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he expected arrival of 6G

mobile technology by 2030

aims to offer comprehensive

3D coverage, ensuring con-
nectivity for everyone, everywhere,
at any time. Aerial base stations
using free-space optical (FSO) com-
munication are key technologies
that can connect terrestrial and non-
terrestrial layers, providing high-
speed, low-latency, and reliable
transmission capabilities. In this
article, we propose an innovative
aerial architectural swarm design to
improve network performance via
cooperative transmissions. We high-
light the properties, types of forma-
tion, and transmission methods for
aerial swarms. Next, we analyze the
considerations and challenges of
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deploying aerial FSO base stations, with a focus on chan-
nel-induced fading and weather-induced degradations.
The simulation results show greater potential associated
with the proposed vertical FSO architecture in overcom-
ing channel-induced fading losses and providing high
data rates. Additionally, the article discusses self-sustain-
ability and explores future research directions, including
the application of artificial intelligence/machine learning
(AI/ML), intelligent reflecting surfaces, and quantum
Internet security to optimize and design next-generation
FSO-based aerial base stations.

Aerial FSO Base Stations: Ushering in the 6G Era
Terrestrial base stations are costly due to expenses related
to power, backhaul, installation, maintenance, and securi-
ty. Many regions also lack stable power sources, and chal-
lenging terrains further complicate their deployment. In
remote areas and small islands, telecom infrastructure
often relies on diesel generators, which are environmental-
ly harmful and conflict with sustainability goals. As a
result, 6G networks toward sustainable massive access and
ultrareliable and low-latency services must integrate
space-air-ground (SAG) architectures, offering lower costs
and broader coverage. In such cases, aerial platforms,
serving as on-demand base stations will play crucial roles
in enabling dense small-cell deployment.!

Microwave radio-frequency (RF) bands currently
support aerial wireless links: for example, the U.S.
Department of Defense’s Common Data Link (CDL) op-
erating in the Ku (12-18 GHz) and Ka (26-40 GHz) bands
for high-altitude platform (HAP)-to-ground communi-
cation. However, CDL's 274-Mb/s to 3-Gb/s capacity is

UIn our recent work [1], we studied the possibility of providing fronthaul
services with a terrestrial FSO link. In this article, we explore FSO based
vertical links for fronthaul/backhaul services in the future 6G networks.

inadequate for high-speed demands. Hybrid RF/FSO
systems, such as the Defense Advanced Research Proj-
ect Agency’s FaRIA-C initiative, improve capacity by
switching between FSO (10 Gb/s) and RF (2 Gb/s) links.
Yet, these systems face scheduling, scalability, and RF
capacity constraints. To overcome spectrum limita-
tions and achieve terabit-per-second data rates, a shift
to an “all-optical” vertical backhaul/fronthaul network
is needed, which is the focus of this article. The existing
works on SAG architectures have primarily focused on
hybrid RF/FSO links [2], [3], static relays [4], [5], [6], or
layered aerial networks [7], [8], [9] with limited adapt-
ability. For instance, [5] and [6] propose a SAG FSO link
by deploying HAPs as relay, but they mainly focuses on
mitigating the effects of atmospheric turbulence rather
than forming a fully cooperative aerial communication
framework. Similarly, [7] explores single- and dual-lay-
er FSO systems involving both HAPs and rotary-wing
platforms, but the architecture remains constrained
by predefined roles and limited adaptability. In [8], a
decode-and-forward relay chain is studied for uplink
transmission from a ground station to a low-Earth orbit
(LEO) satellite via multiple HAPs, focusing on routing
efficiency but not system coordination. Elamassie and
Uysal [9] investigate a multilayer FSO backhaul network
employing HAPS and uncrewed aerial vehicles (UAVs)
but focuses primarily on deployment planning, while
[10] and [11] investigate HAPs performance in multilayer
airborne systems without considering real-time control
across layers. While these studies contribute valuable
insights into specific design aspects, they largely rely on
fixed topologies and RF-assisted fallback mechanisms.
A comparative summary of related works highlighting
platform scope, communication technology, and HAP
capabilities is provided in Table 1.

