculating the offset, a proportional integral derivative (PID) or adaptive
controller interprets the error signal and computes the correction. Some systems use kalman filters for
predictive smoothing or sensor fusion. Then the interpreted signal is sent to an FSM, or MEMS capable
of high-speed angular adjustments, which then applies fine angular corrections to steer the beam
accurately. The updated position is continuously sensed again, creating a feedback loop to constantly
minimise the pointing error [44]. In Figure 7, a basic block diagram of a closed-loop fine pointing
mechanism, which is used in gimbals.

The fine-pointing loop maintains:

10 (t)] < O4in/2 (10)

where 6¢(t) is the instantaneous angular deviation due to disturbances, and 6g;, is the laser beam
divergence. Since beam divergence is typically < 2 mrad, even sub-milliradian deviations can degrade
link performance.
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Figure 7. Block diagram of closed-loop fine pointing mechanism.

The optical pointing loss factor L, due to pointing error 6,, where 6;;, is divergence angle, is
approximated by [30]:

Ly(6,) = exp(— ot ) )

The exponential loss relation in Equation (11), represents the importance of maintaining tight angular
control within a small fraction of the divergence angle [30].

Table 2. Difference between coarse pointing modules and fine pointing modules.

Feature Coarse Pointing Fine Pointing

Range 10 — 180° <1°

Resolution 0.1 — 1mrad < 0.01mrad

Bandwidth 1—-50Hz 1—10kHz

Actuation Gimbals, Pan-Tilt Units FSMs, MEMS Mirrors, LCBDs
Response to Platform motion, link acquistion | Jitter, turbulence, fine correction
Sensors GPS, IMU, Camera, Star Trackers | QPD, PSD, Beam Position Detectors
Control PID, Kalman, Model-Predictive Adaptive, LQG, Fast PID

4.3. Need for Combined Operation

Both coarse and fine pointing are critical in accurate and precise pointing of the optical beam, and
maintaining LOS with the aerial platform. Both mechanisms are interdependent. While a coarse system
cannot track high-frequency jitter due to mechanical inertia, fine pointing systems lack the angular range
to correct large displacements from flight dynamics. They both operate under a hierarchical control
system, where the outer loop, or coarse pointer, tracks positional changes of non-terrestrial platforms
based on either GPS/IMU or visual feedback, and the inner loop, or fine pointer, suppresses rapid
jitter and beam wander. Both systems work together in a nested feedback loop, often with kalman or
complementary filtering for optimal disturbance rejection and control resource allocation [34].

These systems are exceedingly dependent on sensor fusion and adaptive control to maintain
alignment. The fine pointing system often utilises a quadrant photodiode (QPD) or a position-sensitive
detector (PSD) to generate error signals. Equation (12) represents the calculation of error signal 0, (t):

Ourr (1) = 1) (12)
f
Here, x(t) is the lateral displacement of the beam spot on the detector, and f is the focal length of
the tracking lens. The system uses this information to correct the beam in a closed-loop manner using
actuators, while the coarse pointing is updated periodically based on motion estimates from GPS or
vision-based systems.
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5. Gimbal Architectures and Technologies for Non-Terrestrial FSO Communication

Gimbal subsystems are a critical part of the FSO communication systems, especially for UAV
platforms. This system forms the core mechanical structure of the coarse pointing subsystem, enabling
macroscopic steering of the optical beam to maintain LOS alignment under dynamic UAV motion.
Their role is particularly crucial during the acquisition phase and to ensure the beam remains within
the fine pointing system’s capture range during communication. A well-designed gimbal must have
better accuracy, inertia, speed, and robustness, with strict SWaP constraints.

5.1. Classification of Gimbal Architectures

Gimbal architectures are classified by their degrees of freedom (DoF) and actuation mechanisms.
As shown in Table 3, it mentions the basic classification of gimbal architectures based on DoF. The
simplest gimbal has 1-DoF, which allows rotation about a single axis, typically pitch (elevation) or yaw
(azimuth). This gimbal is used when relative movement is restricted in one plane. 1-DoF gimbals are
used with aerial platforms that have constrained trajectories, for example, UAVs constantly heading
with varying altitude; therefore, the gimbal has to take care of the pitch changes only during stabilizing
a laser or detector for LoS. As these gimbals have single DoF, they fail when the target is moving in
three dimensions and, therefore, require the non-terrestrial platforms to compensate through flight
control for azimuth adjustments. These can be open-loop or closed-loop control using feedback from
IMU or angle encoders [32].

Gimbals with 2-DoF provide independent rotation about pitch (elevation) and yaw (azimuth).
These are the most commonly used gimbal types in UAV-based FSO systems, because they allow
the terminal to track any target within a hemisphere. They are also used in HAPS or balloon-borne
systems, where the platform is relatively stable but still subject to wind gusts and platform oscillations.
2-DoF allows the gimbal to track the movement of the ground stations or other UAVs in full three
dimensions; therefore, LoS acquisition and maintenance are simpler than 1-DoF in dynamic FSO links.
These are generally implemented in a closed-loop with PID controllers per axis, angle encoders, and
IMU or optical beacon feedback. They can also be combined with an FSM for fine pointing inside the
gimbal. These gimbals are sufficient for all practical aerial FSO links where non-terrestrial platforms
have reasonable roll stabilization, and are quite easier to implement than full 3-DoF gimbals [33].

