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Abstract

:

The evolving requirements of next-generation mobile communications networks can be met by leveraging vertically deployed Unmanned Aerial Vehicle (UAV) platforms integrated with Free Space Optical communications (FSO). This integration offers a flexible and scalable architecture capable of delivering high-rate communication without requiring licenses while aligning with the multi-gigabit paradigm. In recent times, the increasing availability of commercial aerial platforms has facilitated experimental demonstrations of UAV-enabled FSO systems, which play a crucial role in proposed backhaul networks and point-to-point communications by overcoming Line-of-Sight (LOS) challenges. These systems can be rapidly deployed to meet sudden demand scenarios. This document provides a comprehensive review of relevant field demonstrations of UAV-enabled FSO relay systems, with a particular focus on commercially available, free-flying platforms that are driving advancements in this domain. It categorizes the different platforms by considering the operational altitudes of these systems and their payload actuation capacity, which determines their adaptability to variables. The analysis aims to distill the design considerations that lead to optimal performance regarding communications throughput and other relevant metrics. Moreover, it also attempts to highlight areas where design choices have fallen short, indicating gaps in current research efforts toward the widespread adoption of UAV-enabled FSO relay systems. Finally, this work endeavors to outline effective design considerations, guidelines, and recommendations to bridge these identified gaps. It serves as a valuable reference guide for researchers involved in developing UAV-enabled FSO relay systems, enabling them to make informed decisions and pave the way for the successful implementation of such systems.
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1. Introduction


The current commercialization of 5G mobile technology predicts massive growth of mobile traffic and disruptive services within the next decade, which is evident in the growing bandwidth demands from data-intensive applications that have put a strain on the current RF spectrum. This trend has led researchers to speculate about the prospects of next-generation 6G networks [1]. To cope with this fast-growing demand, Free Space Optical (FSO) communications, which pertain to secure and license-unrestricted optical wireless wavelengths in the range of 1300–1600 nm [2], provide a solution that is becoming mainstream. Nevertheless, in addition to FSO, wireless communication methods such as mmWave [3] and Terahertz [4] techniques are alternative technologies that are currently being developed to meet the demands of high-rate networks and are therefore relevant to shaping the 5th and 6th generation of mobile wireless communications. However, FSO offers enhanced security due to its immunity to frequency interference, while its narrow beam width and high directivity enable high data rate transmission over long distances. Another benefit of FSO is that it avoids regulatory hurdles, which allows for smoother research efforts in the field. Moreover, FSO provides a higher data rate transmission and lower latency, making it well-suited for real-time applications. By employing direct air-to-fiber coupling, it is possible to seamlessly integrate a fiber-based network with a wireless optical link, paving the way for FSO to implement coherent communications, employing cutting-edge adaptive modulation schemes and digital signal processing that have been demonstrated to achieve Tbps data rates per channel [5]. The attributes inherent to FSO communications render its practical application to point-to-point communication scenarios feasible. For example, it can provide low latency, high-speed backhaul/fronthaul communication between access points and the core network. Furthermore, it can also be adopted as a cost-effective, high-speed alternative for last-mile connectivity between infrastructure in metropolitan areas [6]. Another FSO application is for Data Center Interconnect (DCI) to reduce transmission latency and minimize fiber connections within the data center [5], enabling efficient scalability, as well as high-speed data backup or replication. Additionally, FSO’s electromagnetic immunity is suited for communication within industrial and manufacturing environments where reliable and low-latency connectivity is crucial for process control, automation, and robotics [7], facilitating information exchange between intelligent transport systems. Moreover, FSO finds utility beyond terrestrial scenarios, including precise, low-latency satellite-to-satellite data exchange, thus fostering orbital coordination exemplified by the Starlink constellation [8], as well as NASA’s TeraByte Infrared Delivery (TBIRD) program, which has demonstrated a 6U nano-satellite multi-Gigabit FSO space-to-ground downlink [9].



Although FSO offers unrivaled transmission unique to its attributes, its key challenge involves maintaining a precise Line of Sight (LOS) between the transmitter and receiver. This encompasses its susceptibility to atmospheric parameters and sensitivity to pointing offsets, thus posing strict requirements for long-distance FSO connectivity. However, by leveraging the mobility of Unmanned Aerial Vehicles (UAVs) in three dimensions (3D), a flexible, aerial-based communication relay architecture can be achieved to evade static or mobile obstacles, thereby solving the LOS problem and complementing existing terrestrial infrastructure.



The illustration in Figure 1 captures this concept and shows how the flexibility provided by UAV-assisted FSO communications can bridge gaps inherent to terrestrial infrastructure. Moreover, a UAV-assisted FSO relay system offers vertical mobility that can extend the reach of high data rate communications, while circumventing unfavorable transmission regions by optimizing location, speed, and flight dynamics [10], since the channel characteristics depend on the conditions between the UAV and the ground terminal. Moreover, by freely varying proximity, UAVs can foster connection with fewer transmission power requirements [11]. Figure 1 illustrates several application scenarios expected for future communication whereby a high-altitude FSO relay configuration provides high-capacity communication solutions, enabled by diverse UAV implementations. Below is a brief discussion of the identified scenarios.



	
Non-LOS FSO Communications:



The absence of a direct Line of Sight between the transmitting and receiving terminals is the key challenge of FSO communication, which relay systems primarily aim to solve. As a solution, UAV platforms relay the transmission from high altitudes and enable communication between terrestrial Optical Ground Stations (OGSs) that have obstacles between. In a UAV-enabled FSO relay system, the Transmitter (Tx) and Receiver (Rx) OGS establish and maintain a stable link by utilizing transmission equipment such as laser sources, amplifiers, modulators, lenses, steering mirrors, collimators, and adaptive optics for encoding and transmitting optical signals. The Rx equipment at the OGS includes telescopes, collimators, photodetectors, amplifiers, filters, demodulators, and communication interfaces. To track and align with the UAV, the OGS employs a Pointing, Acquisition, and Tracking (PAT) system that includes actuated gimbal mechanisms, steering mirrors, controllers, and beam or visual tracking apparatus like position-sensing detectors or cameras. A feedback system, potentially using a Radio Frequency (RF) wireless system, facilitates data exchange between the ground and aerial nodes. Comparatively, the UAV platform consists primarily of a payload module housing a reflective module and, optionally, a stabilization module. UAVs typically incorporate an Inertial Measurement Unit (IMU) suite for sensing orientation and motion, as well as an RF module for PAT feedback communication with the OGS. Overall, in a UAV-assisted FSO relay system, the OGS involves a wide range of equipment, giving researchers flexibility in selecting and configuring components to meet performance requirements, customization needs, and design constraints. Meanwhile, UAVs should only include the strictly necessary components for operation, with payload selection or customization dependent on the research objectives.



Furthermore, by using UAV functionalities like collision avoidance and obstacle detection, the system can evade mobile obstacles and even be adaptive to maintain the relay transmission with mobile OGS. Moreover, different aerial platform form factors ranging from buoyant to tethered forms can be exploited for specific performance capabilities, primarily operating at various altitudes to achieve wider coverage and longer endurance operations, respectively.



	
Wireless Connectivity to Remote Areas:



UAV platforms present a cost-effective vertical FSO communication infrastructure, and their deployment has minimal time and complexity implications. This implies that FSO communication can be promptly deployed to deliver 5G/6G connectivity to remote locations such as mountains, deserts, and oceans that are deprived of readily available communication infrastructure, and even rural and low-population locations, where terrestrial infrastructure is not economically viable for modern cellular or internet connectivity.