TaBLE 1 Comparison of related works based on platform scope, link type, and HAP capabilities.

Reference  System Model Satellite HAP UAV Link Type HAP Capabilities
[2] Energy Efficient Multi-HAPS FSO/RF X Hybrid Relay only
System
[3] Coverage Area + HAPS Deployment in X Hybrid Relay + coverage
SAGIN control
[4] Improving Ground-HAPS MIMO-FSO X X FSO Relay only
performance
[6] Multiple HAPS-Based SAG Network X FSO Relay only
[7] Multilayer Airborne FSO Systems x FSO Static multitier relay
[8] Multiple HAPs-based hybrid FSO/RF X Selective FSO/RF  Decode and
forward relay
[9] FSO-Based Multilayer Backhaul )4 FSO Layered backhaul
Networks relay
Our model 6G-Ready Swarm Architecture with FSO Relay + leader
Leader—Follower Coordination (centralized swarm
management)
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In this article we propose a novel multitier coopera-
tive aerial swarm, where HAPs serve as both leaders
and relays, coordinating dynamically with medium-al-
titude platforms (MAPs), low-altitude platforms (LAPs),
and UAVs. Unlike the existing models, which are limited
to fixed-relay placements and two-layer cooperation,
our architecture provides adaptive aerial coordination,
scalable multilayer FSO relays, and intelligent load bal-
ancing across multiple network layers. This highly flex-
ible and resilient approach ensures superior coverage
and reduced latency, supporting both massive access
and ultrareliable and low-latency service requirements,
marking a significant advancement over state-of-the-art
SAG architectures.

Contributions

m We propose a multitier cooperative aerial swarm archi-
tecture that integrates multiple aerial platforms,
enabling an adaptive, high-speed, long-range backhaul/
fronthaul network using FSO links, a shift from conven-
tional static relay-based models.

m Unlike existing approaches, our architecture enables
stratospheric platforms to function as both swarm
leaders and relays, optimizing tropospheric swarm
coordination while ensuring reliable satellite-ground
connectivity.

m We evaluate the practical challenges of aerial FSO base
stations, focusing on channel-induced fading, turbu-
lence effects, and weather-related degradation, provid-
ing key insights into real-world deployment feasibility.

m To address network scalability and security challeng-
es, we explore the integration of Al/ML-driven optimi-
zation, intelligent reflecting surfaces for adaptive beam
steering, and quantum-secured communications,
ensuring a resilient and future-ready aerial communi-
cation framework.

Cooperative SAG Network Architecture

Recently, there has been a remarkable increase in the
deployment of aerial platforms and operators. Howev-
er, this growth brings a significant challenge: rising
interference. Without proper management, this inter-
ference can hinder network performance, resulting in
minimal gains or even a decline in throughput. To
address this, we propose cooperative aerial architec-
ture aimed at enhancing network performance. This
innovative framework primarily relies on two key tech-
nologies: FSOs and integrated aerial nodes. We use the
term aerial nodes broadly to include satellites, HAPs,
MAPs, and LAPs, balloons, and different kinds of aero-
nautical nodes, like UAVs and drones.

Stratospheric Layer as RELAY

FSO-based communication system’s performance signifi-
cantly decreases with an increase in path lengths.
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AERIAL BASE STATIONS USING FREE-SPACE
OPTICAL COMMUNICATION ARE KEY
TECHNOLOGIES THAT CAN CONNECT TERRESTRIAL
AND NONTERRESTRIAL LAYERS, PROVIDING
HIGH-SPEED, LOW-LATENCY, AND RELIABLE
TRANSMISSION CAPABILITIES.

