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Optical Wireless Communication in Atmosphere
and Underwater: Statistical Models,
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Recent Applications
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Anna Maria Vegni , Senior Member, IEEE, Sujan Rajbhandari , Senior Member, IEEE, and Yahya Baykal

Abstract— Optical Wireless Communication Systems (OWCSs)
are becoming more popular each day, especially after numerous
mobile applications are being employed within the concept of
Internet of Things (IoT). OWCSs are largely used in both
terrestrial and non-terrestrial environments, like underwater, air,
and space scenarios. Due to the large applicability of OWCS,
it represents one of the main candidate technologies for the future
6G wireless communication systems. Naturally, this market trend
forces the system designers to reach the best performance in
their designs, as well as optimize the cost. In this survey paper,
we intend to provide information to the researchers working in
this field on the statistical models adopted in OWCS, the methods
and techniques used to improve their performances, mainly in
outdoor environment like air, space, and underwater. In this
respect, the background on theoretical aspects of OWCS, together
with their benefits, limitations and challenges are presented.
Performance improvement techniques employed in OWCSs, such
as power increase, partial coherence, beamforming, aperture
averaging, spatial diversity, and intelligent reflecting surfaces,
are also introduced. Finally, we discuss the open challenges that
researchers are still facing, together with future directions on
next steps for a large-scale adoption of OWCS.

Index Terms— Optical wireless communication (OWC), free-
space optical (FSO) communication, underwater optical wireless
communication (UOWC).
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AOC Adaptive Optics Correction.
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APD Avalanche Photodetector.
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AWGN Additive White Gaussian Noise.
BB84 Bennett–Brassard 1984.
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BER Bit Error Rate.
BPSK Binary Phase Shift Keying.
CBC Coherent Beam Combining.
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CNN Convolutional Neural Network.
CR Coherent Receiver.
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DFE Decision Feedback Equalizer.
DGG Double Generalized Gamma.
DMT Discrete Multitone.
DL Deep Learning.
DP Dual Polarization.
DPSK Differential Phase Shift Keying.
ECMWF European Centre for Medium-Range

Weather Forecasts.
EGG Exponential-Generalized Gamma.
EW Exponentiated Weibull.
FSO Free-Space Optics.
FoV Field of View.
GG Gamma–Gamma.
GGD Generalized Gamma Distribution.
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HAP High Altitude Platform.
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HITRAN High-Resolution Transmission.
IM/DD Intensity Modulation Direct Detection.
IOCCG International Ocean Colour Coordinating

Group.
IoT Internet of Things.
IoUT Internet of Underwater Things.
IRS Intelligent Reflecting Surface.
ISAC Integrated Sensing And Communications.
ITU International Telecommunication Union.
LiDAR Light Detection and Ranging.
LD Laser Diode.
LED Light-Emitting Diode.
LEO Low Earth Orbit.
LN Log-Normal.
LiFi Light Fidelity.
MAC Medium Access Control.
MIMO Multiple-Input Multiple-Output.
MISO Multiple-Input Single-Output.
ML Machine Learning.
MMF Multimode Fiber.
MODTRAN Moderate-Resolution Transmission.
MPPC Multi-Pixel Photon Counter.
MRC Maximal Ratio Combining.
MZM Mach–Zehnder Modulator.
NLoS Non-Line-of-Sight.
NOAA National Oceanic and Atmospheric Admin-

istration.
NOMA Non Orthogonal Multiple Access.
NTN Non-Terrestrial Network.
OAM Orbital Angular Momentum.
OFDM Orthogonal Frequency Division Multiplex-

ing.
ONR Office of Naval Research.
OOK On-Off Keying.
OP Outage Probability.
OPA Optical Phased Array.
OPO Optical Parametric Oscillator.
OTOPS Oceanic Turbulence Optical Power Spec-

trum.
OWC Optical Wireless Communication.
OWCS Optical Wireless Communication System.
PAM Pulse Amplitude Modulation.
PAT Pointing, Acquisition, and Tracking.
PDF Probability Density Function.
PE Pointing Error.
PIN Positive–Intrinsic–Negative.
PLS Physical Layer Security.
PM Photomultiplier.
PolMux Polarization Multiplexing.
PPM Pulse Position Modulation.
PSK Phase Shift Keying.
QAM Quadrature Amplitude Modulation.
QBER Quantum Bit Error Rate.
QKD Quantum Key Distribution.
QPSK Quadrature Phase Shift Keying.
RF Radio Frequency.
RIN Relative Intensity Noise.
RIS Reconfigurable Intelligent Surface.

SeaBASS SeaWiFS Bio-optical Archive and Storage
System.

SIMO Single Input Multiple Output.
SKR Secret Key Rate.
SNR Signal-to-Noise Ratio.
SOA Semiconductor Optical Amplifier.
SPAD Single Photon Avalanche Diode.
SWAP Size weight and power.
SWIPT Simultaneous Wireless Information and

Power Transfer.
TCBE T-Bridge Equalizer.
TN Terrestrial Network.
AAV Autonomous Aerial Vehicle.
UOWC Underwater Optical Wireless Communica-

tion.
UV Ultraviolet.
VCSEL Vertical Cavity Surface-Emitting Laser.
VLC Visible Light Communication.
VR Virtual Reality.
WHOI Woods Hole Oceanographic Institution

Ocean Science Discovery Center.
WDM Wavelength Division Multiplexing.

I. INTRODUCTION

THE next generation of telecommunication networks,
defined as Sixth Generation (6G) and beyond, is expected

to be highly disruptive, aiming not only to expand coverage
across land, sea, and air, but also to achieve an ambitious
target of delivering unprecedented high-speed communication
reaching up to 1 Tbps at ultra-low latency and with high
energy efficiency [1]. The 6G networks not only aim to
enhance throughput and latency but also enable advanced func-
tionalities such as Integrated Sensing And Communications
(ISAC), energy harvesting, and secure connectivity across
underwater, terrestrial, aerial, and space layers. To achieve
these challenging goals, future networks envision not only
the spectrum expansion into the THz and optical frequency
ranges that provide wide bandwidths, but also the coexis-
tence and cooperation among multiple frequency bands to
support diverse applications and functionalities. In this con-
text, Optical Wireless Communication (OWC) encompassing
underwater OWC and Free-Space Optics (FSO) communica-
tion will serve as a complementary technology for high-speed
terrestrial and non-terrestrial connectivity while enabling
ISAC functionalities, enhancing physical-layer security, and
contributing to energy-efficient and intelligent 6G network
architectures. Hence, this paper presents a comprehensive
survey of underwater, terrestrial, and space OWC systems
including additional functionalities that will ultimately enable
6G networks objectives when integrated with other existing
and emerging technologies such as radio communication, THz
communication, Reconfigurable Intelligent Surface (RIS), and
Artificial Intelligence (AI) driven network management.

At present, the Radio Frequency (RF) spectrum is
still expected to be the dominant technology, however,
improvements in coverage, spectrum utilization, and energy
efficiency are anticipated through advanced technologies such
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as cell-free systems, massive Multiple-Input Multiple-Output
(MIMO) systems, and RIS. Moreover, variants of OWC are
emerging as important complementary technologies, particu-
larly for enhancing connectivity and expanding coverage in
harsh environments. OWC systems have gained significant
attention due to their versatility in operating across underwater,
terrestrial, and space environments, availability of unlicensed,
wide bandwidth, and co-existence with RF systems, thanks
to their interference-free operation. When talking about OWC
systems, Light Fidelity (LiFi) is a short-range, wide-coverage
technology that allows high-speed connectivity both for indoor
and outdoor scenarios, with applications in smart homes,
hospitals, airplanes, smart city frameworks, intelligent trans-
portation systems, and many more [2]. LiFi is still in its
infancy for market penetration but the operation protocol has
already been standardized in IEEE 802.11 bb.

In outdoor scenarios, highly directed point-to-point line-
of-sight (LoS) OWC links, also known as FSO, have been
providing high-speed connectivity for back-haul network
where fiber was difficult to deploy. Recently, due to the
massive growth in satellite constellations for global Internet
coverage, FSO is becoming an integral part of the inter-satellite
communication. Furthermore, FSO can enable communica-
tion between fixed terrestrial terminals and aerial (mobile)
platforms such as High Altitude Platforms (HAPs), drones,
etc [3]. For high-speed underwater communications, OWC is
the only most viable solution as acoustic waves are limited
to very low data rates, and RF is not suitable due to high
attenuation [4]. Fig. 1 demonstrates the flexibility and potential
of OWC systems in diverse environments. This versatility,
license-free operation and promise of large bandwidth fueled
significant interest and rapid development in recent years.

Optical Wireless Communication Systems (OWCSs), how-
ever, face distinct limitations, including strong dependence
on LoS links, sensitivity to environmental conditions (e.g.,
turbulence, scattering, or attenuation), and alignment chal-
lenges. This strongly limits the feasibility of OWCS in given
applications. For instance, mobility is still a challenge and
solutions relying on hybrid technologies (such as RF and
OWC) should be considered. Furthermore, unlike RF systems
with standardized models for various environments, OWC
lacks unified channel modeling due to its dependence on
medium (atmosphere or underwater), wavelength, and system
configuration.

To comprehensively understand and accurately characterize
OWCSs, it is imperative to delve into the various statistical
approaches and present their usage conditions. This survey
particularly emphasizes how these models, though approxima-
tions, are fundamental in representing and predicting realistic
operational phenomena. The statistical models used to model
the behavior of the OWC systems are aimed to approximate
real-world phenomena. For instance, atmospheric turbulence
effect can be represented using probabilistic models such as
log-normal or Gamma–Gamma (GG) distributions depend-
ing on the severity of the turbulence. These models help
capture the random nature of signal degradation in varying
environmental conditions. The statistical expression of optical

Fig. 1. Different applications of OWC, ranging from Terrestrial Network
(TN) to Non-Terrestrial Network (NTN) OWCSs.

beam misalignment is based on its symmetrical or asymmetri-
cal behavior, which results in Rayleigh or Hoyt distributions.
On the other hand, the jitter effect resulting from vibration
and turbulence, causing Angle of Arrival (AOA) fluctuations,
is well suited to Rayleigh distribution. However, not all impair-
ments are treated statistically. In practice, attenuation is often
modeled deterministically, especially when considering fixed
link budgets or known environmental conditions. On the other
hand, impairments such as atmospheric turbulence, pointing
errors (due to misalignment between transmitter and receiver),
and AOA fluctuations are typically modeled statistically,
as they introduce random variations in signal strength and
quality.