	
Disaster Events Relief Efforts:



UAV-assisted FSO relay systems can be deployed to provide prompt and temporary infrastructure enabling reliable communication, even where massive, low-latency connections to devices are required to aid relief services, and where the communication infrastructure needs mobility to adapt to an active/ongoing disaster/hazard. Such events could lead to the failure of terrestrial infrastructure, and aerial platform deployment can complement the cellular network [12], ensuring continuous connectivity. The authors of [13] support the utility of aerial platforms for such scenarios, where timely and economical terrestrial infrastructure deployment is infeasible.



	
Interfacing between Terrestrial and Satellite Communications:



Space-air-ground integrated network (SAGIN) is an architecture considered to overcome geographical boundaries and support global high data rate connectivity. The mobility and heterogeneity of UAV-enabled FSO relay systems/networks can be exploited to adapt to high satellite rates and provide an intermediate communication relay node between the satellite platform and OGS [14], thereby significantly extending satellite visibility [15].



	
High Altitude Networks/Swarms:



By deploying multiple aerial platforms, UAV-enabled FSO systems are projected to achieve UAV-to-UAV topology that can offer a scalable aerial network capable of backhaul/fronthaul connectivity [16]. Furthermore, such implementation can achieve a cooperative swarm formation adaptable to further extend the transmission range [17].






Ultimately, these platforms are considered to be key enablers for the proliferation of next-generation communication architectures [16,18,19]. Owing to their improved cost-efficiency and faster deployment when compared to the corresponding satellite and terrestrial infrastructure, they have the potential to revolutionize communication networks and extend current infrastructures’ connectivity to a global scale [20].



In a bid to further espouse the justification of UAV-enabled FSO communication, it is relevant to note that the proliferation of UAVs has resulted in projections of market expansion from an estimated USD 5 billion annual market in 2019 to about a USD 14.5 billion annual market by 2028, driven by the increasing demand for UAVs in various military, commercial, and civilian applications [21]. It is also expected that the cost of UAVs will decrease and that their performance, payload, and autonomy will increase. Given these trends, UAV-enabled FSO relay systems have strong market viability and are bound to promote economic growth [22] by bridging connectivity gaps in areas lacking the traditional infrastructure necessary to extend telecommunications network coverage that meets the increasing need for high-speed communications and data-heavy applications [21].



For all the aforementioned reasons and motivations, UAV-assisted FSO communications have been an increasingly active area of research, and the availability of commercial UAV systems has encouraged integration with a range of technologies, making UAV-enabled FSO platforms more accessible to researchers. This brings UAV-enabled FSO architectures closer to becoming a concrete component of the global communication paradigm and is thus an important area of interest. This paper aims to review the experimentally demonstrated efforts that constitute the state of the art in the literature, to outline their design requirements and considerations, and finally to discuss some challenges and gaps identified. By scrutinizing these efforts, this work aims to contribute to the field’s growth by providing a review document tailored towards UAV-enabled FSO relay systems, especially utilizing available commercial platforms. To the authors’ knowledge, this work fills an important gap in the literature, given the absence of such a document that could serve to guide future research based on the identified gaps in the state of the art.



The remainder of the paper is organized as follows. In Section 2, the categorization of commonly utilized aerial platforms is addressed, while the PAT implementations and payload systems are discussed in Section 3 and Section 4, respectively. Section 5 briefly reviews the issue of atmospheric turbulence effects and the associated challenge of channel estimation in UAV-FSO systems. Section 6 discusses key design requirements and considerations/recommendations for UAV-assisted FSO relay, while Section 7 addresses the main challenges encountered in relevant aerial experiments. Finally, the concluding remarks are highlighted in Section 8.




2. UAV Platforms and Architectures


Ever since their massive commercialization, UAV platforms have been utilized for multiple technological exploits at higher altitudes, including applications ranging from weather sciences to surveillance and, in more recent times, communications. This section broadly classifies platforms for UAV-enabled FSO relay into High Altitude Platforms (HAPs) and Low Altitude Platforms (LAPs), based on their operational altitudes, with further classification according to unique features and their degrees of freedom. This classification is presented in Table 1, and it is important to note that, for UAV-enabled FSO communication relay systems, the chosen platform type depends on the proposed concept of operations, performance requirements, and constraints.



Generally speaking, the design configuration (this includes the platform and OGS components) in the demonstrations and the choice of different apparatus depend on the research objective. For example, in the works by the authors of [23] and authors of [24], both utilize a co-located OGS configuration, with different Tx and Rx apparatus to achieve distinct performance goals. In study [24], the aim was to investigate impairments and crosstalk within the signal due to atmospheric effects and disturbances from the UAV’s hovering and dynamic flight. To accomplish this, they employed a coherent communication setup that generated an 80 Gbps signal consisting of two multiplexed OAM beams and relayed it via a retro-reflective UAV payload to a collimator optical head at a distance of 50 m. Meanwhile, the authors of [23] aimed to demonstrate the feasibility of a novel Electro-Absorption Modulator (EAM) Modulating Retro-Reflective (MRR) UAV payload to relay an FSO signal between co-located OGSs. For this, they adopted a 500 Mbps On–Off Keying (OOK) modulated signal, relayed via an MRR payload, to a free-space optical receiver at a distance of 560 m. Although both works adopted a co-located OGS configuration, the different mission objectives led to different apparatus setups, which resulted in different performance and communication rates. These examples illustrate how the various efforts discussed in this document employed diverse configurations better aligned with different research mission objectives, setting a precedence for the observed variations in communication performance.



To provide an integrated perspective into the current state of the art of HAP/LAP-based FSO relay systems, a non-exhaustive list of the most relevant and recent works identified in this field have shown their feasibility as relay platforms and are listed and briefly described in Table 2.



2.1. High Altitude Platforms (HAPs)


HAPs are longer endurance aerial vehicles, typically operating in the stratosphere at altitudes of 17–22 km above sea level [40,41]. They are buoyant aerostats with a higher lift capacity to accommodate more communication payload apparatus, making them suited for a wider range of operations. Their operational altitude in regions of low aerosol absorption implies less communication signal distortion and ensures longer-range links over a wide geographical Field of View (FOV). However, their minimal propulsive hardware limits their mobility and maneuverability, making them quasi-stationary, while the ground infrastructure required for their deployment is complex and cost-intensive compared to commercial UAV systems. Several field demonstrations show that HAPs are a suitable component for next-generation communication architectures. In study [25], the authors discuss the use of a pair of balloon platforms at 20 km altitude to augment terrestrial cellular networks with Long-Term Evolution (LTE) wireless internet connectivity by utilizing a long-range 130 Mbps full-duplex FSO link to route data to/from a backhaul ground station.



Also, the authors of [26] describe the efforts of the German Aerospace Center (DLR) to deploy a stratospheric balloon at 22 km altitude and to study the turbulence effect of FSO communications at higher altitudes. By transmitting 1.25 Gbps signals to a ground station, it was demonstrated that stratospheric FSO transmission can be achieved error-free. This claim was further asserted in [42], where the authors refer to Facebook’s demonstration of a 10 Gbps bidirectional optical link between a HAP terminal and a ground station, which achieved error-free transmission.



Although the focus of this review is on “unmanned” aerial platforms, it is worthwhile to mention that human-boarded aircraft have offered an alternative solution for FSO communication, as demonstrated by the authors of [33], where a light Cessna aircraft at an altitude of 5.3 km (17,500 ft) established a 100 Gbps bidirectional optical link over a 20 km range, as well as by the authors of [27], who conducted air-to-ground FSO link tests over a 65 km range to verify the PAT operation of their FSO terminal.