3-DoF gimbals just add rotation along the roll axis in addition to azimuth and elevation, which
enables full 3-D stabilization and alignment, including roll compensation, which is critical during
aggressive maneuvers of non-terrestrial platforms. They are more commonly used in CubeSat and
small satellite missions where sub-arcsecond pointing is required for laser communication, imaging
payloads, or precision tracking. These are favourable for fixed-wing aircraft during banking turns, and
UAVs in turbulent or high-acceleration environments, as they can compensate for UAV roll, pitch, and
yaw independently, therefore, leading to improved pointing stability during high dynamics. Because
of 3-DoF, it requires 3 independent controllers, each synchronized to eliminate cross-axis coupling.
They are often implemented with inertial feedback, gyroscopes, and kalman filters. But, these are
bulkier and heavier, which can affect payload constraints in case of UAVs, and have higher power
consumption and complexity [7,45].

Beyond conventional 1-3 DoF gimbal architectures, cubesats and small satellites often employ
alternative coarse pointing solutions integrated into their attitude determination and control systems
(ADCS). In such systems, coarse pointing is handled by reaction wheels and magnetorquers, while
fine pointing is achieved with either a micro-gimbal azimuth-elevation terminal or an electronics
beam steering approach such as optical phased array (OPA). Reaction wheel-based cubesat terminals,
as demonstrated in the OCSD [24]and AeroCube-7 [15] missions, achieved coarse pointing stability
sufficient to bring the optical beam within the fine steering capture range. Also, for HAPs and
stratospheric airships, mechanically complex gimbal systems are impractical due to structural flexibility
and wind-induced oscillations. Therefore, hexapod architectures like the stewart platform have been
explored for coarse pointing and vibration isolation. The hexapods are based on 6-DoF with correction
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capability and robustness to airframe motion, allowing them to maintain sub-mrad stability during
long-endurance stratospheric flights.

Pitch ¢ Pitch ¢ Pitch ¢
Roll
Azimuth
z 6
Azimuth 6
1-DOF 2-DOF 3-DOF

X
Figure 8. Geometrical representation of different DoF gimbal system.

Table 3. Classification of gimbal achitectures based on DoF.

Type DoF Motion Axes | Application g?);v::mption Z:Z?:;:g Pros Cons
fixed-wing UAVs
T-axis . with constrained Simple Lim'ited
Gimbal 1-DoF Pitch or Yaw | payload,  small | Low Moderate low- lt motion, less
1mba high Ititude owrcos recise
ig] a p
balloons
Multirotors,
high-speed
2-axis . beam alignment, . . Better Medium
Gimbal 2-DoF Pitch + Yaw airships, i Medium High Alignment complexity
stratospheric
UAVs
Advanced UAVs
needing roll
compensation,
. . satellites, Full High
3_.a a8 2-DoF Pitch+Yaw+ spacecraft, High Very High compensation| cogmplexity,
Gimbal Roll :
payloads, precise heavy
high-altitude
reconnaissance
platforms
ifgetign E&ﬂjﬁjy Cubesats, small Low-SWaP E;nﬁzd
CubeSat + 2-DoF | control . satellites (OCSD, Medium High integration reli‘is ’ on
ADCS . . AeroCube-7, (sub-mrad) with ADCS;
micro fine az/el TBIRD) compact ADCS
gimbal stage P stability
Limited
Electronig Bean} Vel.‘y high No moving angular
OPA fine st?erlng CubeSats, fgture Low (ml'cro arts, fast | TAN8e
. without smallsat terminals radian parts, optical loss,
Steeting | 1echanics level) response emerging
tech
HAPs, 6-DoF Bulky,
Translational | stratospheric . High correction, heavy, high
Hexapod | 6-DoF + Rotational airshiplz, vibration High (su%)—mrad) robust  to powg; i
isolation platforms turbulence demand

In terms of axis coupling, gimbals are divided into two types: mechanically decoupled and
nested gimbals. In mechanically decoupled gimbals, each axis has its mechanical frame, i.e., the
system consists of two physically separated rotational stages. These systems are easier to model
and control because there is less interference between axes. These gimbals are typically larger and
are scalable for larger payloads, and also require more precise alignment between stages. They are
generally implemented in large ground stations. In nested gimbals, each axis is nested inside another,
forming a compact stack, and in the case of 3-DoF, there is also a third ring for roll. These systems are
quite compact and lightweight, which makes them easy to deploy on UAV platforms and suitable for
platforms with limited payload capacity. But their inverse kinematics and control algorithms make
them more complex, and mechanics may limit rotation ranges [46,47]. Table 4 lists the main differences
between the two systems.
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Table 4. Difference between mechanically decoupled and nested gimbals.