The topic of attenuation loss and disturbances that occur
in atmospheric medium is not new and has been initially
investigated in [5], where the authors treated the effects
of beam wandering with Gaussian beams, and derived the
probability distribution of the beam transmissivity. More in
details, the work in [6] investigated the physical processes
that contribute to signal fading and loss along the atmospheric
turbulence. They also derived the elliptic-beam approximation
of the Probability Density Function (PDF) for the atmo-
spheric transmittance including beam wandering, beam shape
deformation, and beam-broadening effects, which is valid for
different turbulence scenarios. Another important contribution
is the work in [7], which presents the expression for the PDF
of the optical signal intensity both in weak and strong turbu-
lence environment, under the assumption of Gaussian beams.
In [8] several PDF models for fluctuations are presented and
compared in realistic propagation scenarios of a collimated
Gaussian beam with centroid wander. Finally, the work in [9]
provided the comparison of statistical models on simulated
optical field with pointing errors.

Several review papers and tutorial articles have been pub-
lished over the last 10 years covering various aspects of OWC.
A comprehensive survey of Visible Light Communication
(VLC)/LiFi can be found in [2] and [10] and survey related to
specific LiFi techniques or application areas are also reviewed
in works such as vehicular VLC [11], RIS-assisted VLC [12],
and physical layer security for VLC [13]. Similarly, reviews
covering broader aspects of OWC are presented in [14],
[15], [16], and [17], while underwater OWC techniques
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TABLE I
SUMMARY OF SURVEYS AND TUTORIALS THAT ARE DEDICATED OR INCLUDE OWC SINCE 2017

are covered in [18], [19], and [20]. Additionally, surveys
addressing challenges in the FSO communication systems,
including ground-to-satellite/satellite-to-ground and inter-
satellite links, channel modelling, turbulence mitigation and
acquisition, tracking, and pointing mechanisms, are provided
in [21], [22], [23], and [24].

A. Motivation and Contribution

TABLE I presents a non-exhaustive list of recent
OWC-related survey papers, demonstrating a plethora of lit-
erature. Given the growing importance of OWC in the next
generation of telecommunication networks and the ongoing
breakthroughs in the area, this proliferation of review work is
expected. However, from the investigation of recent surveys
dealing with OWC systems, challenging and main features,
we notice the lack of a dedicated survey about different statis-
tical models adopted in OWCSs. It is necessary to clarify and
compare the diverse models used in OWC literature, as each
approach features a specific phenomenon that affects OWC
connectivity links. Indeed, optical wireless channel exhibits
complex and variable propagation characteristics that are diffi-
cult to capture deterministically. The channel behavior depends
on many factors such as the geometry of the environment,
the positions and orientations of transmitters and receivers,
and multiple reflections from surfaces, all of which introduce
randomness and variability in the received signal. There are

several surveys investigated different aspects of OWC/VLC
such as [28], [29], [12], [30], [11], [13], [16], and [31]. How-
ever, in TABLE I we reported the surveys that showed at least
one common aspect that we are now presenting in this paper.

From previous works, we observe that topic of statistical
modeling the OWC channel behavior has not yet been
comprehensively addressed as a survey contribution. What
distinguishes this survey from existing ones is its compre-
hensive scope and level of detail. Many existing surveys
focus on specific aspects or applications such as security,
IoT, VLC, and other surveys provide in-depth discussion of
specific topics. Differently from related surveys, and to the
best of our knowledge, this paper is the first to comprehensive
review of the underwater and atmospheric turbulence channel
models. Leveraging on existing state-of-the-art literature, this
paper provides a recent study and current progress in OWC
technology, starting from the background of OWC systems,
followed by a review of open challenges and mitigation
techniques. Our work is foreseen to help both beginners in
this research field, as well as designers to promote their
efforts.

Unlike prior surveys focusing on a single propagation
medium, this paper bridges the modeling and performance
evaluation of optical wireless links across atmospheric,
underwater, aerial, and space domains. This cross-domain
perspective enables identifying common physical impairments,
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transferable mitigation strategies, and unified performance
metrics—thus providing an integrative framework rather than
an additional domain-specific review. Such a unified treatment
aims to highlight not only the distinctions between individual
environments but also their shared theoretical underpinnings,
helping readers perceive the broader coherence of optical
wireless communication technologies. Starting from basics of
OWCS, which apply to both atmospheric and underwater envi-
ronment, we then introduce recent performance improvement
techniques, with particular emphasis on future technologies
like RIS, as well as AI techniques.

This survey is organized as follows. Section II presents the
theory behind the OWCS, from the transmitter and receiver
model to the description of the main benefits of using OWC
technology, while limitations and challenges are presented
in Section III. From theoretical aspects, we then introduce
recent experimental demonstrations of OWCS in Section IV,
both in atmosphere and underwater environments. Then,
in Section V, we provide the main channel models adopted for
FSO transmissions. Section VI presents recent techniques used
to improve the performance of OWCSs, from solutions that
increase the power level to diversity techniques, beamform-
ing approaches, heterogeneous systems, and RISs. It follows
Section VII that describes the active research in OWCSs, and
Section VIII presenting future directions into OWCS. Finally,
conclusions are drawn at the end of this survey.

II. OPTICAL WIRELESS COMMUNICATION SYSTEMS

OWCS utilize visible, Ultraviolet (UV) and IR light regions
of the electromagnetic (EM) spectrum to establish high-speed
communication links. As illustrated in Fig. 2, the information
to be transmitted is modulated onto optical carrier. In Fig. 2,
we illustrate the general block diagram in case of (a) Laser
Diode (LD), and (b) Light-Emitting Diode (LED) transmitter.
The modulated signal is amplified and conditioned to drive the
optical source effectively. Electrical signal can be converted to
an optical signal by means of optical source. Then, the transmit
optics focuses and directs the optical signal for efficient
transmission through the propagation medium. The optical
wireless channel through which the optical signal propagates
can be either free-space (atmosphere) or underwater medium.
The optical signal including the distortion effect of the channel
is captured and processed by receiver optics and photodetector
at the receiver side. Following amplification and demodulation
processes, the extracted data is conveyed to the user.

A. Transmitter

The OWCS transmitter comprises an encoder, modulator,
driver circuit, optical source, and transmit optics. The encoder
formats data, which is modulated and sent to the driver
circuit to control the optical source (LD or LED). The optical
source converts the electrical signal into an optical signal,
which the transmit optics collimates, shapes, focuses, and
aligns before sending it into the channel. Two main classes
of optical sources i.e., LEDs and LDs, are used depending
on the application requirements, with each offering distinct
advantages and limitations.

Fig. 2. An illustrative block diagram of various OWC system components
depending on the application, comprised of a modulator (Mod), optical
amplifier (Opt. Amp.), collimator (Col.), beam splitter (BS), positioning and
tracking module (PAT), local oscillator (LO), balanced photodetector (BPD),
and digital signal processing block (DSP).

Incoherent LED-based OWCS exhibit significant beam
divergence due to the wide output profile of LED sources.
Consequently, these systems suffer from higher geometric
losses and are limited in propagation distance due to their low
optical power output. Despite these limitations, LED-based
transmitters have been employed in underwater optical com-
munication applications [32], [33], particularly in short-range
links and resource-constrained scenarios where cost, power
efficiency, and circuit simplicity outweigh the need for high
data rates.

In contrast, LD-based OWCS offer significantly higher data
rates over a transmission distances of several kilometers [34]
due to their narrow beam divergence, higher optical output
power, and the narrow spectral widths of laser sources. These
characteristics make LDs more suitable for high-performance
systems, particularly in atmospheric OWC and underwater
links where maintaining beam directionality and minimizing
loss is critical. As a result, most practical implementations of
OWCS favor LD sources, as given in TABLE II, including
Vertical Cavity Surface-Emitting Laser (VCSEL) [35], [36]
and Fabry–Perot lasers [37].

To summarize, while LEDs are attractive for their simplicity
and energy efficiency in short-range underwater applications,
LDs are the preferred choice for high-data-rate, long-range
OWC systems in both atmospheric and aquatic environments.
This trade-off between simplicity and performance is a key
consideration in system design.

B. Receiver

Intensity Modulation Direct Detection (IM/DD) is the
traditional technique in optical transmission systems [38].
It exhibits acceptable performance with a low-complexity
structure and cost-effective resources. The receiver in
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TABLE II
SUMMARY OF RECENT EXPERIMENTAL SYSTEM DEMONSTRATIONS

DD relies on the optoelectronic conversion followed by
trans-impedance amplification.

There is a variety of opto-electronic converters employed in
OWC including Positive–Intrinsic–Negative (PIN) diode [39],
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Avalanche Photodetector (APD) [39], [40], and Single Pho-
ton Avalanche Diode (SPAD) [41], [42], [43]. Each type of
detector presents a different balance of sensitivity, response
time, and cost—crucial factors when adapting the receiver to
specific link distances and channel conditions. Due to chal-
lenging underwater environments, the majority of the design
incorporated sensitive detectors such as APD [35], [44], [45],
Photomultiplier (PM) [46], [47], and SPAD [48]. While direct
detection is favorable due to its simplicity, its performance
under severe turbulent and challenging environment requires
further improvement by combining it with other technologies,
such as multi-aperture receivers [49] and Adaptive Optics
(AO) [50].