2.2. Low Altitude Platforms (LAPs)


LAPs refer to aerial vehicles operating in the troposphere at altitudes below 10 km [43]. The platforms utilized for FSO relay demonstrations at low altitudes are typically more compact when compared to HAPs, which limits their onboard power storage and payload capacity, thereby reducing the possible communication operations. However, they have better mobility, are more cost-effective, and are quicker to deploy. This makes them more accessible for research and for proof-of-concept experimental demonstrations, and they are better suited for relay communication operations that require quick deployment.



As shown in Table 1, LAPs are further sub-classified into tethered buoyant aerostats and propelled multi-rotor or fixed-winged UAV forms, usually termed drones, which offer more flexibility to freely change their position/location and, therefore, optimize the link performance. These sub-categories will be described in detail next. (Despite not being strictly specified, for safety reasons, this review considers a minimum operational altitude of 300 m and 30 m for tethered and free-flying LAPs, respectively).



2.2.1. Tethered Platforms


Tethered LAPs are lighter-than-air aerostats or balloons that are anchored to the ground, with cross-sectional lengths reaching up to 250 m and a streamlined shape that can resist wind speeds of 20 km/h to 40 km/h [20], thereby providing relative stability. The tether also provides a power and signal conduit that removes power constraints for onboard equipment, enabling long-duration operations. However, the tether length determines the maximum altitude and the associated coverage area. Although tethered platforms are not as cost-effective [44] and require relatively more logistics for deployment, they have a larger payload capacity compared to free-flying platforms [45], allowing the integration of various equipment for a range of applications [20]. A key drawback is that the tether length limits the platform’s range of motion [46] and creates a single point of failure if severed. Works showing their viability as components of an aerial communication architecture include research by the authors of [20], who conducted analyses on the utilization of LAPs for different configurations of FSO communication relays between ground and air terminals. Also, the authors of [28] established an 80 Gbps FSO link from a tethered aerostat at an altitude of 1 km to a ground terminal located 1.2 km away from the point of anchor to prove that tethered LAPs are capable of high-rate communications despite unstable atmospheric conditions. In another experiment, the authors of [29] utilized a tethered aerostat at 1 km altitude to relay a 2.5 Gbps FSO signal, demonstrating a scanning and acquisition scheme that compensates for the platform’s rapid altitude variations. Ultimately, the success of these demonstrations validates the suitability of tethered LAPs for FSO relay operations.




2.2.2. Free-Flying Platforms


Free-flying UAV platforms are primarily characterized by their propeller components that provide lift and are further classified as multi-rotor or winged platforms. In some cases, a combination of both yields hybrid platforms, as illustrated in Table 1. Compared to the buoyant platforms, they have smaller dimensions, and their propulsion provides agile maneuverability over all degrees of freedom. While free-flying platforms are also used for military, commercial, and industrial applications, this review considers commercial multi-rotor platforms, which are low-cost and can be rapidly deployed due to minimal infrastructure requirements. The hover capability of multi-rotor platforms is ideal for aerial communications operations that require the platform to be stationary. They also offer the flexibility to incorporate commercial and customized hardware with open-source implementations that extend their functionality. These features make them a preferred option for researchers and encourage frequent experiments that can drive the achievement of a stable UAV-enabled FSO communications relay system, which is key for the next communication paradigm.



Although they can reach altitudes of up to a few kilometers, airspace regulations limit flight altitudes to a maximum of 120 m [47]. Despite their numerous advantages, free-flying UAV platforms have certain considerations that could affect signal quality, such as impairments caused by vibrations, as well as their sensitivity to adverse weather conditions. Regulatory considerations and the possibility of interference between the UAV’s RF control communications signal and ambient non-optical wireless systems are important factors to address as well. The major challenge of these platforms is their limited flight time that is constrained by battery capacity, which, in turn, depends on the allowable lift weight, necessitating careful payload and hardware selection, as well as power management strategies.



Some of the efforts reviewed in this paper include the work by the authors of [34], who conducted an aerial demonstration using a Modulating Retro-Reflective (MRR) payload to relay a 2 Mbps optical link with a commercial multi-rotor. Similarly, study [23] successfully demonstrated an FSO link between a hexacopter UAV and ground station at a range of 560 m, relaying an OOK 500 Mbps signal using a customized payload module. Moreover, multi-rotor platforms have experimentally relayed high data rate coherent FSO signals, as shown by the authors of [24], who relayed an 80 Gbps FSO signal over a 100 m round-trip distance using a gimbal-mounted passive retro-reflector module. Furthermore, multi-rotor platforms encourage the integration of hardware prototypes into FSO relay systems. A good example is provided by the authors of [39], who integrated a low SWaP payload prototype into a multi-rotor UAV platform and relayed FSO signals over a 7 km range.



In addition to their stable hover and flight control over all degrees of freedom, free-flying multi-rotor platforms can also achieve speeds of approximately 50 km/h [48]. The authors of [37] exploited this speed to demonstrate that a stable FSO relay link was sustained between a co-located OGS and a UAV platform with a flight speed of 60 km/h, housing a Corner-Cube Retro-Reflector (CCR) payload module that relayed a coherent 100 Gbps signal, at an altitude of 120 m over a folded distance of 1.4 km.



Integrating the most relevant characteristics of the previously described state-of-the-art works, in Figure 2, we provide a qualitative comparison of the main features associated with the different UAV platforms, considering six key performance indicators: cost, operational time, FOV, mobility, payload weight, and deployment time. The analysis of this figure can quickly assist the FSO engineer/researcher in selecting a suitable platform for a UAV-enabled FSO relay system based on specific requirements and system drivers.






3. Pointing Acquisition and Tracking


Pointing Acquisition and Tracking (PAT) activities establish and maintain a tight alignment between the transmitting and receiving terminals to sustain a stable FSO transmission link, despite the optical beam’s narrow width and prevalent misalignment factors. The standard procedures of PAT comprise a coarse and fine-tracking sequence, which are initiated after the placement of the OGS and the deployment of the UAV platform. In the coarse pointing stage, the OGS scans the general direction of the aerial terminal to acquire its initial position and re-directs the transmitter for an initial alignment. Following this, the fine-tracking stage employs a closed-loop sequence to achieve a more precise pointing and tracks the platform’s position by continuously computing the error from the initial achieved alignment.



The illustration in Figure 3 depicts the PAT coarse and fine-pointing sequence at a top level and highlights key modules utilized in each stage. These may include Azimuth/Elevation (AZ-EL) gimbals, a Machine Vision Camera (MV CAM) that could either be visual or thermal cameras, and Near Infrared (NIR) cameras for coarse pointing, while the fine-tracking apparatus typically includes options such as Spatial Light Modulators (SLMs), Fast Steering Mirrors (FSMs), AZ-EL gimbals, Position Sensing Detectors (PSDs), MV CAMs, and NIR cameras.



In a review of PAT approaches for UAV-assisted FSO relays, the author of [49] identifies conventional and asymmetric approaches, whereby in the conventional approach, the OGS and aerial platform both require mechanical gimbals to actively align the link, implying heavy hardware onboard the UAV, a setup better suited for larger platforms such as HAPs. Conversely, in an asymmetric approach, the UAV adheres to strict SWaP constraints and uses lightweight compact payload modules, thereby transferring the heavier mechanical gimbals and other PAT apparatus to the OGS. This approach also considers that the PAT configuration could be a visual or beam-tracking method.