Ideally, the zenith angle for FSO communication should
be small, but this is generally not practical for terrestrial
nodes trying to establish satellite connections because
of the fixed zenith angles of geostationary (GEO) satel-
lites and the varying zenith angles of LEO satellites dur-
ing a communication session. In contrast, an FSO
communication via a SAG network can achieve low
zenith angles by strategically placing a HAP vertically
above the desired terrestrial node. This setup reduces
the propagation path over turbulence-prone locations,
reducing geometric and scintillation losses in ground-
to-HAP FSO transmissions. This short propagation
length is independent of the zenith angle of the satellite,
and thus particularly beneficial in case of LEO satellites.
At altitudes above 20 km, the low aerosol density results
in weak turbulence effects for HAP-to-satellite FSO trans-
missions, further reducing pointing errors and scintilla-
tion. Consequently, as depicted in Figure 1, with the
integration of stratospheric layer as a relay between
ground and satellite link, the proposed SAG-FSO system
maintains consistent performance regardless of the sat-
ellite zenith angle. Additionally, in a network with both
LEO and GEO satellites, GEO satellites can handle tasks
requiring low latency and throughput, while tasks with
higher latency and throughput requirements can be
offloaded to LEO satellites, which offer shorter latency
and higher throughput. This load balancing optimizes
resource use across the entire network.

Stratospheric Layer as LEADER

It is widely recognized that achieving extremely high
data rates in 6G wireless networks largely depends on
the dense deployment of small cells. However, effective-
ly backhauling and fronthauling the small-cell base sta-
tions (SBSs) presents a major challenge. Current
solutions involve directing traffic from SBSs to a central
hub for aggregation, but placing these hubs is complex
and has been identified as an NP-complete problem.
Additionally, line-of-sight (LoS) hub placement can be
impractical in areas where SBSs are deployed in inac-
cessible locations. Sky-based connectivity offers a
solution to these challenges. The proposed novel frame-
work includes HAPs/LAPs as a leader and a swarm of
aeronautical platforms as followers, as depicted in Fig-
ure 2. In a multitier heterogeneous network with ultra-
dense small cells overlaid with macro cells in a
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This system can also provide
backhaul/fronthaul to SBSs in
hard-to-reach areas where fiber
or microwave links are unavail-
able or expensive, such as ru-
ral or remote regions, or urban
areas below surrounding build-
ings where SBSs are mounted on
street furniture, like walls and
lamp posts. A stratospheric aer-
ial platform acts as the leader of
the swarm, connecting the aero-
nautical platforms to the core
ground network. All in-between
layer and within the same layer
connections use FSO links, and
— SBSs with a clear LoS to an aerial
platform use FSO beams to deliv-
er/receive traffic. SBSs without
LoS can be served by a nearby
SBS that has LoS to an aerial
platform. Alternatively, rather

FIGURE 2 The conceptual topology of vertical fronthaul/backhaul FSO framework for 6G wire-

less networks.

geographic area, this system can complement terrestri-
al backhaul/fronthaul networks, particularly in chal-
lenging environments. For instance, it can be deployed
when terrestrial networks fail or during temporary
high-demand events, like sports games.
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than connecting each SBS to an
aerial platform, traffic can be ag-
gregated and relayed from SBSs
to a designated SBS with LoS to an aerial platform,
resulting in higher energy efficiency. SBSs connect-
ed to aerial platforms are equipped with tracking
systems to maintain the beam alignment with the
aerial platforms.
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Swarm Formation

Regarding swarm formation, one method involves equi-
distant placement of follower platforms from the leader
platform, forming a circular swarm. This configuration
ensures comparable in-between layer link distances,
aiding in transmission timing synchronization across
the cluster and simplifying antenna or lens alignment.
However, with many platforms, space limitations may
necessitate a uniform swarm formation, where the lead-
er is centrally located and followers are uniformly dis-
tributed around it. Although this configuration
complicates timing synchronization and transceiver
alignment due to unequal link distances within the
same layer, it efficiently uses the available area for
dense deployment.