Compared to the IM/DD technique, the coherent detection
technique has gained popularity due to its sensitivity and
spectrum efficiency. However, it is more complex to implement
Coherent Receivers (CRs), as shown in Fig. 2. The complex
optical field envelope is recovered by splitting it into two paths
in coherent receivers. Each path is mixed with an optical local
oscillator (laser), which is followed by two pairs of balanced
photo-detectors (PDs) resulting in the in-phase and quadrature
components of optical signal [38], [51]. This makes coherent
detection attractive for high-capacity, long-distance links—
especially in the atmospheric OWC domain—but less practical
for cost- or power-constrained underwater systems.

Several works studied the performance of IM/DD and coher-
ent OWC under various turbulence channel models including:
Log-Normal (LN) model [52], K-distribution [53], GG [54],
[55], Málaga model [56], and F underwater turbulent chan-
nel [57], [58].

C. Benefits of Using OWC

OWC offers a wide bandwidth that is 2,600 times higher
than that of the conventional RF communication systems,
enabling high-speed transmission, making OWC an ideal solu-
tion for various applications, including 5G backhaul, indoor
wireless access, and inter-satellite communications [21], [59].
It also provides a solution for high-speed underwater wireless
communications applications, in contrast to acoustic commu-
nication which suffers from lower bandwidth (limited to the
kHz range), high latency, and significant Doppler spread [36],
[60]. Furthermore, OWC benefits from spectrum availability,
with a broad and unregulated bandwidth.

Due to its narrow optical beam, OWCS exhibit approxi-
mately three orders of magnitude less beam divergence and
loss than RF systems in long-range communications [21], [61].
This characteristic enhances security by reducing vulnerability
to eavesdropping and interference. For short-range communi-
cation links, OWC offers cost-effective solutions due to its
low-cost components and ease of deployment [62].

In addition, OWCS that utilize coherent laser technology
demonstrate less power consumption while maintaining excep-
tional performance over long distances. This aligns with the
sustainability goals of greener communication systems and
minimal environmental impact compared to RF systems [63].
However, OWC faces several challenges, as discussed in the
subsequent sections. Addressing these challenges will enable

the system to realize its full potential and maximize its
capabilities.

III. OWC LIMITATIONS AND CHALLENGES

OWCS encounter significant limitations and challenges
when operating in both atmosphere and underwater environ-
ments. In the atmosphere, factors such as weather conditions,
atmospheric turbulence, and attenuation due to scattering and
absorption constraint the design, implementation and perfor-
mance of OWCS. Similarly, in underwater, high absorption-
and scattering-induced attenuation, turbulence, and limited
visibility hinder effective communication. This section investi-
gates these limitations and challenges for both atmosphere and
underwater media. Furthermore, we will discuss the limitations
due to the need of alignment between transmitter and receiver,
blockage occurrences that impact on the link deployment
and maintenance. Finally, a brief summary and lesson learnt
about OWC main limitations in different environments will be
provided at the end of this section.

A. Atmospheric Environment

Although OWC offers various advantages such as high data
rates, noise immune and secure communication, low interfer-
ence when compared with the traditional RF and acoustic
systems, propagating optical beam is prone to be affected
from environmental conditions significantly which results in
limitations and challenges in both atmospheric and underwater
environments. Due to their different nature and contributing
parameters, the atmospheric and underwater environments
need to be considered separately. According to Beer-Lambert
law, the received intensity of optical beam through channel
attenuation is expressed by

Ir = I0 exp (−α(λ)L) , (1)

where I0 is the intensity of incident wave, α(λ) is the attenu-
ation coefficient that is dependent on the wavelength λ and L
is the distance. The attenuation coefficient α(λ) is the result
of attenuation and scattering α(λ) = a(λ)+ b(λ), where a(λ)
and b(λ) are the absorption and scattering related attenuations
and they have different characteristics in atmosphere and
underwater media.

Optical beam can be severely affected from weather condi-
tions such as fog, rain, snow and clear weather. Particularly, the
penetration of optical beam in fog is much more difficult [64]
hence the OWC in foggy weather condition is quite challeng-
ing due to the dominance of the absorption and scattering.
The analytical modeling of absorption- and scattering-induced
attenuation resulting from different weather conditions is very
complex therefore, the effect of weather conditions on OWC
communication is given empirically in various experimental
studies.

While the attenuation coefficients of both the absorption and
scattering can be expressed the sum of molecular and aerosol
absorption and scattering, a widely adopted model for total
attenuation in atmosphere was developed in [64] depending
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on the visibility V based on empirical data as

α(λ) =
3.912
V

(λ/550)−q
, (2)

where the visibility V is in km and wavelength λ is in nm. The
parameter q is the size distribution of the scattering particles
and it is obtained in Kruse et al. [65] and Kim et al. [66]
models by breaking down the 3 straight- and 4 straight-line
segments, respectively. While visibility in clear weather can be
extended up to V ∼ 50 km, in dense fog weather condition the
visibility can decrease to several tens of meters V < 100 m.

In OWC, the quality of the received signal hence the perfor-
mance improves remarkably with higher wavelength values,
underscoring the role of longer wavelengths in enhancing
performance. The wavelengths of λ = 850 nm, λ = 1310 nm
and λ = 1550 nm are three alternative windows in optical
spectrum for the implementation of practical FSO systems.
While the design of λ = 850 nm FSO systems remains cost-
effective, the attenuation loss is least for λ = 1550 nm [67] and
a better link availability is provided. It is reasonable to assert
that foggy weather conditions pose a substantial challenge to
OWCS, leading to considerable performance degradation. Fog
consists of tiny water droplets suspended in the atmosphere
and significantly diminishes the visibility. This atmospheric
phenomenon primarily arises from the cooling of air to its dew
point and the introduction of water vapor into the air [68].
The attenuation loss for clear weather having V ∼ 50 km
visibility becomes approximately 0.04 dB/km, the attenuation
loss increases to ∼ 250 dB/km in dense fog weather with
V ∼ 0.05, km [69]. In another study, it was shown that the
attenuation loss in thin fog weather condition is approximately
4.58 dB/km and the visibility is V ∼ 1.9 km however the
attenuation jumps to approximately 339.6 dB/km and the vis-
ibility drops to V ∼ 50 m in dense fog weather condition [70]
which causes complete FSO link failure. It should be noted
that attenuation loss is entirely dominated by fog in dense
foggy weather conditions rather than wavelength and the
equal attenuation loss incorporates to the optical beam having
λ = 785 nm, λ = 850 nm and λ = 1550 nm wavelengths [66].

Rain has also an impact on the performance of FSO com-
munication systems up to a certain level. The attenuation due
to rain effect is linearly proportional to the rainfall rate [71]
and the attenuation is not wavelength dependent when the
wavelength is much smaller than the drop size. In [72], it was
shown with simulations that the attenuation coefficient take the
values of 6.27 dB/km, 9.64 dB/km and 19.28 dB/km for a 1 km
FSO link with 10 Gbps data rate in mild, medium and heavy
rain weather conditions respectively. The attenuation resulting
from rain weather condition is approximated with power-law
as [73]

αrain = krRαr [dB/km], (3)

where kr and αr are the rain coefficients dependent on drop
size and the temperature of the rain, R is the rain intensity in
mm/hr. On the other hand, the attenuation effect of snow on the
optical beam propagation remains higher than rain and smaller
than fog since the size of snow drops are between the size of
rain and fog drops. The snow-induced attenuation can increase

to 120 dB/km for the level of snow rate 100 mm/hr [74]. The
attenuation coefficient of snow in a FSO communication link
can be modeled by [75]

αsnow = asSbs [dB/km], (4)

where S is the snowfall rate in mm/hr. Since snowfall is
classified as dry and wet, the parameters as [dry snow] and
bs [wet snow] are defined accordingly in [74].

The effect of clouds on the performance of FSO com-
munication systems cannot also be overlooked in some
circumstances. Stratus and stratocumulus clouds occur in first
2 km altitude from the ground [68]. In [70], the attenuation
coefficient was shown to take the values of 0.0026 dB/km for
cirrus, 0.0006 dB/km for thin cirrus, 2.7126 dB/km for stratus,
3.9583 dB/km for nimbostratus, 4.6019 dB/km for altostratus
and 6.0646 dB/km for cumulus cloud conditions, respectively.
To overcome the cloud effect on the performance of FSO link
in cloudy channel, an adaptive communication system having
adaptive optical transmitter and receiver based on cloud data
was investigated in [76]. A statistical analysis of cloud-free
line-of-sight (CFLOS) airborne-ground FSO communication
was also studied in [77] using data for visibility, cloud
coverage and availability.

Several databases and models such as LOW resolu-
tion TRANsmission (LoWTRAN) [78], Moderate-Resolution
Transmission (MODTRAN) [79] and High-Resolution Trans-
mission (HITRAN) [80] are used to simulate and analyze
the transmission and attenuation of optical propagation in
atmosphere and they provide valuable data and modeling
capabilities for a wide range of applications depending on
the atmospheric constituents. LoWTRAN and MODTRAN
models divide the atmosphere into multiple layers span-
ning altitudes from 0 to 120 km within the resolution range
0.01−1000 cm−1. HITRAN provides high-resolution spectral
data for individual molecules, enabling accurate modeling
of absorption and emission spectra but without the explicit
layering of the atmosphere.