In the visual tracking method, visible or thermal-based camera sensors are used to visually identify the deployed UAV platform and thereby locate the relayed beam’s position. Through advances in Deep Neural Network (DNN), image-based object identification utilizes visual information to segment UAVs’ attributes, including proximity and orientation, enabling persistent tracking [50]. This is seen in the work by the authors of [37], who used the UAV’s Global Positioning System (GPS) coordinates to acquire its initial position and then used an image processing technique based on a 500 mm machine vision camera lens to identify and track LED beacons on the UAV retro-reflective payload. Furthermore, the authors of [23] implemented a coarse tracking system using video images from a visible Charge-Couple Device (CCD) camera and a video tracker board. In an alternative tracking approach, the authors of [51] achieved a point-and-range methodology of object tracking using a Micro-Electromechanical System (MEMS) mirror-based imager together with Light Detection and Ranging (LIDAR) on a multi-rotor platform to scan, detect, and track objects.



In the beam-tracking method, the OGS receiver terminal determines the direction of the optical signal by utilizing position sensing detectors such as Quadrant Detectors (QDs) or NIR cameras that detect a dedicated beacon laser pointer [52]. During alignment in a UAV-assisted FSO relay link, the deviation of the relayed beam from the receiver detector’s centroid indicates alignment errors, which are fed back to the actuated transmitter to continuously adjust the beam direction until a stable link is achieved. This method has been used for commercial multi-rotor relay demonstrations by the authors of [53], who tracked the beam with a four-quadrant detector and determined the optimal array size that minimized the tracking error probability influenced by multi-rotor fluctuations. Also, the authors of [24] achieved beam tracking for a beam reflected by an MRR payload back to a co-located receiving terminal, which housed a rotation mechanism and goniometer for the coarse pointing as well as a steering mirror and PSD for fine tracking of the received beam. Furthermore, the authors of [23] also implemented a beam-tracking method for fine-tracking that utilized an InGaAs camera to detect the reflected beam and compute the position of the multi-rotor UAV MRR payload. This was in addition to a visible CCD camera used for their coarse tracking. Similarly, in addition to a wide FOV external camera for visual tracking, the authors of [35] also used a narrow FOV internal camera and a QD for beam tracking.



It is important to note that many UAV-enabled FSO communications relay demonstrations currently reported in the literature employ a configuration whereby the transmitting and receiving OGS are co-located, and the multi-rotor UAV platform employs a retro-reflective payload to return the beam to the proximity of its origin, as shown in scenario 1 in Figure 4. By employing retro-reflective payloads and co-locating the transmitter and receiver terminals, the works reviewed have removed the PAT complexity otherwise associated with UAV-assisted relay between a configuration with separated ground terminals, as shown in scenario 2. This undemanding configuration facilitates researchers’ experiments to validate proof-of-concept relay prototypes and a range of demonstrations of UAV-enabled FSO relay communications. However, by using actuated UAV payloads capable of active beam steering, it becomes possible to enhance the PAT activities and even track mobile terminals, as illustrated in scenario 2. This supports the inclusion of active payloads for UAV-enabled relay systems.




4. Payloads for UAV FSO Relay


In UAV-assisted FSO communications, the transmitted beam is relayed by utilizing the payload’s reflective surface for beam redirection. However, by incorporating dual-axis actuation mechanisms, the payloads can also possess adaptive steering capabilities. With this consideration, the payloads for UAV FSO relay systems can be classified into passive reflective or active reflective payloads, which are analyzed in more detail in the following.



4.1. Passive Reflective


Passive payload modules exploit their reflective qualities and unique geometry to relay optical signals from transmitting to receiving stations. For UAV-enabled FSO relay systems, retro-reflective modules include CCR and MRR modules. They have the geometrical quality to reflect a narrow light beam back to the direction of its source, as illustrated in Figure 4, scenario 1, regardless of slight motions or fluctuations [54]. This quality removes the requirements of the UAV to actively steer the beam to the OGS receiving terminal. Hence, the retro-reflective module serves as a reference point that can be coarsely detected from the OGS to improve the alignment until a stable and reliable link is achieved [31,54].



Various demonstrations of the FSO relay with commercial UAVs that utilize passive retro-reflective payloads typically have a co-located ground station configuration, as depicted in Figure 4, scenario 1. This includes work by the authors of [35], who demonstrated using a UAV-mounted CCR module to relay an FSO signal over a 240 m round-trip at 15 and 20 m hover altitudes. Similarly, study [23] successfully relayed an FSO signal to a co-located receiving station via a multi-rotor UAV at a range of 560 m using an MRR module. To enable higher transmission rates, retro-reflective passive payloads have also been used to relay coherent FSO signals, as demonstrated by the authors of [37], who used a 2 in CCR mounted on a gimbal to relay a 100 Gbps DP-QPSK signal from an altitude of 120 m to a co-located OGS, as well as the authors of [24], who used a gimbal-mounted retro-reflector to relay an 80 Gbps FSO communication link multiplexing 2 OAM modes between a ground Tx and Rx over a 100 m round-trip distance.



Passive payload modules have lower mass implications, with CCRs having typical weights ranging from 10 g to 200 g [55] for stand-alone modules. However, the total payload weight depends on the integrated customizations, such as beacons, cameras, and the housing/mount units, which may lead to a total weight of less than 4.5 kg, as observed from the demonstration by the authors of [35], shown in Table 3. Although their low mass makes them suited for the mass and size constraints of commercial platforms that cannot accommodate heavier FSO signal-generating equipment [31], their lack of actuated moving parts limits their operational FOV, which encourages the use of active payloads.




4.2. Active Reflective


Active payload modules have actuation mechanisms that steer the reflective surface/mirror about the tip and tilt axes. Modules such as FSM, with high-frequency deflections, can reposition the incoming beam at a specific angle with precision below micro-radians, thus enabling beam switching between two or more terminals. This is possible since the mirror steering controller uses feedback containing the receiver terminals’ location to compute the pointing difference. The actuation mechanism precisely adjusts the mirror’s angle, redirecting the reflected beam toward the desired receiver. The authors of [56] demonstrated accurate beam switching between two APD receivers with a   5 ∘   separation using a MEMS FSM. Furthermore, to track mobile receiver terminals, the mirror position is continuously adjusted based on real-time location information obtained through GPS coordinates, visual detection using a camera, or a beacon signal.



Furthermore, FSMs can be used to suppress vibration from UAVs, since they incorporate a high-bandwidth control system that rapidly deflects the mirror to respond to vibrations in real time. This capability was successfully demonstrated by the authors of [56], who utilized MEMS FSMs to suppress simulated UAV/satellite platform vibrations reproduced using a shaker/slip table. By integrating FSMs with a stabilization gimbal as a payload unit, it is possible to increase the range of motion, hence the FOV, and improve the efficiency of PAT operations. It is worth noting that the stabilization gimbal inherently cancels out vibrations, further enhancing the system’s performance.



FSM modules are commercially available with specifications ranging from 32 g mirror heads with a 15 mm diameter mirror up to 900 g heads with a 75 mm diameter mirror [57]. However, the supporting circuitry and customizations can increase the overall mass according to the use case, as shown in study [39], where they achieved an 8 kg payload that included a steerable mirror mechanism with a vibration suppression unit. Typically, FSMs offer an angular range of   ±  25 ∘   , with a pointing accuracy of less than 5 microradians [57,58]. Alternatively, the MEMS modules are miniaturized and lightweight forms, with manufacturer mirror sizes ranging from 0.8 mm to 9.0 mm, and they have an angular range of   ±  6 ∘   , with an angular resolution of less than 10 microradians [59,60,61]. To integrate FSMs into stabilization gimbals, a conceptual illustration is provided in Figure 5.