Stratospheric Transmission Schemes

In stratospheric FSO communication, joint transmission
and dynamic point selection are two fundamental tech-
niques that significantly impact the system performance.
The primary challenge in such a network is ensuring
high-capacity and reliable connectivity, despite turbu-
lence, beam misalignment, and varying channel condi-
tions. By optimizing the selection and coordination of
transmission points, the system can adaptively allocate
resources, mitigate signal degradation, and enhance
spectral efficiency.

Joint transmission involves multiple transmission
points cooperatively sending the same signal to im-
prove reception quality. One approach to implementing
this is maximal ratio transmission (MRT), which offers
superior signal gain by maximizing the received signal-
to-noise (SNR) ratio. However, MRT requires full knowl-
edge of both the amplitude and phase of the channel
coefficients. This demands accurate channel estima-
tion and imposes strict synchronization and feedback
requirements among the stratospheric platforms. The
need for high-precision in-between layer’s communica-
tion makes this technique computationally intensive and
challenging in dynamic environments. As an alternative,
equal gain transmission (EGT) offers a more practical
solution by equally distributing transmit power across
multiple platforms. Unlike MRT, EGT requires only chan-
nel phase information, which simplifies implementation
and reduces hardware complexity. This makes it pos-
sible to use less-expensive power amplifiers, which is
a crucial advantage since power amplifiers are vital for
compensating FSO signal power loss. However, for effec-
tive operation, precise synchronization and coopera-
tion among the platforms remain necessary, especially
as the number of participating nodes increases.

Another potential transmission scheme is dynamic
point selection (DPS), which is a beamforming technique
that optimizes transmission by selecting the transmission
point with the best channel conditions. This approach
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OUR ARCHITECTURE ENABLES STRATOSPHERIC
PLATFORMS TO FUNCTION AS BOTH SWARM
LEADERS AND RELAYS, OPTIMIZING TROPOSPHERIC
SWARM COORDINATION WHILE ENSURING RELIABLE
SATELLITE-GROUND CONNECTIVITY.

helps minimize intercell interference by deactivating oth-
er transmission points [12]. This method is particularly
suitable for clustered aeronautical networks with many
platforms. The leader platform only needs to inform the
follower with the best channel condition, reducing the
need for more capacity and synchronization. However,
DPS requires low-latency in-between-layer switching due
to frequent changes in the selected transmission point.
A major advantage of DPS is its lower requirement for in-
between-layer capacity and synchronization compared
to MRT-based joint transmission. Since only the best
transmission point is selected at any given moment, the
system avoids unnecessary power consumption and re-
duces cochannel interference.

Moreover, in practical deployments, multiple coexist-
ing FSO links must be considered to assess the system-
level performance of the proposed approach. While the
performance evaluation in this study focuses on a single
FSO link, the principles can be extended to larger, more
dynamic networks. In a multilink scenario, interference
management, resource allocation, and link diversity be-
come critical factors affecting throughput and reliability.
The integration of multiple FSO links enables adaptive
routing strategies, allowing the system to dynamically
select the most favorable transmission paths based on
real-time atmospheric conditions and network demand.
Moreover, different network topologies, such as central-
ized and decentralized architectures, impact scalability
and communication robustness. A centralized topology,
where a leader platform coordinates transmission among
follower platforms, facilitates efficient resource allo-
cation but may introduce bottlenecks in high-density
deployments. In contrast, a decentralized topology en-
hances flexibility and resilience by enabling independent
decision making among platforms, albeit at the cost of
increased coordination complexity.

Channel-Induced Optical Losses Faced by Vertical

Backhaul/Fronthaul Framework

As shown in Figure 3, turbulence-induced fading, geomet-

ric loss, air attenuation, and pointing errors are some of

the factors that can affect the quality of an FSO signal.

m Atmospheric attenuation: Optical signal loss due to
absorption by air particles and scattering, exacerbat-
ed by fog, rain, and snow.

m Turbulence: Random air motion causing intensity fluc-
tuations, categorized by the Rytov parameter (¢7) into
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IN STRATOSPHERIC FSO COMMUNICATION, JOINT
TRANSMISSION AND DYNAMIC POINT SELECTION
ARE TWO FUNDAMENTAL TECHNIQUES THAT
SIGNIFICANTLY IMPACT THE SYSTEM
PERFORMANCE.