Besides absorption and scattering, turbulence phenomenon
also causes various effects on the propagating optical beam
therefore constraints the performance of OWCS. One of
the most significant performance decreasing factor resulting
from optical turbulence is the intensity fluctuations, namely
scintillation, that occur at the receiver side. The variance
of irradiance fluctuations, the scintillation index, is given
by

σ2
I = ⟨I2⟩/⟨I⟩2 − 1, (5)

where I is the received irradiance and ⟨.⟩ denotes the ensemble
average. Turbulence occurs due to variations in tempera-
ture, pressure, wind and humidity in different layers of the
atmosphere which lead to changes in the refractive index
of the atmosphere. According to the energy cascade theory,
unstable air masses (turbulent eddies) are created when critical
Reynolds number is exceeded [81]. Then, energy is transferred
from largest eddies (i.e., outer scale, L0) to the smallest eddies
(i.e., inner scale, l0). The eddies between l0 and L0 form
inertial subrange while the region in which the eddies smaller
than l0 are available is called the viscous dissipation subrange.
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Although various models were introduced to characterize the
turbulence power spectrum, the most widely used theoretical
model for describing the statistical properties of atmospheric
turbulence affecting optical propagation is Kolmogorov turbu-
lence power spectrum and assuming that turbulence presents
isotropic and homogeneous behavior it is given by [82]

Φn(κ) = 0.033C2
nκ−11/3, (6)

where κ is the magnitude of the spatial frequency and C2
n

[m−2/3] is the turbulence structure constant. Measurement
results show that the range of C2

n can vary in a range from
∼ 10−12 m−2/3 to ∼ 10−19 m−2/3 depending on the weather
conditions [83]. When downlink or uplink FSO link (i.e.,
slant path) is available between Ground Station (GS) and
air platforms such as AAV and satellite then the refractive
index structure parameter C2

n varies with altitude and wind
speed dependent that is obtained by using empirical data in
Hufnagel-Valley [84], [85]. The strength of optical turbulence
can be divided into three levels as weak, moderate and strong
turbulence regimes, each of which should be handled and
analyzed differently. Distinguishing the turbulence regimes can
be done by using Rytov variance of unbounded plane wave that
is given by [81]

σ2
R = 1.23C2

nk7/6L11/6. (7)

Although there are no strictly defined boundaries, it may
be considered that σ2

R < 0.3, 0.3 ≤ σ2
R < 1 and

σ2
R ≥ 1 correspond to weak, moderate and strong turbulence

regimes. It should also be noted that the turbulence saturates
in strong regime after a certain level, this was experimentally
analyzed in [86] revealing that the turbulent eddies with size
smaller than Fresnel zone yield this effect.

The effect of scintillation exhibits different characteristics
on different type of incident optical beams such as plane,
spherical and Gaussian used in OWC. In [81], it was shown
that plane wave is more prone to be affected from turbulence
in weak, moderate and a definite part of strong turbulence
regime compared to the spherical wave however spherical
beam yields the highest scintillation when turbulence saturates.
Also, in [87], the collimated Gaussian-beam wave was shown
to be having scintillation lower than plane wave and very
close to spherical wave for perfect pointing in weak turbulence
regime however the scintillation of collimated Gaussian-beam
wave remained at the highest level when the pointing error is
equal to the beam radius. The optical turbulence phenomenon
does not cause only irradiance fluctuations but also other
performance degrading effects such as beam wander, beam
spreading, AOA fluctuations, phase fluctuations and loss of
spatial coherence. Beam wander, represented in Fig. 3, the
lateral movement or displacement of the optical beam from
its intended propagation direction, also known as beam dis-
placement, can result in the misalignment of optical beam and
reduce the effectiveness of pointing and tracking mechanisms
used for OWC systems. The large-scale turbulence causes the
beam wander and the effect of beam wander can be analyzed
in terms of the variance of the random beam displacement
short-term beam spot size [81]. In [88] and [89], the effect of
beam wander on the GS-satellite uplink was investigated and

Fig. 3. Turbulence-induced beam wander.

Fig. 4. Turbulence-induced jitter on detector plane.

the performance of OWC system degraded with the increase
of beam wander significantly. Another important effect of the
optical turbulence is the spatial spreading or broadening of
propagating optical beam when through the turbulent atmo-
sphere. Beam spreading can be expressed as short-term and
long-term depending on its exposure time while long-term
is the sum of short-term beam spreading and beam wander.
The turbulence-induced beam spreading as well as diffraction
originated leads to a loss of power at the receiver, Signal-
to-Noise Ratio (SNR) deterioration, loss of spatial coherence
and reducing the effective range of optical communication and
imaging systems. The variation of short-term beam spread was
analyzed in [90] and it was shown that the short-term beam
spread is always smaller than long-term beam spread. AOA
fluctuations due to turbulence correspond to the image jitter
on the receiver focal plane as given in Fig. 4 causing the
loss of received irradiance particularly if the OWC system has
limited Field of View (FoV) [91]. When the FoV of OWC
receiver is sufficiently large, the effect of AOA fluctuations
may be negligible. The fraction of captured power by a circular
receiver aperture with radius ra is expressed by [92]

L(ra) = 1− [J0(πra/λ)]2 − [J1(πra/λ)]2 , (8)

where Jn(·) is the first kind Bessel function with order of
n. When beam deviation θd is smaller than the FoV θFOV ,
i.e., θd ≤ θFOV , it means that the total power is captured
by circular aperture of the receiver. Also, the continuous
increase of θFOV does not yield the continuous performance
enhancement since the performance of OWC system takes its
constant value after a certain level of θFOV value [93].

Addition to amplitude fluctuations, optical turbulence also
causes phase fluctuations that deteriorate the performance of
OWC and optical imaging systems. These fluctuations lead
to random variations in the phase of the optical beam wave-
front, cause signal distortions, fading, and reduce the spatial
coherence [81]. Due to arisen phase fluctuations, the coherent
detection together with the phase compensation techniques
becomes prominent alternative and superiors the IM/DD tech-
nique in terms of enhanced performance [94]. Therefore,
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knowing the phase fluctuations of received irradiance is of
great importance for coherent heterodyne detection [81]. How-
ever, it should be noticed that IM/DD technique remains
a significant alternative due to its robustness, easy deploy-
ment and cost effectiveness. Another significant effect of the
turbulence is the uncorrelated random phase and amplitude
fluctuations that is called loss of spatial coherence. The loss
of spatial coherence yields limitation in terms of degree to
which optical beam may be collimated or focused, power
reduction and it can be characterized by mutual coherence
function (MCF) that is the second-order field moment [81].

These findings show that while coherent detection offers
superior performance in turbulence-affected environments, its
complexity and sensitivity to phase noise make it more suitable
for high-performance, controlled scenarios. In contrast, IM/DD
remains a practical choice for cost-sensitive or less demanding
applications. Furthermore, the role of spatial coherence loss
in limiting beam focusing and power delivery highlights the
need for mitigation techniques (e.g., AO or beam shaping) in
long-range or high-precision OWC systems. Future research
could benefit from comparative studies that quantify the per-
formance gains of such techniques under varying turbulence
conditions.

B. Underwater Environment

With over 70% of the Earth’s surface covered by water,
establishing communication networks for oceans is essential
for various applications, including communication between
autonomous undersea vehicles, remotely operated vehicles
(ROVs), divers, and environmental monitoring. Unlike terres-
trial communication, where RF is the dominant and preferred
for short distance communication, the high attenuation at radio
frequencies in water makes them impractical. While acoustic
communication is preferred for long-distance underwater com-
munication, their application is limited due to low bandwidth.
Consequently, optical wavelengths in the blue-green spectral
range (450 nm–550 nm), where attenuation is minimal, emerge
as the only practical solution for high-speed underwater com-
munications.

The performance of OWC systems suffer more severely
from environmental conditions in underwater medium com-
pared to that of in atmosphere hence the optimum communi-
cation distance drastically decreases and remains at the level
of several tens of meters. The combined effects of absorption,
scattering, and turbulence make it challenging to achieve high
data rates and long-range in UOWC systems. The attenuation,
scattering and absorption coefficients for optically and chem-
ically pure water was empirically measured in for the sample
wavelengths in the range of 380−700 nm [95]. The chlorophyll
concentration is the determining factor for the attenuation
losses in underwater medium. Absorption of optical signals
by water molecules and dissolved substances presents a fun-
damental constraint, leading to signal attenuation and reduced
transmission distances, respectively. A chlorophyll concentra-
tion based model together with the yellow substances (humic
and fulvic acids) for the absorption related attenuation a(λ) is
presented in [96] using empirical data obtained in [95]. Dif-
ferent colors of visible light spectrum are absorbed to varying

degrees by water and dissolved substances. In general, longer
wavelengths (e.g., red regions) are absorbed more strongly
than shorter wavelengths (e.g., blue region). For example, red
light is absorbed more quickly in water, leading to its rapid
attenuation, while blue light penetrates deeper due to weaker
absorption. This wavelength-dependent behavior is critical for
system design, as it directly influences the choice of optical
sources for maximizing communication range. The wavelength
dependent specific absorption coefficient of chlorophyll was
given in [97] and it was shown that the increasing chlorophyll
concentration shifts the wavelength of minimum absorption
from blue toward green region of visible light spectrum.

Scattering caused by suspended particles further degrades
signal quality, introducing noise and reducing the SNR. The
scattering induced attenuation b(λ) depends on the chlorophyll
concentration of the underwater medium. This highlights the
importance of environmental monitoring and adaptive mod-
ulation techniques to maintain link reliability in dynamic
underwater conditions. Turbulence in underwater environ-
ments, arising from water currents and temperature gradients,
induces rapid fluctuations in signal intensity and phase, posing
significant challenges to reliable communication. There are
several turbulence power spectrum models used to characterize
the turbulent behavior of the underwater medium. Pioneering
works on the characterization of underwater turbulence model
was done by Hill [98], [99] and four spatial power spectra
models were developed for refractive index fluctuations in
oceanic waters taking into account salinity and temperature
spectra. Then, Nikishov and Nikishov [100] developed a model
that is the linear combination of salinity and temperature spec-
tra and their co-spectrum based on Hill’s first spectrum model.
Nikishov’s model has been extensively used however it lacks
precision and the usage of realistic underwater parameters.
Recently, a comprehensive power spectrum model based on
Hill’s fourth scalar model has been introduced [101]. Called
Oceanic Turbulence Optical Power Spectrum (OTOPS), this
model is expressed depending on the realistic underwater
medium’s parameters and uses the practical values of average
temperature ⟨T ⟩ and average salinity concentration ⟨S⟩. The
OTOPS power spectrum model is given by

Φn (κ, ⟨T ⟩ , ⟨S⟩ , λ) = A2ΦT + B2ΦS + 2ABΦTS , (9)

where A = ∂n(T,S,λ)
∂T and B = ∂n(T,S,λ)

∂S are the linear
coefficients, n(T, S, λ) is the refractive index of seawater
and empirically obtained as [102], the power spectra for
temperature, salinity and co-spectrum are given in [101]. There
are various parameters behind the OTOPS power spectrum
model such as temperature, salinity, energy and temperature
dissipation rates, eddy diffusivity ratio, temperature-salinity
gradient ratio, viscosity, thermal conductivity, water density
and their details and derivations can be found in [101] and
[103]. Since the strength of turbulence is possible to be
specified by Rytov variance of unbounded plane wave, it was
obtained in [104] for OTOPS model to classify turbulence
regimes in underwater medium.
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C. Alignment and Tracking
Alignment and tracking in atmospheric and underwater

environments face unique challenges due to dynamic and
unpredictable environmental conditions. In the atmosphere,
turbulence, wind-induced vibrations, and beam wander sig-
nificantly affect link stability. Underwater, refractive index
variations, scattering, and water currents introduce additional
complexity. These factors necessitate more robust and adaptive
alignment and tracking mechanisms than those typically used
in indoor or terrestrial settings.