Customized active payloads have already been integrated into UAV FSO relay systems to explore use cases suited to vast scientific investigations. For example, the authors of [39] utilized a payload prototype based on a low SWaP dual-axis mirror mechanism capable of rapid scanning to establish a 7 km FSO link transmitting quantum key-distributed signals between ground terminals. In some cases, customized active payloads have a high SWaP implication, thus resulting in less flight time. Consequently, some researchers tether the multi-rotor platforms with power and signal-providing cables to extend the operational duration, eliminate communication interruptions due to battery recharge/exchange, and reduce the hardware required on the aerial terminal. The authors of [30] demonstrated a tethered multi-rotor UAV FSO experiment with a lasercom prototype payload terminal that relays 10 Gbps Ethernet signals. By using a powered tether cable, the authors eliminated communication interruptions from battery exchange/recharge activities. Reflective Intelligent Surfaces (RISs) are considered active payloads since they are programmable to change their configuration, hence capable of actuation. Consequently, RIS-assisted UAV is considered a promising method for UAV-enabled FSO relay owing to its ability to provide focus adjustment, reduce losses, and increase transmission distance [62]. The authors of [63] proposed a UAV-mounted RIS to achieve an enhanced FSO relay between non-LOS receiving ground stations. Also, the authors of [64] proposed a UAV-based relay system for a hybrid FSO/RF link, utilizing RISs, and conducted analyses to validate its performance considering various pointing error sources.



To conclude this section, an integrated summary of payload types and associated steering mechanisms that have been recently utilized in UAV-relayed FSO systems is provided in Table 3. Additional technical considerations such as payload weight and hovering altitude are also indicated in this table, thereby providing a holistic view of the manifold research efforts that currently define the state of the art in this field.





5. Impact of Atmospheric Turbulence, UAV Vibration, and the Role of Channel Estimation


Atmospheric effects pose a key challenge for outdoor FSO transmission. These effects include losses that occur when energy is diminished due to absorption by atmospheric particles as well as signal distortion due to regions of turbulence. Atmospheric turbulence refers to variations in the channel or medium caused by temperature gradients and pressure differences. Turbulent regions, known as eddies, lead to changes in the refractive index of the atmosphere, quantified by the refractive index structure parameter   C n 2  , with values ranging from    10  − 17      m  − 2 / 3     to    10  − 13      m  − 2 / 3     for weak to strong turbulence, respectively. The presence of eddies causes the light beam to deviate from its intended path, leading to beam wander and potential pointing errors. These regions also lead to beam scintillation, resulting in fluctuating irradiance and fading of the received beam. Scintillation is typically measured by the scintillation index (normalized variance of irradiance), while the strength of scintillation can be quantified by the Rytov variance,   σ R 2  . In addition, beam spreading occurs, causing the beam to extend beyond its diffraction limit and resulting in distortion of the wavefront and reduced received power intensity.



The impact of turbulence in UAV-assisted relay is evident in the received signal’s power, as determined by authors of [38], who conducted static and dynamic tests with an MRR payload and observed that atmospheric turbulence resulted in fluctuations in the power level measurements.



It is therefore important to account for the effects of turbulence in the channel and provide compensation to maintain signal quality and enhance throughput over a larger distance. It is noteworthy that several works have found that the level of turbulence experienced is influenced by the aerial platform’s altitude, elevation, and range. Towards this end, the authors of [26] discuss a HAP experiment that studied turbulence at the stratosphere and stated that, at higher altitudes, there are lower turbulence impairment effects. Also, the authors of [31] conducted a flight campaign using a winged free-flying platform with MRR payload at a distance of 4.3 km and observed that, for platforms operating at higher altitudes, the beam’s path is in a condition of low scintillation, and thus the system can transmit over longer distances. Moreover, for a UAV-enabled FSO relay system, it is important to consider that turbulence induced by the dynamics of free-flying platforms, specifically multi-rotors, may have significant effects on the FSO link. Hence, the contributions from the atmospheric factors and the platform’s random vibrations must be quantified and pre-compensated for at the transmitter to maintain the received FSO signal fidelity, as illustrated in Figure 6.



Some works have already attempted to quantify these contributions, including the authors of [35], who conducted an experimental exploration of the channel effects of a UAV-to-ground retro-reflected FSO link, which revealed that fluctuations in the received signal were induced by the turbulence present in the propagation path and by the misalignment from propeller vibrations and random trajectories inherent to the UAV’s flight modes. Also, the authors of [53,65] observed in their beam tracking investigation that the stability of FSO air-to-ground relay links is degraded by random fluctuations of a hovering UAV. Furthermore, using a retro-reflective payload, the authors of [24] observed that turbulence from the atmosphere as well as from the UAV propeller airflow increased power fluctuations by 4.3 dB and increased inter-modal crosstalk across channels when the UAV moves in the air at a speed of approximately 0.1 m/s compared to hovering.



Typically, power fluctuations due to scintillation often exceed 10 dB and must be accounted for in the link budget over any significant distance, making channel estimation a necessary aspect of designing wireless communication systems. Although well-tested and established methods such as Least Squares (LS), Minimum Mean Square Error (MMSE), and pilot-based channel estimation have proven effective, the unique characteristics of UAV-assisted FSO systems, including diverse configurations and challenging scenarios, require more efficient, intelligent, and data-driven channel estimation and compensation methods. These methods should be capable of identifying impairment contributions specific to UAV-based relay configurations. Conventional communication systems are generally based on well-established mathematical models. Hence, channel estimation algorithms such as MMSE require knowledge of channel statistics. However, in [35], the theoretical Power Density Functions (PDFs) of misalignments and composite channel models were derived from approximation approaches, which resulted in some discrepancies with the experimental data, especially at the tails of the distributions. Such results support the assertion by the authors of [66] that utilizing Machine Learning (ML) algorithms offers a data-driven perspective that does not rely on channel statistics and approximations. This makes ML algorithms suitable for emerging and unique communication configurations where channel statistical modeling is challenging.



Several works have already exploited ML to estimate channel features and enhance FSO signal links. In [67], the author used a Maximum Likelihood Estimation (MLE) and Bayesian estimation technique to estimate the channel coefficients for an experimental FSO link. Support Vector Machine (SVM) and Convolutional Neural Network (CNN) regressors were comparatively used by the authors in [68] to predict the amplified spontaneous emission (ASE) noise, turbulence, and pointing error parameters that cause impairments in FSO links. In another paper, the authors of [69] proposed a CNN to detect turbulence strength. Essentially, it is important to understand which ML method is suited to the nature of the problem at hand, and for this reason, the authors of [70] exploited an extensive dataset for FSO links over a maritime environment to compare the prediction accuracy of different methods, determining that a shallow Artificial Neural Network (ANN) performed best. In [66], the authors also demonstrated the effectiveness of shallow ANNs over deep learning methods when constrained by a smaller training sample size. The effectiveness of ANNs was further shown by the authors of [71], who used a shallow Nonlinear AutoRegressive eXogenous (NARX) ANN to accurately estimate channel state using experimental data from an outdoor FSO link transmitting coherent signals.




6. Design Requirements and Considerations


UAVs have been widely adopted as tools to extend technologies and demonstrate research efforts due to their ability to incorporate innovation, affordability, operational flexibility, and scalability. However, this means that, amidst the optional form factors, key design requirements have to be considered carefully during the selection of a suitable platform. Bringing together the most relevant experimental results, technical challenges, and achieved milestones identified from the state of the art, in Table 4, we make an effort to summarize the key design requirements and considerations for UAV-FSO relay systems using commercial platforms. By exposing an integrated view of the typical work process that is required to develop and deploy a UAV-assisted FSO system, Table 4 is targeted to provide researchers working in this field with a set of condensed design rules that should be followed to achieve successful FSO transmission in a 3D network.