weak o7<1, moderate (c7<5), and strong

(5 < o} < 25) turbulence.

m Geometric loss: Beam spreading over distance reduces
received optical power.

m Pointing errors: Misalignment due to platform instabili-
ty, tracking inaccuracies, and beam divergence, more
severe in lower-altitude rotary-wing platforms.

m Low visibility: In conditions where visibility is extremely
low, such as less than 1 km, fog can cause significant
attenuation losses that surpass all other types of losses.

m Clear weather: In clear weather, the losses are a few
decibels, comparable to those caused by atmospheric
turbulence, rain, and weak pointing errors.

B Moderate visibility: Under moderate visibility condi-
tions, the losses are generally several decibels, similar
to the losses caused by severe pointing errors.

In clear weather, geometric loss is comparable to
losses from rain and air attenuation over tens of kilome-
ters. Geometric losses for satellite links can be as high
as tens of decibels, which is much higher than losses
due to rain. The combined effects of geometric loss and
significant pointing mistakes need to be considered
at such great distances. While fog- and turbulence-
induced losses change with wavelength, rain-induced
losses do not rely on wavelength. Turbulence-induced

losses are generally smaller at longer wavelengths than
at shorter ones. Turbulence loss averages a few deci-
bels in all cases.

Performance Evaluation and Numerical Results

The first part of this section begins with an overview of
the simulation setup that considers various atmospheric
turbulence and weather conditions for the proposed ver-
tical FSO link. We then discuss the simulation results,
focusing on outage probability and data rate for the pro-
posed architecture.

Simulation Setup

Several statistical models have been developed to char-
acterize the atmospheric channel accurately. This arti-
cle employs simulation settings outlined in [13] and [14].
We start with an outage probability analysis to assess
the reliability of the received signal under different con-
ditions [14]. Following this, we proceed to examine the
data rate. To evaluate the outage probability of the FSO
link under different atmospheric conditions, our simula-
tion incorporates key physical impairments and system
characteristics that impact link reliability. Atmospheric
turbulence is modeled using the gamma-gamma distri-
bution, capturing scintillation effects across weak, mod-
erate, and strong turbulence regimes. Beam wander due
to large-scale eddies is also considered, as it affects the
received optical signal by causing lateral displacement
from the optimal path. Weather-induced attenuation is
accounted for using empirical extinction coefficients for
fog, rain, and snow, following established models, such
as the Kruse model for fog and International Telecom-
munication Union recommendations for rain and snow.
Pointing errors, which arise from

Effects on Optical Beam
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| |
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—
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platform motion and tracking inac-
curacies, are modeled as Gaussian-
distributed random variations
affecting beam misalignment, lead-
ing to additional signal degrada-
tion.

The achievable data rate for an
FSO link is described by the equa-
tion provided in [18]:

~Receiver

1
Tyrbul{ant Eddies

‘|' I Atmosphere . Pinene10 10130l 10 {‘B‘mA, 5
N = AsELNs [b/s].
]

' P, is transmitting power, the op-
u tical efficiencies 77, and 7, are of the

transmitter and receiver, respec-
tively, L, represents the pointing
loss in decibels, Ly = Liyin + Liog +
Lyoua + L is the atmospheric at-

FIGURE 3 FSO channel induced losses faced by optical beam. Turbulence-induced beam-
spreading and beam-wandering dominate in good weather conditions.

tenuation due to rain, fog, clouds, or
turbulence, measured in decibels. E,
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denotes the photon energy, given by E = h,c/m, with h,
being Planck’s constant, ¢ the speed of light, and m the
transmission wavelength. V, represents the receiver sen-
sitivity in number of photons/b. Table 2 summarizes the
simulation parameters used in this article.

Simulation Results

In Figure 4, we show the outage probability for the ver-
tical FSO link architecture illustrated in Figure 2. The
optical channel between the HAP-to-tropospheric layer
is modeled as weak turbulence channel. The

TABLE 2 Summary of simulation parameters.