As OWC transmission is highly directive and affected by
the geometrical changes of the link that is commonly induced
by turbulence, beam wandering and AOA fluctuation. Hence,
implementing positioning, alignment and tracking systems is
necessary to maintain misalignment and achieve acceptable
communication performance. A tracking process of the optical
beam relied on movable lenses controlled by 3-axis voice-
coil motors and The experimental system in [105] utilized a
commercial Pointing, Acquisition, and Tracking (PAT) system
to compensate the pointing errors occurring during the experi-
ments. PAT system implemented in [106] to mitigate pointing
errors in mobile UOWC systems. Mechanical automatic steer-
ing for LoS alignment between two mobile and autonomous
vehicles was proposed and implemented in [107]. The pro-
posed system collects environment data from four sensors and
passes it to the PAT platform to correct pointing errors. The
proposed Coherent Beam Combining (CBC), in [108], enables
high-speed, non-mechanical active beam steering, offering a
significant alternative for addressing the requirement of PAT
in long-range OWC systems. This approach is particularly
promising for applications requiring rapid response and min-
imal mechanical complexity. Similarly, considering the size,
weight and power constraint of the airborne systems, in [109]
used non-mechanical variable focus lenses for faster and power
effective beam alignment through beam size optimization to
mitigate the impact of AOA confutational and pointing errors.
Umezawa et.al, in [110] developed a a two dimensional array
of PDs to enable direct coupling of the optical beam and
enhance the alignment. Umezawa et.al also proposed a multi-
stacked PIN-PD with a large aperture of 0.3 mm to address
the misalignment errors in mobile OWC system [111]. The
design considered a 2D FoV of 11.5◦ and 3◦ along x-axis and
z-axis, respectively, tested over 2.1 m with a moving speed of
400 mm/s (1.4 km/h) for fast tracking with latency less than
5 ms. This system offered more accurate and faster alignment
than the mirror-based beam-steering proposed in [112] with
FoV of 50◦ over 4 m range and tracking latency of 200 ms.
Such comparisons highlight the trade-off between field of
view and tracking latency, which must be balanced based on
application requirements. A solid-state based tracking system
was proposed in [113] with seven-elements array transmitter
and seven-detector receiver. In [114], the tracking system
employed a camera to detect IR beacon LED. The system con-
sidered a FoV of 30◦, tested over 3 m with a moving speed of
400 mm/s (1.4 km/h) achieving localization accuracy of 0.05◦.
However, the system was designed for indoor bi-directional
tracking to tackle misalignment due to mobility (channel
impairments are not considered). The experiment in [115]

investigated the efficiency of channel coding (turbo codes) to
increase the link tolerance to misalignment. The results shows
that a single iteration of Turbo code with a 3/4-rate doubles
the tolerance from 0.024◦ to 0.048◦, while higher number
of iterations, hence higher decoding complexity, provides
marginal improvement. Notable misalignment improvement
can be achieved by stronger codes with lower coding rate on
expense of significant data rate reduction. This demonstrates
the potential of coding techniques as a complementary solution
to tracking systems, especially in scenarios where mechanical
solutions are impractical. In [116] the concept of resonant
beam communications was employed to retain self-alignment
by tracking the receiver using retro-reflector resonant beam
to mitigate misalignment and pointing errors. The proposed
system achieved 11.2 Gbps, using narrow beam of 6 mm over
8 m distance out performing other indoor systems.

The majority of the aforementioned proposed tracking
considered indoor environment where the impact of channel
impairment is limited to pointing errors due to mobility.
Further investigation into the applicability of these techniques
in the outdoor and underwater environments to mitigate the
severe atmospheric turbulence impact is required.

D. Blockages and Obstructions

Unlike terrestrial OWC systems, where blockages are often
caused by static obstacles (e.g., buildings or infrastructure),
atmospheric and underwater environments introduce dynamic
and unpredictable obstructions. In the atmosphere, weather
phenomena such as fog, rain, and clouds can intermittently
block or attenuate the optical signal. Underwater, suspended
particles, marine life, and water currents can cause transient
or partial obstructions, making link reliability more difficult
to maintain. These unique environmental factors require spe-
cialized mitigation strategies beyond those used in terrestrial
systems.

A reliable OWC communication system requires a LoS
link. However, such links are vulnerable to blockage and
shadowing, which degrade service quality and can result in
link outages. This represents one of the key physical-layer
challenges of OWC, particularly in dynamic or cluttered
environments. Limited research has examined the probability
of blockage and shadowing in OWC systems. Several works
analyzed link blockages caused by weather conditions such
as clouds, snow, and fog. Most studies focused on non-
terrestrial links. For example, the work in [117] investigated
the impact of link abstraction due to clouds in ground station-
to-satellite link. To address the blockage issue, a AAV-mounted
RIS system was proposed in [118], enabling indirect aerial
LoS links. Similarly, the work in [119] explored the use of
AAVs as relays in OWC systems to mitigate blockages and
shadowing. Such AAV-based schemes extend the flexibility
of OWC networks and offer a practical layer of redundancy.
Further investigation and modeling of link blockages and
obstructions across terrestrial, non-terrestrial, and underwater
scenarios are needed. Such studies are crucial for designing
robust RIS systems to mitigate these challenges effectively.
In particular, RIS-based approaches can introduce controllable
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reflections and steer beams around obstacles, representing a
promising solution for future OWC architectures.

E. Deployment and Maintenance

Only a limited number of studies have addressed the
advantage of the deployment of OWC systems across vari-
ous applications. This reflects a notable research gap, given
that deployment feasibility is a key factor for transitioning
from theoretical models to real-world implementations. For
example, the studies in [62] proposed utilizing OWC systems
for workload routing in data centers, leveraging their ease of
integration with existing cable or fiber backbones to deactivate
idle servers and conserve energy. This suggests that OWC
can contribute significantly to energy-efficient computing,
especially in environments where high throughput and low
latency are critical. Similarly, the work in [120] explores the
deployment of OWC systems in underwater environments due
to their ease of implementation.

In addition, the works [63], [121] examined the suitability
of OWC systems for front-haul and back-haul applications
in Fifth Generation (5G) and 6G networks, emphasizing
their simple deployment processes. Among these, only [63]
provided an in-depth analysis of the challenges and advance-
ments in implementing such systems. This highlights the
need for further investigation into the technical aspects and
challenges associated with the deployment and maintenance of
OWC systems across diverse applications and environments.
A structured exploration in this area would help bridge the
gap between theoretical potential and field readiness, offering
essential guidance for scalable and sustainable OWC deploy-
ment strategies.

In particular, deployment and maintenance challenges
in underwater and atmospheric environments differ signifi-
cantly from terrestrial scenarios. Underwater deployment faces
unique issues such as equipment biofouling, pressure-induced
hardware stress, limited accessibility for servicing, and the
need for watertight enclosures and alignment under low visi-
bility conditions. Atmospheric deployment, especially for FSO
systems, must contend with variable weather, wind-induced
misalignment, mechanical vibration and airborne particulate
accumulation on transceivers. These factors make long-term
stability and precision alignment much harder to maintain
than in fixed terrestrial settings. Moreover, both environments
often require autonomous or remotely operated platforms for
installation and monitoring, increasing system complexity and
operational cost. These environment-specific constraints brings
the need for specialized deployment strategies and robust
hardware design beyond what is typically required in terrestrial
OWC systems.

1) Summary and Lessons Learned: Section III provided a
comprehensive discussion of the main channel characteristics
and challenges associated with OWC in both atmospheric and
underwater environments. The following lessons can be drawn
from the presented analysis:
• Atmospheric OWC: The system performance is pri-

marily limited by turbulence-induced scintillation, beam
wander, and weather-dependent attenuation. Mitigation of
these impairments requires the use of AO [50], beam

shaping, diversity techniques [122], [123], [124], [125],
[126], [127], [128], and wavelength optimization [129],
[130].

• Underwater OWC: The dominant impairments arise
from absorption, scattering, and turbulence caused by
temperature and salinity gradients. Proper wavelength
selection within the blue–green window, adaptive mod-
ulation [131], [132], [133], [134], and optimized receiver
design are essential to maintain reliable performance.

• Alignment and Tracking: Accurate PAT mechanisms
are critical for maintaining stable links. Emerging
non-mechanical and coded beam steering solutions [108],
[135], [136] can enhance stability and reduce latency,
particularly for mobile or dynamic scenarios.

• Blockage and Deployment Challenges: Physical obsta-
cles and link interruptions remain significant con-
cerns in practical deployments. RIS-aided [12], AAV-
assisted [93], [137], [138], [139], and hybrid FSO/RF
architectures [24], [140] can improve connectivity
resilience and ensure robust network operation under
dynamic conditions.

Overall, the insights from this section underline that improving
OWC link reliability requires a joint consideration of environ-
mental effects, system design, and adaptive control strategies.