Table 4 presents a set of key considerations to guide the design process of a UAV-enabled FSO relay system that ensures successful development and optimal operation. It involves several key aspects, such as clearly defining the proposed system’s configuration and the concept of operations. These definitions are necessary to specify more detailed requirements that yield expected performance for both the communication and UAV components. It is crucial to research available commercial modules that meet these requirements and performance metrics and to plan for redundancy for critical system elements by adopting a modular design that allows for replacement and scalability. Ultimately, conducting a cost–benefit analysis is necessary to ensure scalability, reliability, and high performance while staying within the allocated budget constraints. Balancing these factors will contribute to the successful design of UAV-enabled FSO relay systems.




7. Challenges and Research Gaps


After a review of demonstrated FSO relay efforts with commercial platforms and a discussion of some key components that influence the performance of these different design alternatives, the challenges inherent to these systems and gaps identified in the literature are provided in the following summary.



7.1. SWaP Constraints


Commercial free-flying UAVs’ stringent SWaP constraints remain a key challenge for long-duration operations. This places a limit on the allowable battery mass and implies a limited flight time, leading to the need to land frequently to change/recharge batteries, which causes interruptions to the established communications relay link. Furthermore, the constrained size limits the possible hardware flown, which reduces the range of communication operations possible. Although this presents fewer issues with HAPs and tethered systems, since they have a larger weight allowance, a trade-off has to be made between the maneuverability, dynamic freedom, and adaptability that free-flying platforms offer. As a solution to the limited available power that constrains operational time, integrating redundancy could involve strategies like wireless lightweight charging, a method that has been proposed by [72]. Also, employing multiple UAVs that implement a scheduling-based charging pattern has been proposed by [73]. Furthermore, some authors have included tethers on multi-rotor UAVs that will convey power and signals, allowing more hardware to be located on the ground. However, in the longer term, this approach could present a single point of failure in the tether and also limit the degrees of freedom, which is the key advantage of the free-flying systems in the first place.




7.2. Passive vs. Active Payloads


Passive payloads have a minimal FOV and lack the mechanism to cancel or compensate for signal fluctuations or to steer beams to switch between different receiver terminals. From the works reviewed, the inability of retro-reflectors to actuate means the performance is subject to geometric imperfections in the fabrication of the retro-reflector, which can cause angular errors in the reflected beam. Also, when the transmitted beam is not incident on the retro-reflector center, a differential optical path length can cause lateral displacements and angular tip/tilt misalignments between the beam’s center and the Rx aperture center. Such displacement could influence performance through crosstalk with neighboring spatial demands and power-coupling losses and, for the cases where the transmitter and the receiver are placed on different sides of a link, both displacements could be significant. Although passive payloads minimize the design complexity and SWaP requirements, it is important to develop compact, low-SWaP active payloads that offer a vast operational range, and their customization even allows for communications with satellites and UAV FSO relays [74].




7.3. Atmospheric Turbulence


The regions of turbulence in the transmission channel are associated with phenomena that impair the signal through mechanisms such as beam scintillation, beam wander, and beam spreading. Moreover, for a UAV-enabled FSO relay system, the UAV vibrations and propeller airflow aggravate the effects of turbulence on the relayed beam. This introduces a unique challenge to aerial FSO relay systems. The following potential solutions have been identified.



	(i)

	
Experimental active payloads: Resorting to a combination of FSMs with adaptive optics algorithms might be effective in counterbalancing the degrading effects of receiving the optical wave off-axis [75]. Although this is a solution to terrestrial point-to-point turbulence effects, integrating FSMs as an active UAV payload opens the possibility for the UAV platform to compensate for offsets introduced by atmospheric effects. However, this solution still requires experimental validation.




	(ii)

	
Optical power control: Another potential solution is to employ optical power control to provide power level compensation at the transmitter or the receiver terminals. Implementing this solution at the receiver terminal implies boosting the power levels using optical amplifiers such as an Erbium-Doped Fiber Amplifier (EDFA) to compensate for power losses from the atmosphere, while implementing power control at the transmitter side is based on pre-compensation of predicted signal attenuation from the channel. Both architectures aim to ensure that the power levels do not fall below acceptable threshold values.




	(iii)

	
Adaptive optics: Another solution that has been frequently exploited for point-to-point FSO links is to employ adaptive optics techniques that utilize real-time feedback to dynamically correct distortions to the beam. This includes using wavefront sensors and deformable mirror modules like SLM to compensate for aberrations to the wavefront.




	(iv)

	
Adaptive signal modulation: A promising solution is found in advanced methods such as adaptive modulation schemes, which have been shown to improve transmission capacity by adapting the modulation scheme based on the channel’s conditions. Although adaptive modulation has been explored for terrestrial experiments, implementing it in a UAV-relay scenario to compensate for atmospheric losses is a solution to be explored. Also, robust modulation schemes like Trellis-Coded Modulation (TCM) and Orthogonal Frequency-Division Multiplexing (OFDM) help combat fading and errors caused by turbulence.




	(v)

	
Hybrid RF-FSO: Furthermore, a solution can be found in adopting a hybrid RF-FSO communication method that allows switching between optical and RF links or simultaneous operation. This provides communication redundancy and flexibility to accommodate impairments from unfavorable atmospheric conditions and ensure link reliability. However, challenges such as data rate mismatch and optimal signaling and routing need to be addressed [76].




	(vi)

	
Spatial diversity: Diversity techniques at the transmitter and receiver terminals involve utilizing multiple parallel optical paths or multiple receiver apertures to mitigate the impact of a turbulent channel. By combining the signals received from different paths or apertures, the effects of turbulence can be mitigated. Implementing such techniques in a UAV-enabled relay scenario, possibly with a UAV swarm of multiple relays, could be worth exploring as a possible solution.




	(vii)

	
Improved fiber coupling: Several UAV relay scenarios adopt photodetector-based receivers. However, high-rate communication methods, such as coherent communications capable of hundreds of Gbps up to multi-Tbps, utilize optical collimator heads that focus the beam into a coupled fiber and thus are sensitive to geometric alignment between the beam wavefront and the fiber interface. Hence, a tight fiber coupling is required to eliminate losses from distorted beam angles. Also, special fibers with larger core diameters might be utilized to accommodate the received beam even at its distorted angle.







Although the identified solutions apply to terrestrial point-to-point FSO transmission scenarios, they are also suited to UAV relay systems. However, owing to the contributions of the UAV, the degree of precision of such methods is subject to experimental validation in future work.




7.4. Pointing and Tracking


The key challenges in the PAT of a UAV-enabled relay system stem from the dynamic nature of the aerial platform, allied with the tight requirements of an FSO link. The exploration of actuation mechanisms and customizations for UAV payloads, which can compensate for pointing errors, is restricted by strict SWaP constraints. Additionally, low tracking speeds and tracking lag in PAT systems make it difficult to maintain link alignment between the OGS and UAVs during high-speed and large-scale motions, potentially leading to communication disruptions. To address these issues, agile PAT solutions are required that enable rapid signal acquisition or re-acquisition to restore the link quickly and incorporate redundancies to minimize disruptions. The suggested solutions are adapted from terrestrial point-to-point configurations to accommodate the contributions of UAV platforms.



	(i)

	
Vibration-aware PAT: The unique vibrations experienced by UAVs require solutions that accommodate high-frequency motion to cancel them out effectively. One solution to mitigate beam misalignment by platform vibrations is the use of active UAV payloads such as FSMs, coupled with stabilization mechanisms. These payloads provide UAV beam steering and vibration compensation to minimize misalignments and assist in PAT operations while offering higher control freedom and increased FOV. However, to address SWaP constraints, compact modules such as MEMS FSMs can be utilized.