Feature Mechanically Decoupled Nested Gimbal

Axis Interference Minimal High

Size Large Compact

Complexity of Control Simple Complex (due to coupling)
Cable Routing Complicated Easy

Scalability High Limited by nesting constraints
Suitability for UAV Low to Medium High

Rotation Range Wide (independent) Limited by internal structure

5.2. Actuation Technologies

The actuation technologies used in gimbal systems, both mechanically decoupled and nested, are
based on the required size, weight, power efficiency, performance, and accuracy. Table 5 represents the

different actuation technologies used in CPM and FPM [48-52]:

Table 5. Actuation technologies.

Actuation Type | Principle Use Case Pros Cons Applications
Brushed = DC | Electro-mechanical | Legacy or | Simple, low ,‘,/]\E];/a[;,, and tIZZ’ LﬁnV\gEi(S)St leUiV
Motors torque via brushes cost-sensitive cost . & ! sacy
precise payloads
Brushless DC Electronic UAV gimbals, fine Compact, Requires UAV lasercom
Motors (BLDC) commutation, ointin 4 efficient, ESC/FOC terminals, small
magnetic torque P 8 long life drivers satellite gimbals
Open-loop
. . control . Coarse alignment
Stepper Motors gi:s:;fiifn:tlc SCO;ZZQIS pointing possible, Sﬁgeinﬁisshsfgfj in satellite optical
P y precise & terminals
steps
Voice Coil | Linear = magnetic | Fast stabilization f:sstonse f:;alel :::;; f(])l;e beFaSn(rl) steez%gj
Actuators field interaction (fine) SP! ! &8¢
frictionless feedback subsystems
Piezo- electric | Crystal deformation | Sub-microradian 1 Ve small Fu}e bearp steerin, %
Actuators via voltage fine tracking Ultra-precision range, mirrors in optica
expensive communication
Harmonic Zero High-precision
Drive (w/Servo Flex-spline torque | Nested gimbal | backlash, complex control, | satellite gimbals for
Motor) gear system needing precision | high torque | cost GEO/LEO optical
density links
Magenetic Satellite coarse
Magnetic inte%'action with Space-based No moving | Very low torque, | atitude control
Torquers Farth’s field altitude control parts slow before gimbal
pointing
Precise Large slow, Satellite fine
Reaction Conservation  of | Satellite gimbal torque hi 1g1 ’ ower’ pointing and
Wheels angular momentum | platforms q & P stabilization for
control consumption . .
optical links
Gyroscopes Eiglle Complex. heav High-capacity
(Control Rotating mass | Spacecraft fine re%isé hi hp ! owe};’ satellites needing
Moment generating torque attitude control pre & P agile optical beam
attitude demand o
Gyros-CMG) poiniting
control
MEMS Electrostatic/thermal . Compact, - CubeSat FSO PAT
Actuators deformation at Beam steering, low power, Limited angular systems, miniature
(Micro-mirrors, - fine pointing WP " | range, fragile ystems,
scanners) micro-scale high speed terminals
Phase change | Deployable Simple, CubeSat deployable
i}lllao pe; (I\S/Il\e/:[ngg)ry deformation  via | or  low-power | lightweight, }Sllclwg;e;‘iessponse, optics, secondary
4 heating actuation low power Y pointing
MEMS micomirrors
Electrostatic E)c::lé?él; ls)e d MEMS-level fine Uoltlfijogst Tiny forces, | for optical
Actuators X actuation P ! limited travel communication
actuation response .
beam steering
Magnetostrictive Strain . frOTn Ultra-fine motion P?ease, Expenswe, Niche optical .A.TP
Actuators magnetic domain systems high limited systems requiring
alignment bandwidth | adoption ultra-stability
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Generally, mechanically decoupled gimbals, for example, gimbals for a ground station, use stepper
motors with encoders, DC servo motors (for high torque), harmonic drives (for large payloads), or
direct drive motors (for zero backlash and high speed response). While in nested gimbals, mostly
BLDC motors with encoders, servo motors + planetary or harmonic gearing, or Piezo actuators are
used [46,47].

6. Tracking and Control Algorithms for Coarse Pointing

Coarse pointing modules in FSO-based communication with non-terrestrial platforms require
robust control strategies that align the gimbal-mounted beam despite dynamic motion, environmental
disturbances, and sensor noise; therefore, they effectively rely on control algorithms. This section
examines proportional integral derivative (PID), linear quadratic regulator (LQR), and hybrid
approaches like PID & kalman, or LQR & kalman.

6.1. Proportional Integral Derivative (PID):

PID controllers are the most widely used control algorithm in gimbal systems due to their
simplicity, ease of implementation, and effectiveness. They control the process variable in the
system, which, in the case of gimbals, is the pointing angles. This algorithm efficiently calculates the
error /feedback between a desired reference, for example, a target angle or position, and the measured
output, for example, gimbal orientation, and then applies the offset action based on proportional (P),
integral (I), and derivative (D) terms. Where P reacts to current error, I addresses accumulated past
errors, and D predicts future errors based on the rate of change. The Equation (13) represents the
mathematical equation of the PID control system in gimbals, where 6, (t) is the angular pointing error.
The first term in the equation is P, which generates a torque proportional to the instantaneous pointing
error. The second term is I, which cancels steady-state biases (e.g., small misalignment, gravity torques,
friction). It must be protected against windup when actuators saturate or during target loss. The
third term is D, which adds viscous-like damping, countering the aerial platform’s jitter and structural
modes. It improves settling time and reduces overshoot. The derivative action is noise-sensitive and is
therefore usually implemented with a first-order filtered differentiator.