IV. EXPERIMENTAL OWCS DEMONSTRATIONS

A. Atmospheric OWC

Recently, numerous system designs have been proposed and
demonstrated experimentally in the literature. In [108] and
[135], a CBC technique was demonstrated for terrestrial OWC
link. The system combined 32 laser elements in a 2D array.
The study used an Optical Phased Array (OPA) with real-time
phase adjustment to maximize beam intensity and mitigate
turbulence due to beam wander and scintillation. The system
was tested over links of 2 km and 10 km, showing significant
improvements in beam steering, tracking, and signal detection.
The demonstrated CBC-based 10 km OWC link achieved data
rates of 100 Gbps, with availability of 77%.

In [141] and [142], a terrestrial OWC link spanning
53.42 km was demonstrated between two high-altitude loca-
tions, simulating a ground-to-satellite link within the first
turbulent atmospheric layer. In [141], a fully AO system
was implemented to correct the channel’s distorted wave-
front, along with Polarization Multiplexing (PolMux) and
high-order complex modulation formats. In addition, a new
four-dimensional Binary Phase Shift Keying (BPSK) (4D-
BPSK) modulation format was introduced at low SNR
achieving data rates of 13.3 Gbps and 210 Gbps, requiring
only 4.3 and 7.8 photons per bit, respectively. In [142] the
system was designed to optimize the SNR to overcome the
channel capacity limitations imposed by hardware constraints
and to evaluate the effect of different modulation orders. The
transmitter employed a tunable laser operating at 1550 nm
feeding a high-speed plasmonic Mach–Zehnder Modulator
(MZM) with a 3 dB bandwidth exceeding 110 GHz, enabling
160 GBd 2-Pulse Amplitude Modulation (PAM) signals and
achieving an information rate of 276 Gbps. Even higher rates
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of 424 Gbps were reached using a Dual Polarization (DP)
128 GBd 4-PAM signal. The MZM was driven by a 1550 nm
laser and operated at the null point, resulting in PAM.

To mitigate the effects of atmospheric turbulence, an atmo-
spheric chamber-based experiment in [105] examined the
performance of single-mode vs. multi-mode fiber coupling
(passive approaches) in comparison to EDFA vs. Semicon-
ductor Optical Amplifier (SOA) (active approaches). The
experiment demonstrated that, using Continuous Wave (CW)
laser with a wavelength of 1550 nm and optical power of
11 dBm, under weak-to-moderate turbulence, Multimode Fiber
(MMF)-based coupling achieved superior performance, with
100% reliability at 4.5 Gbps, compared to single-mode fiber
(SMF)-based coupling, which achieved only 10-50% reliabil-
ity. The data rate was limited by the 2.5 GHz bandwidth of
a cost-effective multi-mode PIN diode. Despite the superior
performance of MMF, it may not be practical for certain
applications. Therefore, the study proposed an alternative tech-
nique using EDFA-based pre-amplification, operating either in
saturation or Automatic Power Control (APC), which enabled
10 Gbps connectivity with 99% reliability in weak turbulence
and 96-98% reliability under moderate turbulence when using
a single-mode PIN diode with a 10 GHz bandwidth. Although
the experiment simulated realistic turbulence conditions, the
120 cm length of the chamber may not fully represent the
impact of turbulence over the longer distances typical of
OWCS. Similarly, in [143], an EDFA with built-in control loop
functionality was used as APC to mitigate the received power
fluctuation due to atmospheric turbulence in 4.5 Tbit/s OWC
link demonstration over 1.8 km distance. The demonstration
relied on 40 GHz bandwidth optical coherent receiver. A ten
channel Wavelength Division Multiplexing (WDM) technique
was employed to achieve 10× 400 Gbps, aiming for multiple
Tbit/s link. WDM offers high bandwidth by multiplexing mul-
tiple data sources or the same data across different wavelength
combinations, transmitting them through a single channel.
At the receiver end, WDM is multiplexed by using the varying
refraction of light to separate the wavelengths. However, this
process can cause chromatic dispersion, which misaligns the
phase of the arriving optical signals.

In [130], a receiver prototype was designed employing
wireline Clock and Data Recovery (CDR) to optimize the
sampling point in WDM-based OWCS. Specifically, a baud-
rate CDR was proposed that uses an integrator to generate a
clock phase, determining whether the signal is early or late,
eliminating the need for a reference voltage or additional clock
phase. To further compensate for inter-symbol interference
(ISI) and nonlinearities introduced by the atmospheric channel,
PD, and modulator, an Analog Equalizer (AEQ) was integrated
into the receiver’s front end. This AEQ reduced ISI through
a feedback loop. The prototype receiver, tested over 10-meter
and 100-meter distances, achieved a data rate of 10 Gb/s with a
Bit Error Rate (BER) of 10−11, independent of the wavelength.
Four channel WDM was implemented in [129]. A 150 km
link with an aggregate data rate of 40 Gb/s was demonstrated.
In [144] a 1.28 Tb/s link was demonstrated over 212 m using
32-channel WDM. In [145], a field experiment demonstrated
a 13.16 Tb/s data transmission over a distance of 10.45 km.

The system used dense WDM system combining 54 channels
in the C-band under turbulent conditions. The experiment
in [146] implemented a bidirectional link leveraging an array
of transmitters and single receiver. The demonstration achieved
a transmission rate of 20 Gbit/s for the up- and down-links
spanning a distance of 400 m. In [147], WDM was employed
to transmit 100 Gbps 4K-UHD video streams over 2.1 km. The
experiment generated four carries from a 1310 nm QSFP28
transceiver and converted them to C-band SFP28 transceivers.
The field demonstration in [148] used 35 channel WDM with
9-aperture transmitter and single aperture receiver. The study
achieved a transmission rate of 400 Gb/s over 200 m distance.

The Mid-IR band tends to be more resilient to the impact of
atmospheric turbulence and aerial particle scattering caused by
fog and smoke [149], [150]. However, Mid-IR sources do not
support fast phase modulation. To address this, the transmitter
in [151] first performed high-speed phase modulation in the
C-band, followed by an Optical Parametric Oscillator (OPO)
that converted a CW 1064 nm laser beam into a Mid-IR beam
with optical power exceeding 1 W, enabling long-distance
transmission. The experiment emulated fog conditions in a
0.5 m tube, demonstrating a 10 Gbps link using Quadrature
Phase Shift Keying (QPSK) and coherent detection at the
receiver.

To mitigate atmospheric turbulence and fog, a femtosecond
laser filament was proposed to create a quasi-steady-state
transparent channel for the data-carrying beam [152], [153],
[154]. The guide’s lifetime is limited to tens of millisec-
onds due to the thermal diffusion of the imprinted cladding,
enabling propagation over 50 meters with a pointing error of
200 mrad [153], [154]. However, a quasi-continuous waveg-
uide can be achieved with filamentation at a repetition rate of
1000 Hz [152].

As summarized in TABLE II, a notable progress have been
made to demonstrate high-speed terrestrial and non-terrestrial
OWC. However, the majority of these demonstrations have
been limited to laboratory experiments with link distances
of less than few meters. Only a handful of field demonstra-
tions have been conducted over several kilometers, due to
the high costs involved. There remains a gap in optimizing
the performance of OWC link propagation over turbulent
channels, in addition to other impairments such as pointing
errors.

While the aforementioned studies illustrate significant
experimental progress in atmospheric OWC systems, several
key insights can be drawn. First, although coherent beam
combining and AO techniques demonstrate high effectiveness,
their deployment remains largely confined to specialized,
high-cost scenarios. Second, while channel coding, polariza-
tion multiplexing, and WDM facilitate high data throughput,
their scalability is often limited by physical constraints
such as bandwidth saturation, hardware nonlinearities, and
turbulence-induced signal fluctuations. Third, the use of
EDFAs with integrated control logic presents a cost-effective
and robust solution, particularly in systems employing
SMF detectors. Fourth, mitigation strategies leveraging mid-
infrared (Mid-IR) wavelengths and femtosecond filamentation
show potential for overcoming turbulence and fog-related
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impairments; however, their practical integration remains chal-
lenging due to system complexity and high energy demands.

B. Underwater Optical Wireless Communication

Several experiments have been conducted to demonstrate
UOWC prioritizing the transmission distance extension over
the increasing transmission speed. Hence, Attenuation Length
(AL) was a system performance indicator [155], [156].

In [47], a 520 nm green laser with precise collimation was
used as a transmitter, and an array of silicon photomultiplier
(SiPM), forming a Multi-Pixel Photon Counter (MPPC), was
employed for detection. The experiment demonstrated a data
rate of 20 Mbps with a BER of 1×10−3 over 24 m and a range
of AL (14.3-12.3) after equalization at the receiver. Using
SiPM limits the bandwidth due to the finite pulse width, hence
it limits the data rate to 100 Mbps in UOWC. In [156], a data
rate of 1 Gbps at a BER of 10−3 by employing analogue mode
Decision Feedback Equalizer (DFE), requiring a received
power of 80 nW and achieving a 11.6 AL. Similarly, the work
in [46] demonstrated a SiPM-based diversity reception with
nonlinear DFE, achieving 55 m, and 2 Gbps. In [48], a SPAD
was proposed as a receiver for UOWC. While SPAD can only
detect binary modulation, the concept of using this receiver to
detect Orthogonal Frequency Division Multiplexing (OFDM)
with QPSK and 16-Quadrature Amplitude Modulation (QAM)
was shown to be effective, with a maximum required number
of photons being 68 and 390, respectively. The experiment
was conducted in a 7 m water tank, and the high sensitivity of
the receiver suggests the potential for extended transmission
distances of up to 135.3 m and 115.5 m. However, this comes
at the cost of increased quantization noise due to the discrete
nature of photon counting. Additionally, the small aperture
of the detector complicates alignment and increase pointing
errors. These experiments focused on using sensitive receiver
to extend AL.