Parameter

Value
LEO
LEO height (H,,) 500 km
LEO zenith angle (6s,) 15 prad
LEO divergence angle (£,,) 10°
HAP
Height (Hyap) 25 km
Aperture radius (Dyap) 0.1Tm
HAP-ground beam (6,¢) 3 mrad
HAP-UAV beam (6¢) 4 mrad
HAP-Ground beam (&,6) 15°
HAP-UAV beam (&,6) 20°
UAV
Height (Hyay) 1 km-20 km
Zenith angle (Byay) 60°
Ground
Height (Hground) 50 m
Ground aperture radius 0.1 m
Other Parameters
Transmit power (P,) 200 mWatt
Pointing losses (L) 3dB
Optical losses (L) 3dB

-17 -2/3
Weak turbulence (Ci) 1x107" m

Moderate turbulence (C2) 1x 107 m™23
Strong turbulence (C?) 1x107¥ m23
Transmission wavelength (1)

Wind speed (v)

1,550 nm
21 m/s

Receiver sensitivity (N,) 150 photons/b

Targeted BER <107°
Fog visibility (V) 100 m
Thickness of Fog layer (Adr,) 100 m

Attenuation due to cloud (Lgquq) As proposed in [15]

50 mm/h
1,000 m

Rain rate (R.,in)

Thickness of rain layer (Ad,i,)
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THE DATA RATE IMPROVEMENT IS MORE
PRONOUNCED IN SEVERE CONDITIONS, SUCH AS
CLOUDS, FOG, AND RAIN, SUGGESTING THAT THE
PROPOSED SYSTEM EFFECTIVELY COMPENSATES
FOR EXTREME ATMOSPHERIC DISTURBANCES.

UAV-to-ground FSO channel is modeled facing severe
atmospheric turbulence and weather conditions. In the
presence of weak turbulence, the impact on SNR is mini-
mal, leading to only slight variations in outage perfor-
mance. However, moderate turbulence introduces more
fluctuations in the optical signal, increasing the likeli-
hood of signal fading and outage. Strong turbulence
causes severe signal distortion and beam wander, lead-
ing to frequent outages and significantly degrading per-
formance even at higher SNR levels. Additionally,
weather conditions—such as fog, clouds, and rain—fur-
ther exacerbate the situation. Fog, with its dense water
droplets, heavily attenuates the optical signal, leading
to poor SNR and frequent outages. Clouds can scatter
and absorb the optical signal, reducing SNR and caus-
ing higher outage rates. Rain causes scattering and
absorption of optical beam, causing degradation of
received SNR and performance. The combined pres-
ence of clouds and fog poses the most severe challenge,
causing drastic signal attenuation and very high outage
rates, resulting in unreliable communication links
regardless of even at very high SNR.
In Figure 5 we illustrate the data rate by varying the
deployment altitude of the UAV swarm under different
turbulence and weather conditions. The data rate tends
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FIGURE 4 Outage probability versus average SNR.



to decrease as the altitude increases, primarily due to
increased geometrical loss.

This effect is depicted in Figure 5, where higher alti-
tudes lead to more significant beam spreading, thus re-
ducing signal strength.

Clouds have a particularly detrimental impact on
the vertical FSO link, primarily due to Mie scattering.
Here, the scattering particles are about the same size
as the wavelength of the light being transmitted, caus-
ing significant signal degradation. While fog also causes
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Mie scattering, it poses a less severe threat to FSO
links traveling in vertical paths compared to horizon-
tal paths in terrestrial communication scenarios. This
is because in the vertical path, the FSO beam passes
through the fog layer over a relatively shorter distance
(the thickness of the fog layer), whereas terrestrial FSO
links must contend with fog along the entire communi-
cation path. Other weather conditions, such as rain and
snow, also contribute to atmospheric attenuation but to
a lesser extent than clouds. Rain primarily causes ab-
sorption and scattering of the FSO signal, while snow,
depending on its density and the size of snowflakes,
can have varying impacts on signal quality. The atmo-
spheric turbulence further impacts the data rate, as the
random fluctuations of refractive index parameter val-
ues (C2) causes beam wandering and broadening of the
received signal. These effects have been categorized
into weak, moderate, and strong based on the Rytov
parameter value (o7) to study their impact on the data
rate, as shown in Figure 5.