	(ii)

	
Hybrid RF-FSO: Another solution is the implementation of a hybrid RF-FSO system that can switch between FSO and RF methods if the optical signal is lost due to misalignment, allowing for signal re-acquisition. The constant RF feedback ensures quick reacquisition of the UAV terminal, especially during large-scale motion. Additionally, the RF component serves as a backup link during communication disruptions.




	(iii)

	
Receiver aperture: Increasing the number of receiver apertures on the ground can help reduce PAT requirements. Photodiode receivers are more resilient to pointing errors or offsets, and they offer potentially larger aperture sizes as well as the option of an array of multiple receivers that can capture the FSO beam. However, a wider aperture implies that there may be a trade-off between aperture size and achievable data rate.




	(iv)

	
Adaptive optics methods: Coherent communication paradigms that employ optical-to-fiber collimators require strict placement of the beam into the fiber core. In such setups, adaptive methods, such as using SLMs, can be employed to fine-tune the received beam’s position.







Overall, the scarcity of research efforts dedicated to enhancing PAT performance in UAV-enabled FSO relay systems and the integration and synchronization between OGS and aerial platform modules pose hurdles to effectively streamlining the system’s functionality.




7.5. Intelligent Methodologies


Recent advances in ML and Artificial Intelligence (AI) can be leveraged in UAV-enabled relay systems to enhance their operations in dynamic environments by being adaptable to varying atmospheric conditions, moving targets, or unforeseen sources of communication disruption. A lack of intelligence implies the system may struggle to proactively adjust parameters, resulting in sub-optimal performance. Therefore, intelligent methods and algorithms can learn from historical data and recorded system performance metrics to identify optimal parameters to enhance efficiency and performance. For example, in the area of power management, battery power can be optimized by considering performance objectives, operational profiles, and energy constraints to dynamically allocate power resources among modules and components. This enables efficient power usage, extending the flight time/operational duration of the UAV and maximizing the performance of the FSO relay system. This is also important for determining optimal flight trajectories and flight profiles that can also evade obstacles and reduce power consumption during flight.



Furthermore, by analyzing system data and patterns, intelligent methods can identify potential faults, anomalies, or performance degradation. This enables proactive/predictive robust fault detection and recovery capabilities. Also, to exploit active payloads, intelligent methods can optimize the beam steering process to dynamically adjust the beam pointing direction for optimal signal strength and link quality between the UAV and the OGS. This ensures that the FSO relay system maintains a reliable and efficient connection. Moreover, to maintain high data rates, intelligent methods can dynamically adapt the modulation and coding schemes based on real-time channel conditions and link quality to ensure that the FSO relay system achieves the highest possible data rate while maintaining reliable communication under varying atmospheric conditions [71]. Finally, machine learning-enabled object identification and tracking is a method already investigated by [50] as a way to enhance PAT and is another example that validates the need for intelligent methodologies in UAV-enabled FSO relay systems.



Due to the combined effects of UAV random motion and propeller airflow to turbulence, instead of adopting traditional statistical models for channel estimation, a good approach is to utilize ML methods based on growing UAV-based FSO communication datasets to model the unique impairments, which could foster better data-driven forecasting/compensation. Similarly, intelligent methods could incorporate ML-based visual tracking of UAVs, which could be a suitable contribution to tracking the large-scale motion of UAVs by exploiting object identification and tracking models as well as flight path prediction algorithms. However, care must be taken when tracking platforms in high-speed motion since larger corrections are needed, especially during abrupt deceleration at flight boundaries.




7.6. Security and Safety


Given their narrow beam width, electromagnetic neutrality, and their point-to-point transmission, security and data privacy are intrinsic to FSO transmissions. However, in the case of operational networks where a variable number of UAVs work with other communication systems, such as terrestrial networks or satellite links, the integration of handover mechanisms into the network may require security considerations such as robust encryption and authentication to protect data during handovers [77]. Furthermore, as more platforms are deployed into the next-generation 3D network, safety becomes more important and demands strict adherence to necessary flight regulations [78], with the possible need to acquire licenses and/or certificates that authorize flight operations within specified air spaces [16]. If not proactively addressed, such regulatory and compliance issues can pose a hurdle to prompt deployment logistics. Although such regulations are still maturing, it is important to stay up to date on their evolution. For example, several Canadian, U.S., and European organizations have been working to harmonize the regulatory approaches for flying platforms in their respective air spaces for commercial use, with a focus on the platforms equipped with risk management equipment, especially if the platforms operate beyond LOS and in populated urban areas [16]. Finally, risk factors to life and property must be given consideration; creating secure operations requires strategies to prevent collisions and implement emergency, failure, and recovery strategies while maintaining LOS integrity and preventing transmission outages. Obstacle avoidance offers well-researched solutions, with a range of flexible collision avoidance strategies [79,80] that should be considered along with optimal route planning.





8. Conclusions


Addressing the rapidly growing interest in 3D optical wireless communications, this paper provides a comprehensive review of UAV-assisted FSO relay systems. Special focus is given to commercially available free-flying platforms that are driving advancements in this domain, emphasizing their adaptability, affordability, operational flexibility, and scalability, which makes them the ideal tools for researchers to demonstrate experimental efforts and to extend the technologies necessary for the proliferation of UAV-enabled FSO communication architectures. To establish suitability for different use cases and performance requirements, we have categorized the different platforms based on operational altitudes and payload actuation capacity, highlighting design considerations for optimal performance in terms of communication throughput and other relevant metrics. After a review of efforts in this field, this study identifies gaps in current demonstrations and provides recommendations to bridge these gaps, serving as a reference guide for researchers involved in the development of UAV-enabled FSO relay systems. Overall, the paper serves as a valuable resource for researchers involved in the development of the next-generation 3D wireless network, enabling them to make informed decisions and pave the way for the successful implementation of UAV-enabled FSO relay systems [61].
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Figure 1. Application of UAV-enabled 3D relay across several scenarios. 
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Figure 2. Qualitative comparison of key performance indicators of different UAV platforms. 
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Figure 3. Coarse and fine-pointing sequence summary with key OGS and UAV components utilized. 






Figure 3. Coarse and fine-pointing sequence summary with key OGS and UAV components utilized.



[image: Photonics 11 00274 g003]







[image: Photonics 11 00274 g004] 





Figure 4. Active payload relay capable of steering to separated OGSs compared to a passive payload that can relay to originating co-located OGS. 
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Figure 5. An integrated stabilization gimbal and steering mirror concept providing enhanced PAT accuracy/stability and wider FOV. 
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Figure 6. FSO signal impairment contributions primarily from channel atmospheric turbulence and UAV, as well as the computed pre-compensation to maintain signal fidelity. 
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Table 1. Classification and a brief description of aerial platform types according to operational altitudes.
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Class

	
Platform Type

	
Altitude

	
Description






	
HAP

	
Aerostat

	
[image: Photonics 11 00274 i001]

	
17 km–22 km

	
Longer endurance vehicles, typically buoyant aerostats, operating in the stratosphere, thereby having a wide field of view, and with a large lift capacity to accommodate a range of communication apparatus.




	
LAP

	
Tethered Aerostat

	
[image: Photonics 11 00274 i002]

	
300 m–10 km

	
   More compact and streamlined form, capable of operating within the troposphere. It is usually tethered to the ground, allowing long-duration operations but a with limited range of motion. 




	
Fixed-wing free-flying
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30 m–10 km

	
Fixed-wing platforms are characterized by propellers and wings that provide horizontal take-off. They are capable of tropospheric flight, and the hybrid variants with multiple rotors and wings are capable of minimal hovering in operation. 