Works in [155] and [157], relied on modulation schemes
and signal processing technique to enhance the UOWC per-
formance. The demonstration in [158] combined the adaptive
power loading Discrete Multitone (DMT) with nonlinear
equalization achieving a 7.33 Gbps over a 15 m. In [155]
spread spectrum was proposed to increase the AL by increas-
ing the SNR which conventionally correlates to the spread
spectrum gain. In addition, UOWC uses receiver sensitivity or
received power as performance indicator. Therefore, the study
investigated the relationship between the spread spectrum gain
and the received optical power revealing that the improvement
on receiver sensitivity by using spread spectrum technology is
lower than half of the spread spectrum gain. The experiment
demonstrated a 700 Mbps over 42 m, corresponding to 6.68
AL. In [157], the impact of surface current and tides on the
UOWC system was investigated experimentally. The experi-
ment demonstrated a 3.4 Gbps transmission over a 1.8 m tank
filled with seawater.

Recently, the works in [35], [45], [161], and [162] demon-
strated UOWC systems experimentally. A SIMO system with
Maximal Ratio Combining (MRC) was demonstrated in [162]
to address the signal fluctuation and sub-channel correlation
introduced by turbulence. The demonstration was conducted

in 15 m water tank using a 520 nm laser diode as a transmitter
and an array of four APDs as a receiver. To mitigate the impact
of bubble impairment, Deng et al. [35] employed the PolMux
technique with sub-channel pairwise coding, achieving a sum
rate of 8.58 Gbps. Same authors extended the work in [45] by
implementing three-dimensional transmission system equipped
with WDM, PolMux, and OFDM considering the dynamic
nature of the underwater environment in a 1 m water tank.
The demonstration in [161] utilized a three-stage cascaded
T-Bridge Equalizer (TCBE) in addition to a digital waveform
shaping filter (DWSF) to extend the 3-dB bandwidth of a green
LED to 50 Mbps, conducted in a 1 m tank.

While the majority of demonstrations have been lab-based
experiments using water tanks with limited dimensions, which
do not necessarily replicate realistic underwater environmental
conditions, field demonstrations have also been conducted. The
work in [44], [160], [163], and [164] presented sea trails.
In [44], an experiment was conducted in at Red Sea Canal
using QAM-OFDM, achieving a 100 Mbps underwater link
over a 1.5 m distance as part of a water-air communication
system. Similarly, Kong et al. [160] demonstrated an UOWC
links at Red Sea Canal between sensor nodes over 0.6 m
distance with 100% packet success rates. In [163], a long-term,
real-time deep sea UOWC link was established, achieving a
data rate of 125 Mb/s between two nodes positioned 30 m apart
at a depth of 1650 meters using green light link with adjustable
direction, as well as a Non-Line-of-Sight (NLoS) blue light
link at 6.25 Mb/s. In [164], a field experiment in Sun Bay,
Sanya, China, demonstrated a real-time, full-duplex UOWC
link spanning 5 m with a data rate of 0.25 Gbps at a depth
of 10 m. These studies demonstrate that while data rates have
reached up to 8.58 Gbps and ranges extended beyond 100 m
under lab conditions, real-world underwater trials are still
limited in distance and rate due to environmental challenges.
Receiver sensitivity (SPAD, SiPM, APD), advanced equaliza-
tion (DFE, TCBE), and multiplexing (WDM, PolMux, OFDM)
are pivotal for enhancing performance. However, practical
UOWC implementation must still address challenges like
turbulence, misalignment, and limited bandwidth in harsher,
realistic environments.

The advances achieved by the experimental studies encour-
aged the industry to develop the OWC technology as
commercial products to transmit high-speed data in free space
and underwater environments. Some manufacturers produce
components that are essential to implement OWC links, e.g.,
laser sources, detectors and other optical components [165],
[166], [167], [168], [169], [170]. Other manufacturers produce
full communication systems. TABLE III provides exam-
ples of commercial OWC systems, which are adopted in
atmospheric and underwater environments. For atmospheric
devices, nearly all commercial FSO systems operate around
1550 nm in the near-infrared band, balancing eye safety,
atmospheric transmission, and component availability. The
data rates typically range from 10 Gbps up to 20 Gbps
depending on system design and application, as well as the
distances vary widely from hundreds of meters to several
kilometers or tens of kilometers for urban and satellite links,
respectively.



4262 IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 28, 2026

TABLE III
EXAMPLES OF COMMERCIAL OWC SYSTEMS FOR UNDERWATER AND ATMOSPHERIC APPLICATIONS

Still from TABLE III, in case of underwater OWC devices,
all the distances are given for clear water conditions, while
turbid or coastal waters typically reduce effective range. Notice
that for Kyocera device, the achieved data rate of 300 Mbps is
due to the use of GaN blue laser technology, which achieves
approximately three times the data rate of typical 100 Mbps
laser systems. Data rates above 50 Mbps are currently limited
to shorter distances (i.e., < 30 meters), with longer distances
typically supporting up to 50 Mbps. Most commercial systems
operate in the blue-green window (i.e., 450−520 nm) to opti-
mize underwater transmission. Finally, the Hydromea system
achieves 10 Mbps at 50 meters, which is one of the longest
commercial ranges at that data rate.

The current technology showed that implementing a long
range and high-speed OWC link is possible. However, the
required link performance is achievable at the expense of high
cost, e.g. high power consumption and costly equipments.
This makes OWC economical for particular applications
include last-mile fiber replacement, enterprise data links, tac-
tical military communications, ground-to-ground and satellite
communications.

V. OWC CHANNEL MODELS

Accurate and comprehensive OWC channel models in the
complex environments of atmospheric and underwater media
form the backbone of any OWC system design. These models
are not only required for characterizing the chaotic nature of
the propagation medium but also for predicting the impact
of various physical impairments on system performance. Phe-
nomena resulting from environmental factors like turbulence,
absorption, scattering, pointing errors, and AOA fluctuations
cause significant performance degradation in both FSO and
UOWC systems. Then, he accuracy of each phenomenon
model becomes particularly critical to ensure optimum per-
formance and OWC system design. Even a minor change
in the model parameters can yield a substantial deviations
in system performance predictions. The choice of channel

models in OWC systems must be tailored to the specific
environmental conditions of the operating medium, as the
physical characteristics of both atmospheric and underwater
channels vary significantly. By selecting appropriate channel
models, system designers can more accurately simulate and
optimize the performance of OWC links. Here we summa-
rize all possible models used to characterize channel fading,
pointing error, AOA fluctuations and noise.

A. Turbulent Channel Models

Turbulence causes random variation of the received opti-
cal signal due to fluctuations in the refractive index of the
propagation medium, such as air or water. These fluctuations
arise from temperature, pressure, and salinity variations (in
water), leading to scintillation effects characterized by irradi-
ance fluctuations at the receiver. To statistically model these
fluctuations, several PDFs have been developed, each based
on different physical approximations and assumptions. Below,
we present a summary of the most widely used PDFs, along
with their physical interpretations and regimes of validity. Each
distribution either directly derives from first-order statistics
of wave propagation through random media or serves as a
convenient empirical fit to experimental data.

While this section summarizes various distribution models,
TABLE-IV gives their expressions, related parameters and
effective turbulence regimes. It should be noted that the term
Validity Regime in TABLE-IV corresponds to the range of
atmospheric turbulence strength for which each statistical
model provides the most accurate representation of irradiance
fluctuations. The strength of optical turbulence is typically
characterized by the Rytov variance of an unbounded plane
wave, denoted by σ2

R. Although there is no strict boundary
defining the validity regimes, commonly accepted ranges are
as follows: very weak turbulence for σ2

R < 0.1, weak turbu-
lence for 0.1 ≤ σ2

R ≤ 0.3, moderate turbulence for 0.3 <
σ2

R ≤ 1, and strong turbulence for σ2
R > 1. Also, the term

tractability refers to the analytical convenience of a statistical
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TABLE IV
TURBULENT CHANNEL MODELS

model in evaluating system performance metrics. Tractable
models (e.g., Gamma, GG) allow closed-form expressions for
quantities such as BER or Outage Probability (OP). Moder-
ately tractable models (e.g., GG, Málaga) require numerical
integration or special functions, whereas less tractable models
often rely on numerical fitting or simulation-based evaluation.

1) Log-Normal Distribution: The LN distribution originates
from the assumption that the log-amplitude fluctuations of
the optical field are normally distributed, which follows from
the central limit theorem when many small refractive-index
perturbations accumulate multiplicatively along the path.
Experimental data show that the LN distribution yield more
accurate results under weak [192], [193] and very weak [194]
turbulence conditions rather than strong fluctuation conditions
in both atmosphere and underwater medium. While the validity
of LN distribution in weak turbulence regime maintains for
point receiver, the LN distribution may also be used in stronger

turbulence regimes in case of receiver having sufficient amount
of aperture averaging [187].

2) Gamma Distribution: The Gamma distribution is physi-
cally motivated by modeling large-scale irradiance fluctuations
and is particularly suited to describe intensity variations in
moderate-to-strong turbulence, especially where log-amplitude
fluctuations are insufficient. Gamma distribution model is
most appropriate for moderate to strong turbulence. Since
experimental data for large scale fading model yielded accurate
results and Gamma distribution approximates the LN distri-
bution [195], [196], the Gamma distribution can typically be
used in weak turbulence regimes where the irradiance fluctu-
ations are small, and the fading behavior is relatively simple
compared to more complex regimes such as strong turbulence,
which requires models like GG. It is also noteworthy that the
Gamma distribution is more superior than the LN distribution
in terms of analytical analysis and computations.
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3) K Distribution: The K distribution arises from a mul-
tiplicative model of small-scale and large-scale effects and is
valid under strong turbulence where scintillation is high. It is
widely used for strong turbulence regimes. The variation of
performance metrics using K-distribution in strong turbulence
regimes and its reliability for km-scale FSO communica-
tion were investigated in [197]. It should be noted that the
K distribution is only valid for strong turbulence regimes since
it assumes the high scintillation values, i.e., σ2

I > 1 [81].
4) GG Distribution: One of the effective methods for mod-

eling turbulence channel is the assuming that the large-scale
and small-scale irradiance fluctuations are governed by
Gamma distribution separately [81], [198]. Although it mod-
els all irradiance fluctuation conditions for pointing receiver,
results show that the GG distribution remains more accurate
in moderate and strong turbulence conditions considering
aperture averaging [81], [187], [199].