ABerr (¥)
dt

upip () = Kpforr () + K; / Berr (£)dt + Ky (13)

In gimbal systems, PID is often applied in a cascaded loop structure, where an outer loop PID
controller stabilises the platform’s attitude or position error correction, while an inner loop PID or PI
controller controls the motor’s speed or current. In Figure 9 illustrates the cascaded loop structure
where the outer position loop (Summing Point 1) outputs a velocity command to inner velocity loop
(Summing Point 2) which controls the motor torque.

Target Angle S ine Point 1 Position Error Outer Loop
tmming Point PID Control
Velocity Command
Velocity Error Inner Loop Torque Command
Summing Point 2 PIControl [~~~ ~"""""~ >
Encoder Actual Velocity Motor and Gimbal |_ _ _ _ _ _
Mechanics
Actual Angle

Figure 9. Cascaded PID control loop block diagram.
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Although PID is robust and easy to tune, in the case of gimbals for UAVs, it struggles with fast
dynamics or non-linearities caused by the aerial platform’s motion or aerodynamic disturbances,
especially when there are saturation limits, payload shifts, or sensor drift. Despite this, it remains
popular in low-cost and medium-performance applications, particularly for 2-DOF or 3-DOF nested
gimbals. For HAPs and stratospheric airships, PID loops are often used as outer control layers to
correct slow drifts caused by stratospheric winds, while inner loops rely on more advanced controllers
for precision. On the contrary, cubesats rarely rely on PID due to their need for sub-arcsecond pointing,
but PID loops are still applied for actuator current or wheel speed regulation [53,54]. In [55], the
researcher has implemented a self-tuning PID controller for a two-axis gimbal, enhanced with fuzzy
logic and PSO-based gain. Microcontrollers like STM32 or ARM cortex-M, typically executing at loop
rates of hundreds to thousands of Hz, are suitable for PID. PID tuning requires manual touch or
heuristic, and adaptive methods like fuzzy-PID can mitigate this.

6.2. Linear Quadratic Regulator (LQR):

LQR is a state-space control technique that minimises a quadratic cost function involving system
states and control inputs. It is a more optimal and mathematically rigorous alternative to PID, and
ideal for systems that are modelled by linear differential equations. In UAV gimbals, the state vector
might include angular position, angular velocity, and motor torque. LOR achieves optimal control by
minimising a quadratic cost function (Equation (14)) [56]:

J= / (xTQx + u” Ru)dt, whereu = —Kx (14)
0

Here, x is the state vector, u is the control input, and Q and R are weighting matrices. LQR
achieves better trade-offs between performance and control effort compared to PID. It is more
valuable in closed-loop coarse pointing, where UAV dynamics and platform disturbances affect
gimbal performance. But, its performance decreases with modelling in accuracy and nonlinear regimes.
It is also less robust to uncertainties unless combined with estimation techniques like the kalman
filter. HAPs and airships are more exposed to large but slow deviations, and LQR is advantageous for
minimizing steady control effort over long durations. Cubesats also benefit from LQR when combined
with reaction wheels or magnetic torquers, as the quadratic cost framework balances fine pointing
precision with limited onboard power resources [53,57].

As LQR demands a linear model and computation of the gain matrix via solving a Riccati equation,
it requires embedded platforms with efficient linear algebra, like ARM cortex-M4 or M7, which can
handle LOR loops at tens to hundreds of Hz. LQR’s gains tuning can be automated via performance
metrics. [58] is not an example of gimbal but a flying wing UAV control that employed LQR with
full-state observers to stabilise attitude under disturbances, demonstrating stronger robustness than
PID regulation.

6.3. Extended Kalman Filter (EKF):

This kalman-based filter is critical for integrating IMU, GPS, and visual data to form accurate
estimates for coarse pointing guidance. It fuses nonlinear, noisy measurements to estimate accurate
orientation and angular velocity, which is then sent as feedback control. The EKF linearizes the
system dynamics around the current estimate and simultaneously updates state estimates as shown in
Equation (15).

X1 = f(xp ) + wi, yx = h(xg) + vk (15)

Here, wy, v, are process and measurement noise, and f,h are nonlinear dynamics and
measurement models. In [59], the researcher fused IMU, LIDAR SLAM, and visual odometry via an
extended kalman filter (EKF) in GPS-denied indoor conditions, validating precise state estimation
suitable for coarse pointing control. In terms of computation, EKF requires moderate computation
between 100 - 500 Hz update rate and data from sensors such as IMU, GPS, camera, or LiDAR.
These systems often run on embedded linux or high-performance microcontrollers with floating-point
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support. EKF-based estimation is also valuable for cubesats, where fusing star tracker, and gyroscope
data ensures accurate attitude determination in orbit. Similarly, in HAPs and stratospheric airships,
EKFs are employed to fuse GPS, barometric, and IMU data to mitigate slow drifts and wind-induced
offsets, thereby stabilizing long-duration FSO links [53,57].