In Figure 6, we analyze the impact of transmit power
on achievable data rates across different weather con-
ditions. The results highlight how various atmospheric
impairments, such as clouds, rain, and fog, significantly
impact FSO link performance. The key observations in-
clude data rate increases with transmit power across all
scenarios; the improvement is exponential in the lower
power range but gradual at higher power levels due to
physical limits in combating attenuation. Severe weath-
er conditions (e.g., clouds + fog, thick fog) experience
a much slower increase in data rate compared to clear
sky conditions. Also, the proposed model consistently
achieves higher data rates than the benchmark model
[11]. This improvement is due to the optimized aerial
swarm architecture, which enhances signal reliability
by mitigating atmospheric impairments. The data rate
improvement is more pronounced in severe conditions,
such as clouds, fog, and rain, suggesting that the pro-
posed system effectively compensates for extreme atmo-
spheric disturbances. Moreover, the separation between
the benchmark model [11] and the proposed model wid-
ens as transmit power increases, demonstrating greater
efficiency of the proposed system in utilizing power for
improved performance.

By analyzing the outage probability and data rate
under these extreme conditions, we gain insights into
the need for optimizing the deployment and operation
of FSO links. Strategies, such as adaptive transmission,
beam steering, and real-time environmental monitoring
can be implemented to mitigate these impairments and
enhance the overall performance of FSO communication
systems.

In the next section we lay down a forward-looking
vision of our proposed cooperative aerial architec-
ture for 6G wireless communication networks. We will
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delve into the integration of AI/ML with aerial plat-
forms, the use of reconfigurable intelligent surfaces,
and the enhancement of global security through the
quantum Internet. These advancements aim to de-
velop more robust and reliable 6G networks based on
FSO systems.

Integration of Proposed Cooperative Aerial Architecture
With Cutting-Edge 6G Technologies

In the following, we outline solutions to address the loss-
es encountered by FSO-based aerial base stations. Addi-
tionally, we discuss methods to enhance the security of
the proposed cooperative aerial architecture, a crucial
requirement for future 6G networks.

Integration of Al/ML With Aerial Platforms

Al and ML can significantly enhance airborne FSO com-
munication by dynamically adjusting link parameters in
response to real-time atmospheric conditions and sys-
tem performance metrics. By leveraging real-time data,
AI/ML can also optimize path and trajectory planning in
nonterrestrial networks, considering factors like terrain,
weather, and energy consumption. Moreover, as shown
in Figure 3, turbulence causes beam wandering and
broadening, disrupting FSO links. Al/ML-enhanced
adaptive optics can mitigate these effects using deform-
able mirrors and wavefront sensors. AI/ML techniques
can analyze turbulence patterns and adjust optical
components to correct phase distortions in real-time,
guaranteeing reliable link performance. Additionally,
AI/ML can predict and manage other atmospheric dis-
turbances, such as clouds, rain, and snow, by analyzing
weather data and enabling dynamic routing to avoid
adverse situations.

Another application of integrating AI/ML to the pro-
posed architecture for optimizing trajectory planning
lies in energy efficiency. AI/ML models within FSO-based
nonterrestrial networks can enhance energy efficiency
while trajectory planning by prioritizing factors, like
network quality, topographical features, weather, and
scalability. AI/ML can optimize energy efficiency in non-
terrestrial networks by monitoring energy generation
and consumption patterns. These models can dynami-
cally adjust UAV paths to maximize energy harvesting,
such as from solar panels, and minimize energy use. Ad-
ditionally, AI/ML can integrate alternative energy sourc-
es, like ground-based laser-powered systems, into the
network. For instance, AI/ML can coordinate the use of
solar-powered balloons in the stratosphere to maintain
energy-efficient operation of fixed-wing HAPS.

