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Abstract

This paper reviews recent developments in unmanned aerial vehicle (UAV)-
assisted free-space optical (FSO) communications and proposes a compact path-
planning algorithm for relay minimization. The study identifies trends in hybrid
FSO-radio frequency (RF) links and in multi-UAV network architectures. A
semi-systematic search identified 45 articles published between January 2020
and June 2025 in IEEE Xplore, Scopus, and Web of Science. The study
synthesizes findings on hybrid link design and multi-UAV deployment. It
highlights open issues in beam alignment, energy management, and swarm
control. The paper proposes a lightweight path planner, which adapts informed
sampling from Informed Rapidly-exploring Random Tree Star (Informed RRT*).
The planner minimizes the required number of relay UAVs while satisfying
obstacle and link-quality constraints. Monte Carlo (MC) simulations compared
the proposed planner with plain probabilistic roadmap (PRM) and baseline
Informed RRT* variants in representative urban and suburban scenarios. Results
show that the proposed planner reduced the number of required relay UAVs
compared to the baselines while maintaining end-to-end connectivity under
realistic obstruction and atmospheric models. The study also assesses trade-offs
between computational cost and reliability. The review and proposed planner
provide a roadmap for efficient UAV optical relay networks and future energy-
aware, swarm-coordinated designs.

Keywords: Hybrid FSO-RF links, Informed RRT*, Multi-UAV architectures,
Relay minimization, UAV-assisted FSO communications.
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1.Introduction

Free-space optical (FSO) communication delivers high data rates over line-of-sight
(LoS) channels [1]. Fixed FSO links suffer reduced availability in complex terrain
[2]. Unmanned aerial vehicles (UAVs) provide flexible deployment to mitigate
these limits [3]. UAV-assisted FSO systems combine high-throughput optical links
with aerial mobility and can operate as relays or data mules [4].

Recent studies demonstrate that hybrid FSO-Radio Frequency (RF) architectures
increase link availability [5]. Laboratory experiments report optical wireless power
transfer efficiencies above fifty percent at short ranges [6]. Multi-UAV swarm
formations with cooperative beam alignment improve coverage and resilience, with
reported gains of nearly 30% over single-relay setups [7]. Beam-pointing accuracy
degrades under strong turbulence and rapid platform motion [8]. Energy management
must balance wireless power transfer, payload, and flight endurance [9]. Swarm-
control algorithms must handle dynamic topology changes and link failures [10].
However, limited work addresses relay placement and path planning that minimize
relay count under explicit LoS and per-hop link-budget constraints.

This paper has two objectives. First, it reviews recent UAV-assisted FSO
research, focusing on hybrid FSO-RF links and multi-UAV architectures. Second,
it proposes a lightweight path planner that adapts informed sampling from informed
rapidly-exploring random tree star (Informed RRT*) to minimize relay count [11].
The review used a semi-systematic search of IEEE Xplore, Scopus, and Web of
Science and retained 45 articles (Jan 2020-Jun 2025). Monte Carlo simulations
compare the planner to Probabilistic Roadmap (PRM) and informed RRT*. Results
show reduced average relay count.

2.Method

This study conducted a semi-systematic literature review of UAV-assisted FSO
communications, focusing on hybrid FSO-RF links and multi-UAV architectures.
The study searched IEEE Xplore, Scopus, and Web of Science (Jan 2020-Jun 2025)
with the query “(Free-Space Optical OR FSO) AND (UAV OR drone) AND
(hybrid OR RF OR multi-UAV)”. After duplicate removal, titles and abstracts were
screened to keep English, peer-reviewed articles on hybrid FSO-RF or multi-UAV
topics. Terrestrial-only FSO, pure RF, unrelated UAV works, non-peer-reviewed
sources, and inaccessible full texts were excluded. A PRISMA-style flowchart
appears in Fig. 1