6.4. Hybrid Approaches PID & Kalman / LQR & Kalman:

Hybrid control algorithms like PID + kalman filter, or LQR + kalman filter, offer a more robust and
efficient solution by combining the strengths of classical and optimal control methods with real-time
state estimation and noise rejection.

The PID + kalman configuration is used because it has the simplicity of PID and the effectiveness
of the kalman filter. In this, PID controllers handle real-time actuation for coarse or fine pointing,
while the kalman filter estimates accurate angular velocities and orientations from noisy IMU sensor
measurements. These sensor measurements allow the PID loop to respond based on the filtered signals,
which in turn reduces overshoot and improves beam stability. This approach is suitable for systems
where model precision is limited [60].

In contrast, the LQR + kalman approach offers better performance for well-modelled systems.
As LOR minimises a quadratic cost function, balancing control effort and tracking error, the kalman
filter estimates the system’s state under noisy conditions. And, together they enable optimal control in
dynamic environments [61].

The author in [62] described coarse-fine composite control combining PID and kalman filtering to
provide rapid initial alignment with accurate state estimation. These hybrid systems typically run in
cascaded loops where an outer kalman filter feeds an inner control loop, either PID or LQR, which
requires multi-threaded or co-processor-capable microcontroller stacks. For HAPs and airships, hybrid
PID-kalman controllers provide resilience against wind gusts and platform oscillations. However,
cubesats often employ LQR-kalman combinations, where state estimation from star trackers and gyros
feeds into optimal control laws for precise optical beam alignment. These approaches emphasize
long-term stability and robustness over rapid response, contrasting with UAV-based implementations

[53,63].
Table 6. Control algorithms performance comparison.
. Latency/ Accuracy/ .
Algorithm Bandwidth | Robustness Complexity | Hardware Needs
PID High ( 1kHz | Moderate; Sensitive Simole Low-end  MCU
loops) to tuning p (e.g., STM32)
Tens to
Good for modeled MCU or small
LQR }I};ndreds systems Moderate embedded CPU
EKF 100-500 Hz Hl.gh accuracy, High MCU + vision/GPS
drift-free fusion Sensors
Hybrid Best disturbance
(Visual-EKF 100 Hz rejection & | High STM32 + camera +
. IMU + GPS
+ LOR) precision

6.5. Integration of GPS/INS and Visual Tracking:

A hybrid integration, like GPS, INS, and visual tracking with CPMs, provides a robust solution for
stabilising and pointing the optical beam. GPS provides global position estimates, while INS delivers
high-rate motion data. However, GPS lacks orientation data and also suffers from low update rates,
and INS alone drifts over time. Therefore, their combination with EKF enables continuous estimation
of position and orientation with low latency and high accuracy, which is crucial for dynamic gimbal
control [64]. Systems like Pixhawk flight controller already support GPS/INS integrated tracking for
UAV navigation and can share this data with the gimbal controller via MAVLink [65,66]. If the goal is
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to achieve more precision, combining GPS/INS with vision-based feedback provides a multi-layered,
resilient pointing and tracking architecture, which is essential for long-range, high-bandwidth FSO
communication. For example, visual tracking can be executed using cameras or quadrant detectors,
which contribute to fine pointing by detecting the laser beacon or retro-reflector of the target node.
Through this, the system can compensate for residual pointing errors due to wind, vibration, or
slight GPS misalignment. Research in [7] on satellite-to-ground FSO links showed that visual beacon
tracking can improve pointing accuracy to sub-milliradian levels, which is now being adapted by more
researchers for UAV platforms.

7. Challenges in Coarse Pointing

As discussed in the previous sections, the accuracy of steering an optical beam in FSO-based
communication with non-terrestrial platforms is fundamentally constrained by the mechanical,
environmental, and aerodynamic realities of flight platforms. This section analyses key challenges
like mechanical constraints, rotor/vibration dynamics, wind gusts and airflow disturbances, flight
manoeuvres, and structural resonance. The review further summarises recent research efforts
addressing these challenges.

7.1. Mechanical Constraints and Drive System Limitations:

The mechanical design of gimbal systems, which includes the actuator type used, joint stiffness,
and friction, directly affects the achievable pointing accuracy and responsiveness. It is observed that
direct-drive BLDC motors eliminate backlash and reflected inertia, but they add weight, cost, and
require complex control electronics. By contrast, gear/belt-driven motors are lighter and cheaper but
suffer from backlash, hysteresis, and compliance, which lead to degrading repeatability and introduce
non-linear torque behaviour. In [67], the researcher modelled gimbal systems including drive friction,
structural resonance, and vibration in simulations. The researchers found that high-quality gyros
unexpectedly underperformed when resonance and friction were introduced during execution. Also,
in some cases, lower-cost sensors yielded better real-world accuracy. The mathematical model for joint
compliance can be represented as:

J6+ b6 + k(0 — o) = Tonotor — Tric (16)

Here, k is joint stiffness, and T}, is friction torque. Also, friction torque may include stribeck
effect, and these nonlinearities limit controller bandwidth and increase pointing jitter.