Utilizing Reconfigurable Intelligent Surfaces

The key feature of the proposed cooperative aerial
architecture is its 3D mobility and adjustable height,
enabling it to establish backhaul/fronthaul services

MARCH 2026 | IEEE VEHICULAR TECHNOLOGY MAGAZINE

THIS INNOVATIVE NETWORK WILL LINK A WIDE
ARRAY OF DEVICES, FROM MOBILE PHONES TO THE
HIGHLY ANTICIPATED QUANTUM COMPUTERS,
ENABLING THEM TO TRANSFER QUANTUM
INFORMATION AND COMMUNICATE SECURELY.

with ground base stations. This agility makes it ideal
for integrating reconfigurable intelligent surfaces (RIS).
RISs can be incorporated in various ways, depending
on the aerial platform’s shape and altitude. One way is
to place them horizontally on the top/bottom of the fly-
ing/aerial node, such as LAP/HAP/UAV. Another way is
to coat the RIS layers on the sides if the platform’s
shape allows. An onboard control unit manages the RIS
configuration, adjusting the elements based on opti-
mized parameters.

Also, as the distance between ground nodes and aer-
ial platforms grows, path loss increases, requiring high-
power emitters and very responsive receivers, which
results in greater hardware and power demands. Inte-
gration of RISs into the proposed aerial architecture can
help in manipulating the propagating optical beam in a
controlled manner. By dynamically adjusting the phase,
amplitude, and direction of the incident waves, RISs can
optimize signal propagation and improve the overall per-
formance of FSO links.

Global Quantum Internet

The emergence of space-based quantum communica-
tions is a significant breakthrough in the development
of the worldwide “quantum Internet.” This innovative
network will link a wide array of devices, from mobile
phones to the highly anticipated quantum computers,
enabling them to transfer quantum information and
communicate securely. Cooperative SAG networks play
a crucial role in facilitating this global quantum Inter-
net. The proposed architecture offers significant bene-
fits for facilitating entanglement distribution between
distant ground stations, a crucial component for the
quantum Internet. By incorporating satellite connec-
tions to various aerial platforms at different altitudes,
this architecture can employ FSOs to transmit entan-
gled photons across long distances. This capability
enables the establishment of interconnected quantum
communication links, essential for the development of a
global quantum Internet.

By incorporating multiple aerial nodes, the proposed
cooperative architecture introduces redundancy and
alternative routes for transmitting qubits, reducing the
risks linked to potential disruptions in conventional
noncooperative communication channels. However,
a key challenge in implementing a global quantum In-
ternet using the proposed architecture is achieving
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seamless integration and interoperability between
quantum optical links and existing classical commu-
nication infrastructures. This integration demands ad-
vanced technologies and protocols to enable secure
and adaptable connections that can effectively interface
with traditional networks.

Conclusion

Integration of networked aerial platforms offers signifi-
cant potential for enhancing network performance, par-
ticularly in scenarios demanding rapid deployment and
flexible coverage. This article has highlighted key
advancements, including the use of FSO technology to
create efficient vertical backhaul and fronthaul links
between aerial and ground nodes. FSO technology pro-
vides high data rates and low latency, which are essential
for the future of 6G wireless networks.

The study has also addressed the impact of atmo-
spheric conditions on FSO performance, examining how
factors like turbulence, atmospheric attenuation, and
scattering from clouds and fog affect outage probability
and data rates. Simulation results have demonstrated
the substantial influence of these environmental fac-
tors on network reliability. Furthermore, the integration
of cutting-edge 6G technologies, such as Al/ML-driven
solutions, intelligent reflecting surfaces, and the quan-
tum Internet, has been explored. These advancements
promise to significantly improve network performance,
energy efficiency, security, and adaptability, thus paving
the way for robust and sustainable future 6G communi-
cation systems.
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