Following the review, this study developed a proof-of-concept path planner
based on Informed RRT* to minimize the number of relay UAVs [11]. The planner
enforces obstacle and per-edge link-quality constraints. It uses relay count as the
primary cost and total path length as a secondary tie-breaker. Sampling is confined
to a prolate hyperspheroid defined by the current best cost ¢, and the admissible
heuristic ¢, Uniform samples come from unit n-ball draws mapped by a linear
scale matrix L and a rotation matrix C. The map is 1000 m by 200 m with polygonal
obstacles. LoS checks use exact segment-polygon intersections. Received power is
computed by discrete Beer-Lambert integration with As =5 m. An edge is accepted
only if LoS holds and the received power meets the sensitivity threshold Pgp,.
Aggregate transceiver efficiency 7 captures pointing and coupling losses.
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Records identified through databases (IEEE, Scopus, WoS): n= 312
After deduplication: n = 275 (37 duplicates)

Title & abstract screening: n = 275 — excluded n = 163

A4

FulHext excluded (reasons: not relevant, not peer-reviewed,
insufficient methods, inaccessible): n = 112 — excluded n = 67

\é

Studies included in synthesis- n =45

Fig. 1. PRISMA flow diagram of study selection.

3.Results and Discussion
3.1.Hybrid FSO-RF link analysis

Researchers found that hybrid FSO-RF architectures outperform pure FSO or pure
RF [12]. Reconfigurable intelligent surfaces (RIS) reduce outage, and index
modulation increases spectral efficiency [12]. Mesh topologies lower outage, and
heuristic relay placement improves capacity [13]. Optimized placement of high
altitude platform stations (HAPS) reduces outages [14]. Link-budget analyses
under static LoS show higher stability for hybrid links [15].

Adaptive combining achieves higher ergodic capacity than switching, and
maximal-ratio combining (MRC) outperforms selection combining (SC) in terms
of reliability [16-19]. Parallel full-duplex decode-and-forward relays lower outage
but introduce loop-interference trade-offs [20]. Rate adaptation in satellite-relay
scenarios improves throughput and spectral efficiency [21]. Decode-and-forward
dual-hop schemes increase capacity when FSO degrades [22, 23].

Hybrid links extend secure range, and RIS placement strongly affects secrecy
performance [24, 25]. Reinforcement-learning-based switching yields roughly 35%
throughput gain [26]. Machine-learning precoding raises spectral efficiency by
about 20-35% [27]. Hybrid FSO-RF outperforms mixed RF-RF in clear conditions
[28]. Closed-form ergodic-capacity results improve theoretical understanding
under fading [29], and recent reviews summarize integration challenges and backup
hybrid schemes for UAV deployments [30]. Deep-learning prediction using RF
beacons can reduce outage, with Gated Recurrent Unit (GRU) models achieving
near 96% accuracy [31].

3.2. Multi-UAYV network insights

Multi-UAV networks extend coverage and increase resilience [32, 33]. Studies
document serial, parallel, and mesh topologies that trade off capacity, latency, and
energy consumption [32, 34]. Trajectory optimization improves throughput and
fairness by adapting paths to backhaul limits and time-varying channels [35].
Multicasting and integrated power-and-data schemes enhance energy efficiency
and backhaul performance [36]. Joint placement, gateway selection, and power
allocation yield significant gains but increase coordination complexity [34].
Collision-aware trajectory planning reduces collision risk while satisfying mission
constraints [37].
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Relay placement is treated as a central design problem; most analyses treat it as
a static optimization or coverage task, assuming hover positions and fixed links.
Many studies assume near-ideal link acquisition and low pointing error, which
underestimates the operational cost of maintaining optical links on mobile
platforms. These gaps motivate relay-minimization planners that enforce LoS and
per-hop link budgets, and that support fast local replanning. The paper adopts this
perspective in the proposed informed RRT* planner presented in the next section.