7.2. Vibration and Structural Resonance:

UAVs are rotary platforms, and therefore, they generate structure-borne vibrations due to rotor
imbalances, motor torque pulses, and aerodynamic buffeting. In [68], the researcher proposed a
combination of passive inertial damping with active inertial dampers to suppress mid-frequency
vibrations, while the UAV mount manages high-frequency vibrations. In [69], the researcher
demonstrated that time-domain accelerations up to 8.75 g and RMS spectral components exceeding
1.8 g. The researchers implemented a two-stage vibration isolation structure, which reduced gimbal
load significantly. Also, one mitigation technique can be using notch filters, as the structural transfer
function G(s) exhibits peaks at natural frequencies f,. If the servo control loop bandwidth overlaps
resonance, servo instability and degraded pointing occur, and introducing notch filters at resonant
frequencies within control loops can improve the system.

7.3. Wind Gusts and Aerodynamic Disturbances:

UAV attitude is also affected by wind gusts and turbulence, which affect roll, pitch, yaw, and
translation of the UAYV, leading to pointing error if not compensated quickly. The researcher in
[70] examined fixed-wing UAVs encountering wind gusts up to 13 m/s. The guidance control
prevented runaways and maintained tracking errors below 1m via online wind estimation and control
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compensation. In [71], the author studied multirotor position control under wind up to 12 m/s using
PID and MPC controllers augmented with disturbance estimators (EKF and UKF). MPC with UKF
achieved superior disturbance rejection but at a higher computation cost, while, on the contrary, PID
was more efficient but less robust at high gust intensities. Mathematically, external disturbance d(t)
can be represented as :

IG +b6 = Teontrol + d(t> (17)

2

ust L, disturbance

Controllers must estimate and subtract d(t), and for wind-induced torque d = pAv
observer or EKF-based estimation is typical.

7.4. Flight Dynamics and Manoeuvre-Induced Motion:

UAV platforms are used in aerial missions, and due to dynamic environments, they are required
to perform high-speed manoeuvres like turns, climbs, and descents, which introduce motion dynamics
with high angular rates and accelerations. These manoeuvres produce beam misalignment unless
compensated mechanically or via control. In [26], the researcher introduced a 3D pointing error
model accounting for roll/pitch/yaw jitter, where they optimised UAYV trajectory to reduce alignment
exposure during high dynamic flight, achieving up to 11.8% energy efficiency improvement under
turbulence conditions compared to gaussian models. In [72], the author provided closed-form
channel models incorporating boresight pointing error and turbulence (log-normal and gamma-gamma
models). These helped in quantifying link degradation under dynamics and pointing misalignment.
The combined jitter variance Ug = rzol 1+ ‘T;Zzz‘t ot (Tﬁaw informs pointing loss via:

2

_2%
2

Qdiv

L, = exp( (18)

The Table 7 summarises the recent research on mitigation strategies based on the problems
addressed and solution approach by respective authors in thier research papers.

Table 7. Recent research on mitigation strategies

References | Problem Addressed Solution Approach
_— Simulation of drive
Friction, resonance,
[67] . . systems, lower cost gyro
sensor imperfection
advantages
Vibration isolation at ACt“.,e 1nert1al. dampers +
[68] passive damping + notch
<5—20Hz .
filters
N Two-stage vibration
[69] frlr?a:g; vibration isolation design validated
P with flight tests
[70] Wind gust-induced | Nonlinear guidance law
path deviation with online wind estimate
Multirotor disturbance HD/MPC +EKE/UKF
[71] L disturbance  estimator
rejection .
comparison
[26] Dynamic motion | 3D jitter model and
induced pointing error | trajectory optimization
[72] Combined turbulence | Statistical  closed-form
+ pointing error channel models

7.5. Design Recommendations

To mitigate the challenges shared in the above sections, systems must integrate:

*  Mechanical Isolation: Hybrid passive/active dampers and notch filters are required to decouple

structural vibrations from control loops.
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e Drive Selection: Prioritise direct-drive gimbals for performance, but also weigh SWap constraints,
and consider high-stiffness, as well as low-friction bearings.

¢  Disturbance Estimation: EKF observers or disturbance observers running onboard to compensate
for wind-induced torque in real time.

*  Advanced Control: Predictive or adaptive control algorithms like MPC, fuzzy PID, etc, to react to
rapidly changing disturbances and dynamics.

e  Trajectory Aware Planning: Co-design of flight path and pointing requirements minimising jitter
exposure, for example, launching or descending in end-aligned directions.

¢  Channel-aware Modelling: Design pointing/divergence margins using statistical models that
integrate turbulence and jitter to predict outage probability and capacity.