	
Multi-rotor free-flying
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30 m–120 m

	
Multi-rotor platforms are cost-effective platforms operating within regulated altitudes, capable of vertical take-off, with hover capabilities and agile flight over every degree of freedom.











 





Table 2. Platform classification and a short description of reviewed FSO demonstrations employing either HAP or LAP platforms.
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Classification

	
Source

	
Demonstration

	
Altitude






	
HAPs




	
Aerostat

	
[25]

	
Launched a pair of balloons that utilize long-range FSO links to augment terrestrial cellular networks with LTE wireless internet connectivity.

	
20 km




	
[26]

	
Deployed a stratospheric balloon to study the turbulence effect of FSO communications at higher altitudes.

	
22 km




	
Winged/Free-flying

	
[27]

	
Verified the FSO terminal’s PAT operations using a 2.5 Gbps bidirectional link.

	
–




	
LAPs




	
Tethered

	
Aerostat

	
[28]

	
Demonstrated a high-bandwidth UAV-ground FSO link that used a WDM communications technique.

	
1 km




	
[29]

	
Validated a scanning acquisition scheme that compensates for the platform’s rapid altitude oscillations.

	
1 km




	
Multi-rotor

	
[30]

	
Demonstrated the viability of a tethered multi-rotor to relay 10 Gbps full-duplex Ethernet connectivity over a 30 km range for an extended duration due to the tether power supply.

	
100 m




	
Free-flying

	
Winged

	
[31]

	
Interrogated an array of corner-cube MRR pods installed on the wings of a fixed-wing platform using ground-based transmitter and receiver FSO terminal.

	
–




	
[32]

	
Characterized air-to-ground FSO channels and compared results with theoretical models to identify requirements for future adaptive optics.

	
2 km




	
[33]

	
Demonstrated a bidirectional optical link transmitting 100 Gbps signals.

	
5.3 km




	
Multi-rotor

	
[34]

	
Demonstrated visual-based PAT for a multiple quantum well MRR-mounted UAV relaying a 2 Mbps optical link to ground from 300 m.

	
<120 m




	
[23]

	
Demonstrated a novel EAM-based MRR mounted on a UAV to relay 500 Mbps FSO signals to OGS at 560 m range.

	
<120 m




	
[35]

	
Investigated the physical channel characteristics of a retro-reflected signal from a commercial multi-rotor UAV that combines channel impairments with random trajectories from the drone’s hovering.

	
15–20 m




	
[24]

	
Demonstrated the relay of an 80 Gbps FSO signal with two multiplexed OAM modes between Tx and Rx OGS via a UAV-mounted retro-reflector.

	
20 m




	
[36]

	
Demonstrated a mobile entanglement distribution between two ground stations at a 200 m separation using a UAV-mounted entangle-photon source.

	
–




	
[37]

	
Demonstrated the ability to sustain a relay link between an OGS and a UAV at a horizontal flight speed of 60 km/h.

	
120 m




	
[35]

	
Investigated the underlying physical channel effects of aerial retro-reflected FSO signals due to the combination of channel effects and the UAV’s hovering random trajectories that result in AoA fluctuations.

	
20 m




	
[38]

	
Tested of a UAV-mounted MRR module capable of 20 Mbps relay over ranges of 75 m, 500 m, and 1200 m separation to determine its performance by measuring the BER.

	
25 m




	
[39]

	
Tested a quantum key distribution link between UAV and OGS at 7 km separation, thereby validating a customized low-SWaP payload prototype that integrates a steerable mirror & quantum key distribution hardware.

	
<120 m











 





Table 3. Classification of demonstrated payloads according to active or passive functionality.
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Payload Type

	
Source

	
Altitude

	
Payload Operation

	
Payload Weight






	
Active

	
[25]

	
20 km

	
Loon FSO communication terminal

	
<50 kg




	
[26]

	
22 km

	
Laser + beacon terminal

	
17.54 kg




	
[33]

	
5.3 km

	
Coherent transceiver (Telescope + PAT gimbal)

	
≈10 kg




	
[27]

	
–

	
Gimbal + FSO Tx/Rx optics + beacon laser modules

	
–




	
[28]

	
1 km

	
WDM optical transmitter terminal with PAT + tip/tilt mirror

	
20.5 kg




	
[29]

	
1 km

	
Laser-generating terminal + IR camera + PAT

	
<15 kg




	
[32]

	
2 km

	
1 Gps transmitter, telescope, PAT terminal

	
–




	
[36]

	
–

	
A pair of Airborne Entangle Photon Sources (AEPSs) + PAT

	
486 g (×2)




	
[39]

	
<120 m

	
Steering mirror, camera, quantum source

	
8 kg




	
[30]

	
100 m

	
10 Gb Ethernet lasercom terminal + optical segment + MEMS FSM

	
<4.5 kg




	
Passive

	
[31]

	
<120 m

	
Corner-cube MRR array pods

	
3.6 kg




	
[34]

	
<120 m

	
MQW-based MRR

	
200 g




	
[23]

	
<120 m

	
EAM-based MRR

	
–




	
[24]

	
20 m

	
Retro-reflector module

	
–




	
[37]

	
120 m

	
Gimbal-mounted CCR + beacon LEDs + camera

	
–




	
[35]

	
20 m

	
CCR module + alignment camera

	
–




	
[38]

	
25 m

	
MRR module

	
200 g




	
[35]

	
15–20 m

	
Corner-cube reflector + camera

	
<4.5 kg
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Design Requirements

	
Considerations






	
Stability & control

	
The UAV should adopt a stabilization module that can counteract the vibrations inherent to propulsion components.




	
The module should have a wide angular range and accurate pointing resolution to complement OGS PAT during hover, vertical, and horizontal flight, and also compensate for UAV heading deviations from wind buffeting or random flight variables.




	
The module should cater to the specific payload’s mass, dimension, power, and extension port implications and must protect the payload against impact.




	
Payload

	
Owing to a tight SWaP constraint, the need for a passive or active payload module should be clearly determined.




	
The symmetry of the payload’s reflective surfaces must be flawless in order not to contribute to angular offsets on the relayed signal.




	
The UAV’s allowable payload capacity must be sufficient to accommodate equipment and modules required for the communication system’s operation while maintaining stable and controllable flight.




	
Modularity & scalability

	
The system should be designed in a modular fashion that allows easy replacement or addition of payload, equipment, or sensors, to adapt to changing mission needs.




	
Consider the addition of redundant modules to increase reliability during flight/communications relay operations.




	
The platform should be compatible with customization and open-source modules that can extend the platform’s performance range, allowing longer duration communication demonstrations and a wider range of experiments.




	
Safety and reliability

	
Conduct a risk analysis to determine potential risk factors and consider collision detection and avoidance units to limit possible accidents with property or even humans.




	
Conduct extensive tests and verification of customized or experimental modules on the ground before conducting flight operations.




	
Consider fault tolerance to prevent single-point failures by incorporating redundant power and navigation modules and implement failure recovery protocols such as emergency landing modes.




	
Implement adaptive and recovery techniques to prevent or recover from disruption to the FSO link, respectively.




	
Communication range & bandwidth

	
The UAV must have a constant and reliable RF communication link within the specified operational range to transmit flight control and commands, as well as feedback information, including GPS location/orientation, telemetry, and health status, all without interference from ambient signals.




	
The communication range must remain within regulated separation distance and operational altitudes at the chosen (non-segregated) flight location.




	
Ease of use & maintenance

	
The UAV system must strive for a low-complexity design, with an intuitive, user-friendly interface that does not require an expert skill set, thus ensuring that the focus remains on the FSO communicat