3.3.Proposed informed-RRT* relay planner

The proposed planner adapts informed sampling from Informed RRT* to reduce
UAV relay count while ensuring per-link FSO feasibility [11]. The planner first
performs a fast single-relay feasibility test using disk intersection and LoS checks.
If a single relay is not feasible, the planner grows an RRT* tree until an initial
feasible path appears. The planner sets the first feasible path as the current best
cost, Cpest, and then restricts sampling to a prolate hyperspheroid with a transverse
diameter equal to cpes;. The planner preserves uniform sampling inside the
hyperspheroid to maintain informed convergence. Each candidate edge undergoes
a geometric LoS test and a per-edge received-power test using discrete Beer-
Lambert integration. The planner updates cp,es; When it finds a path with fewer hops
or with equal hops and shorter total length. The planner implements a lexicographic
cost that prioritizes hop count and breaks ties by Euclidean length; this cost drives
rewiring so the tree favours edges that reduce hops even if they slightly increase
distance. The planning procedure is summarized in Algorithm 1.

Algorithm 1: Informed RRT*-based Relay Minimizer
Input: start s, goal g, attenuation map, params {Npa¢cn, Mmax_iter, B, As}
Output: path (sequence of waypoints satisfying LoS and link budget), relaycount
(1). if OneRelayQuickCheck(s , g, attenuation_map, f3) returns p* then
return path [s, p*, g]
(i1). Initialize RRT* tree T with root s; cpesr < ©°;baseline relays « <
(iii). while iterations < max _iter:
if Cpest == “°: Xpanq < uniform_sample free()
else
with probability p_informed:
Xrand < sample_inside ellipsoid(s, g, Cpest)
else
Xrand < Uniform_sample free()
Xnearest < Nearest(T, Xyang); Xnew < Steer(X_nearest, Xyanq)
if Los(xnearesta xnew) and LinkBudgetCheCk(xnearest’ xnew):
Insert x_new into T with parent xXpe,rest; RewireNeighbors(T, Xpew)
if PathExists(T, g):
p « ExtractPath(T, g); r < RelayCount(p); L <« PathLength(p)
if (r <baseline relays) or (r == baseline relays and L < cpegt):
baseline relays « 1; Cpest < L
Update ellipsoid parameters using Cpest
for eachnode vin T:
if HopCount(v) > baseline relays: Remove v from T
(iv). if PathExists(T, g): return best found path
else: return failure
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3.4. Simulation results and performance analysis

The evaluation uses three urban maps and three atmospheric regimes. Each
configuration runs 100 Monte-Carlo trials. The planner applied the operational
margin f = 0.9. Table 1 reports comparative results for plain PRM [38], an
Informed RRT*baseline [11], and the proposed planner. The proposed planner
reduced the average number of relays relative to both baselines while keeping
outage probability low. The planner achieves fewer relays by favouring longer
feasible hops via ellipsoidal informed sampling and hop-aware rewiring.

Table 1. Average relay count / average outage probability (100 trials each).

Environment Atmospheric Plain Inform*ed Proposed
class condition PRM RRT Informed
(baseline) RRT*
Clear urban Clear 3.0/ 2.7/0.05 2.4/0.04
corridor 0.06
Cluttered Haze 49/ 4.4/0.09 3.9/0.08
urban 0.11
Layered Dense Fog 6.2/ 5.7/0.16 5.0/0.13
turbulent 0.18

3.5. Trade-offs, research gaps, and future directions

Hybrid FSO-RF multi-UAV networks increase link reliability. However, the
planners increase the complexity of planning. Validation should occur in hardware-
in-the-loop experiments. The study uses an Informed RRT* baseline. Future work
should test hybrid RRT with ant colony system (ACS) and hybrid RRT with particle
swarm optimization (PSO) to accelerate convergence and improve exploration [39-
43]. Additionally, informed PRM variants should be assessed for focused sampling
[44, 45].

4. Conclusion

This review synthesizes advances in hybrid FSO-RF links and multi-UAV
architectures and proposes a compact Informed RRT* planner for relay
minimization. Some studies report up to 40% outage reduction, while multi-UAV
formations increase coverage by about 30% compared with single-relay setups.
Monte Carlo simulations show that the planner reduces the relay count compared
to PRM and baseline Informed RRT*, while preserving end-to-end connectivity.
Future work should develop energy-aware, swarm-coordinated planners with
explicit latency constraints, and investigate hybrid samplers.
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