8. Future Directions and Open Research Questions

As FSO links mature across non-terrestrial platforms (satellites, HAPS, and UAVs), emerging
trends such as terminal miniaturisation, Al-based predictive APT, optical phased-array/MEMS beam
steering, and cooperative multi-platform coordination (e.g., UAV swarms with satellite backhaul)
signal a strong pathway to scalable, secure 6G NTN deployments. These advances promise higher
link availability and capacity with lower SWaP, enabling resilient space—air—ground networks for
next-generation services. This section explores these directions with scientific depth and also highlights
key open research challenges.

Miniaturisation is critical for integrating FSO communication systems into micro and nano-UAVs,
which operate under stringent size, weight, and power (SWaP) constraints. In such platforms,
APT mechanisms must be not only compact and lightweight but also highly reliable and accurate.
Passive solutions such as retroreflectors or other non-mechanical modules offer ultra-low SWaP
footprints. But they inherently lack the capability for active beam steering, which is essential for
maintaining precise optical alignment in dynamic flight conditions. Therefore, recent advances in fine
steering technologies, such as micro-electromechanical systems (MEMS) based fast steering mirrors
(FSMs) or LiDAR-inspired mechanisms, demonstrate promising capabilities, with units achieving
sub-microradian resolution over angular ranges of £6°, and they also weigh less than 40 grams. Despite
these advancements, a major challenge persists in integrating such mechanisms with miniaturised
gimbals, particularly those under 500 grams, which can maintain the required stiffness and structural
stability during UAV aerial missions. Also, some notable efforts have been made in the development
of compact gimbal assemblies for high-altitude pseudo-satellites like the olympic HAPS platform,
and cube-satellite payloads, illustrating the feasibility of lightweight FSO tracking modules. But,
further miniaturisation will require a co-optimisation approach, targeting enhancements in both
actuator torque density and mechanical stiffness to ensure performance without compromising SWaP
limitations [73-75].

Now, coarse pointing relies on reactive sensor feedback, sensors like GPS/IMU inputs, encoders,
or visual cues. These inputs introduce latency in the pointing and tracking system. In contrast,
predictive pointing schemes proactively forecast the future position of the target to pre-steer the beam,
thereby significantly reducing alignment delay. In [76], the researcher introduced an LSTM-based
recurrent neural network (LRNet) that learns from prior UAV trajectory data to predict subsequent
UAV positions. Although their study focused on RF beamforming, the same concept can readily be
extended to FSO systems, where fine angular precision is critical. In another paper [77], the researcher
explored multi-agent deep reinforcement learning (MARL) to jointly optimise UAV trajectories and
relay link selection in hybrid RF/FSO networks. This approach helped in achieving nearly two times
higher end-to-end throughput and 2.25x greater energy efficiency. The mathematical insight shared in
Equation (19) shows that predictive pointing reduces error delay Jt by anticipating motion.

Ocma(t+ At) = 0(t) + 6(t) At + %é(t)Atz (19)
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Another promising avenue for investigation is UAV swarms. As UAV swarms have become a
viable solution, a mission requires cooperative actions like relay networks and mesh communication.
Therefore, coarse pointing control can evolve to support multi-agent coordination and seamless beam
pointing. A variety of swarm formation-control frameworks have been proposed, like sliding-mode
control augmented with artificial potential functions, which provide robust inter-UAV positioning,
collision avoidance, and maintenance of formation integrity [78,79]. Also, distributed nonlinear model
predictive control schemes like those using consensus-based and directed graph formulation can
enable decentralised trajectory planning and inter-UAV collision avoidance under dynamic constraints
[80,81]. And, within RIS-equipped swarm architectures, the optimisation of collective phase-shift
settings and UAV trajectories aims to minimise aggregate pointing error across the formation, enabling
coordinated FSO pointing with high precision under atmospheric disturbances [23]. The Equations
(20) and (21) represent the mathematical constructs of consensus constraints that enforce alignment
and swarm optimisation objective, respectively.

0; —0; < 0;;,V(i,]) € neighbourgraph (20)

min¥;Li, + AL, j||6; — 6] (21)

where L; is the pointing loss term for UAV i, and A penalises misalignment between neighbours.

Another promising research direction is the development of hybrid RF-optical communication
architectures for non-terrestrial platforms. Since FSO links are highly sensitive to pointing errors,
turbulence, and weather-induced outages, integrating an RF control or backup channel can
substantially improve link availability. In such systems, the RF link provides robust, wide-FoV
acquisition and coarse pointing information (position, timing, or beacon aid), while the optical
link carries the high-capacity data stream. This synergy enables continuous service under cloud
blockage or temporary misalignment, with the RF channel seamlessly taking over or assisting beam
reacquisition. Hybrid integration has already been explored in satellite-ground links and UAV swarm
coordination, showing improvements in both link reliability and handover efficiency. Alongside this
hybrid RF-optical control mechanism is also an important emerging paradigm. In this approach, RF
beams with wide divergence are first used for coarse acquisition and initial alignment between
aerial platforms and ground stations. Once coarse pointing is achieved, the system transitions
to a narrow-beam optical link for fine pointing and tracking. This layered acquisition approach
minimizes mechanical gimbal burden, reduces complexity, and enhances system reliability in turbulent
environments. In Figure 10, is illustrating two stages of a hybrid RF-FSO acquisition process. At stage
1 which is coarse acquisition the cone shaped RF beam from the aerial platform and ground station
establishing an initial link . Then at stage 2, which is fine tracking and data transmission a focused
FSo beam is precisely pointed towards the aerial platform indicating that the RF link has handed over
control.

Future UAV, HAP, and cubesat networks are expected to adopt such dual-mode terminals,
potentially combining mmWave/Thz RF for acquisition with optical phased arrays or MEMS-based
optics for data transport. While some open questions remain around joint resource allocation,
cross-layer optimization, and hardware miniaturization of dual-mode payloads under SWap
constraints [5,82-84].
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Figure 10. Hybrid RF-FSO acquisition process.

9. Conclusion

In this survey, the paper explored state-of-the-art in coarse and fine pointing mechanisms,
especially gimbal architectures for FSO systems deployed on and for non-terrestrial platforms. FSO
technology offers unparalleled data rates, immunity to electromagnetic interference, and compactness,
making it a strong candidate for high-throughput aerial communication. However, the narrow beam
divergence, which is inherent to optical links, makes them more critical to misalignment, and, therefore,
makes robust pointing and tracking subsystems more crucial for FSO systems.

The paper first established a technical foundation by exploring the fundamentals of FSO
communication in aerial platforms, emphasising how the dynamics of non-terrestrial platforms
introduce new challenges for maintaining a stable LoS. Then it provided a detailed differentiation
between coarse and fine pointing systems for FSO, including their respective roles in beam acquisition
and tracking. Coarse pointing is typically achieved using gimbal systems and provides initial alignment
to bring the target within the field of view (FoV) of the fine pointing systems, which then handle
micro-level corrections. Through mathematical models and optical equations, the respective sections
demonstrated the complementary nature of these two subsystems and their joint importance in
achieving high pointing accuracy and system reliability.

The paper reviews gimbal architectures, including nested-frame, stabilised-platform, and hybrid
designs. It analyses trade-offs in payload capacity, pointing precision, stabilisation effectiveness, and
power efficiency. The literature survey compares more than fifteen recent systems across angular
resolution, response time, control bandwidth, and payload-integration metrics, providing a clear map
of current capabilities.

On the algorithmic front, the paper examined common control strategies such as PID, LOR,
kalman filters, and advanced sensor fusion with GPS/INS, and vision systems. Each approach
presents different trade-offs in responsiveness, stability, and computational complexity. A recent
research has implemented hybrid PID-Kalman and LQR-EKF controllers, which displayed more
enhanced disturbance rejection and tracking fidelity in gimbal systems. Several control algorithms
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were tied directly to recent UAV pointing systems, illustrating real-world relevance and performance
results. Hardware platforms ranging from low to high computational power required for respective
control algorithms were also discussed, concerning specific requirements.

The paper also addressed the pressing challenges encountered in coarse pointing of non-terrestrial
platforms, including platform vibrations, mechanical constraints, wind gusts, and flight path instability.
These factors introduce dynamic uncertainties that degrade pointing accuracy, especially in lightweight
drone platforms. Research efforts involving vibration isolation and adaptive filtering have shown
promising results in mitigating these challenges.

At the end, the paper explored future directions related to the miniaturisation of gimbal platforms,
Al-based predictive tracking models, and integration with UAV swarming protocols. These innovations
look affirmative in redefining the scalability, autonomy, and resilience of FSO links in next-generation
aerial networks. Open research challenges remain in multi-axis stabilisation under turbulent flow,
long-duration LOS stability under high UAV mobility, and resource-optimised control strategies that
can balance precision and energy efficiency.

From a system design perspective, the most effective stack for building a high-performance
CPM for FSO-based communication with aerial platforms shall combine high-torque density BLDC
motors with dual-axis direct-drive gimbal architectures to minimise backlash and mechanical delays.
Control-wise, a hybrid approach combining MPC for trajectory foresight and EKF for sensor fusion
offers superior tracking accuracy in dynamic aeria conditions. Incorporating adaptive control
logic ensures resilience in dynamic aerial conditions. Incorporating adaptive control logic ensures
resilience to changing payloads and external disturbances like wind gusts. For sensory inputs,
a tight integration of GPS/INS with visual inertial odometry (VIO) enables accurate localisation
even under GNSS-challenged environments. To future-proof the system, onboard deployment of
lightweight Al models, especially LSTM or transformer-based trajectory predictors, can preemptively
adjust pointing, reducing response lag during fast manoeuvres. Looking ahead, further research
must focus on graph-based swarm pointing coordination and modular software architectures that
allow plug-and-play integration of future sensors and Al models. This cohesive and reliable stack
sets the foundation for agile, scalable, and autonomous FSO networks operating across complex
aerial domains. In conclusion, CPMs or gimbals are the backbone of reliable FSO communication
on non-terrestrial platforms for 6G communication. Building on recent progress, the continued
convergence of lightweight materials, adaptive control, Al, and system integration will set the course
for this critical technology. As aerial platforms evolve into more autonomous and collaborative systems,
the demand for resilient, low-power, and ultra-precise pointing mechanisms will continue to rise.
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