5) Weibull Distribution: The Weibull distribution is an
empirical model originally developed for reliability analysis
but has shown good fitting for weak-to-moderate turbulence
conditions in both atmospheric and underwater OWC channels.
It is valid for a wide range of turbulence regimes particularly
weak and moderate turbulence conditions [200].

6) Exponentiated-Weibull Distribution: Exponentiated
Weibull (EW) distribution extends the Weibull distribution
by introducing an additional shape parameter, enhancing its
fitting capability and improving fit under varying aperture and
turbulence conditions. Simulation and experimental results
in [187] showed that the EW distribution remains valid for
wide range of turbulence regimes and obtained results fitted
closer than LN and GG distributions under different aperture
averaging and atmospheric turbulence conditions.

7) Málaga Distribution: The Málaga distribution is a gener-
alized model that covers a wide range of fading conditions. It is
a comprehensive model that generalizes several fading models
by incorporating the effects of LoS, scattering, and turbulence.
It assumes the optical wavefront is composed of a deterministic
part and a random scattering component. Málaga distribution
was shown to have a good fit in all turbulent regimes for an
unbounded optical wavefront [188], [201].

8) Fisher-Snedecor F-Distribution: This model assumes
that the large-scale irradiance fluctuations are governed by
Gamma distribution while small-scale irradiance fluctuations
are driven by inverse Gamma model. Experimental and simu-
lation results in [189] showed that the F turbulence model
yield at least as good, or even better results compared to
the GG distribution model and it also remains less complex
than both GG and Málaga models. The F model can be
used all turbulence regimes particularly in moderate to strong
turbulence conditions.

9) Generalized-Gamma Distribution: The Generalized
Gamma Distribution (GGD) is a flexible model that encom-
passes several other distributions and is derived by tuning
shape parameters to match empirical data. The GGD is the
general case of some well known distributions [190]. The
GGD reduces to Weibull distribution when the shape param-
eters d and p are equal, Gamma distribution for p = 1 and
exponential distribution for d = p = 1 [185]. Although GGD

Fig. 5. Generalized beam footprint at the receiver plane for pointing error.

can model both the weak and stronger fading tails by tuning
parameters, it becomes very useful for moderate turbulence
conditions. In [202], the GGD was extended by assuming
that large-scale and small-scale irradiance fluctuations are
governed by GGD, called double GGD, and it was shown
that this model can yield more accurate results in wide range
of turbulence conditions.

10) Exponential-Generalized Gamma Distribution:
Recently, a model mixing the exponential and GGDs has
been introduced and its good fit was verified for underwater
turbulent medium experimentally by using and indoor
laboratory setup [191]. All turbulence related parameters
are well estimated by using experimentally obtained data
in [191]. The Exponential-Generalized Gamma (EGG) model
was shown to be mathematically tractable and to have validity
in wide range of turbulence conditions from weak to strong
in underwater medium [191].

Overall, while each model is developed either from a
physical basis (e.g., GG, K, Málaga) or empirical fitting
(e.g., Weibull, EW), the choice of model depends on the
turbulence regime, ease of parameter estimation, and analytical
complexity. GG and Málaga offer high accuracy in strong
regimes but are more complex, while LN and Gamma offer
simpler computation but limited validity. Newer models like
F and EGG strike a balance between accuracy and tractability.

B. Pointing Error Models

Pointing error, which is defined as the misalignment
between the transmitter and receiver beams, affects the accu-
racy and intensity of the received signal severely in OWC and
can be generalized as given in Fig. 5. Misalignment reduces
signal power and received irradiance at the receiver and
degrades the performance of OWC systems. Pointing error can
be caused by both turbulence related fluctuations and building
sways. The atmospheric channel, beyond causing intensity
fluctuations due to turbulence, can significantly exacerbate
pointing errors in OWC systems. Atmospheric phenomena
such as thermal expansion, wind gusts, and building sway con-
tribute to dynamic misalignment between the transmitter and
receiver. These environmental factors introduce both static and
dynamic components to the pointing error. Static errors arise
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from imprecise alignment during setup, while dynamic errors
are time-varying and caused by the continuous movement of
the transmitting and receiving platforms, magnified by atmo-
spheric refractive index variations [203], [204]. Atmospheric
turbulence, in particular, can cause beam wander and beam
spreading, which directly impact the effectiveness of pointing.
Beam wander, the random movement of the beam’s centroid,
shifts the beam away from the intended receiver, reducing
the collected power. Beam spreading, on the other hand,
causes the beam to expand, decreasing the irradiance at the
receiver, even if the centroid remains aligned. The interaction
between atmospheric turbulence and mechanical vibrations
from building sway, transmitter or receiver movement makes
accurate pointing a significant challenge in atmospheric OWC
links, especially over long distances [205], [206]. Mitiga-
tion strategies often involve optimization of beamwidth and
receiver FoV [207], adaptive beam control [208] and advanced
tracking algorithms [209] to compensate for these atmospher-
ically induced pointing errors. While the effects of pointing
error in atmospheric OWC are well-documented, its impact in
UOWC presents unique challenges due to the distinct proper-
ties of the underwater environment. In underwater scenarios,
pointing errors can be significantly influenced by factors
such as water currents, platform motion (e.g., movement of
Autonomous Underwater Vehicles (AUVs), ROVs or buoys),
and refractive index variations caused by temperature and
salinity gradients [210]. Unlike the atmospheric channel where
turbulence leads to beam wander, underwater turbulence (often
characterized by oceanic eddies and thermohaline intrusions)
can also induce beam deflection and jitter, contributing to
pointing inaccuracies. Additionally, the limited visibility and
scattering properties of water mean that even small pointing
errors can lead to substantial signal loss. The short commu-
nication ranges typically encountered in UOWC make precise
alignment even more critical, as the power budget is often
tighter than in atmospheric OWC. Effective pointing error
mitigation in UOWC often relies on robust mechanical stabi-
lization, precise navigation systems for mobile platforms, and
potentially wide-angle receivers to relax the stringent pointing
requirements [106]. The dynamic nature of the underwater
environment necessitates sophisticated tracking and pointing
mechanisms to maintain reliable communication links [211].

The pointing error in both azimuth and elevation directions
can be statistically characterized by a Gaussian distribu-
tion [21]. Assuming that a circular detector having ra radius
captures the irradiance, the approximated fraction of the
collected power depending on the radial displacement r is
expressed in [205]

hp ≈ A0 exp
(
−2r2/ω2

e

)
, (10)

whose parameters are given in TABLE-V. Several models are
used to characterize the pointing error and they are given
below. The mathematical expressions and related parameters
for these models are given in TABLE-V

1) Rayleigh Distribution: Rayleigh distribution remains the
simplest form to model pointing error and it assumes that
the pointing error is identical in all directions (σx = σy and
µx = µy = 0) enabling the circular pattern. It arises when

the x and y components of the displacement are zero-mean
Gaussian random variables with equal variance. The symmet-
rical behavior of beam misalignment simplifies the modeling
of pointing errors which affect the radial displacement equally
in all directions.

2) Hoyt Distribution: The Hoyt distribution allows to use
non-identical jitter variance along the horizontal and vertical
axes (σx ̸= σy and µx = µy = 0). This is achieved by
adjusting its shape parameter qH (see TABLE V), which
controls the degree of asymmetry in the distribution. The
Hoyt distribution enables elliptical spread pattern for beam
misalignment and produces more flexibility than the Rayleigh
distribution by allowing for non-symmetric pointing errors.

3) Beckmann Distribution: The Beckmann distribution is
a most comprehensive model for pointing errors that takes
into account boresight errors in x- and y-direction in addition
to beam misalignment asymmetry (σx ̸= σy and µx ̸=
µy ̸= 0). Unlike the Rayleigh and Hoyt distributions, the
Beckmann distribution is well-suited for environments where
beam displacements along the x- and y-axes have distinct sta-
tistical properties. Although in [215] a cumulative distribution
function (CDF) analysis performed for Beckmann distribution,
a closed-form expression has not been presented yet.

4) Rayleigh Approximated Beckmann Distribution:
Although Beckmann distribution model characterizes the
pointing error more comprehensively, its conversion for
analytical and tractable PDF of pointing error has not been
reported yet. An approximation to the Beckmann distribution
using Rayleigh distribution was presented in [213]. This
model uses the parameters of Beckmann distribution together
with an adjustment parameter and utilizes the third-order
central moment to calculate the beam deviation.

5) Gamma Approximated Beckmann Distribution:
Although the exponential approximation of Beckmann
distribution in [213] presents accuracy up to a certain
level, it was shown in [214] that the Gamma approximated
Beckmann distribution perfectly matches the squared
Beckmann distribution and it yields more accurate results
when compared to the exponential approximated Beckmann
distribution.

C. AOA Models

Angular fluctuations are produced by both turbulence and
mechanical vibrations when optical beam propagates. Assum-
ing that both turbulence and mechanical vibrations contribute
the radial angular fluctuations, the PDF of the total AOA hf

based on Rayleigh distribution can be expressed by [91]

fhf
(hf ) =

hf

σ2
t + σ2

v

e
−

h2
f

2(σ2
t +σ2

v) , (11)

where σ2
t and σ2

v are the variances of turbulence- and mechan-
ical vibration-induced fluctuations, respectively.

D. Noise Models

There are various noise sources negatively affecting the
propagating optical beam and degrading the performance of
OWC systems in both atmosphere and underwater. The total
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TABLE V
POINTING ERROR MODELS

noise variance can be written the sum of variance of each
contributing phenomenon such as

σ2
N = σ2

bg + σ2
th + σ2

dc + σ2
sn + σ2

in, (12)

where each contributing term is expressed in TABLE VI.
1) Background Noise: Background noise is caused by

ambient light sources such as sunlight or artificial lights
in atmosphere and penetrating sunlight in underwater. The
background power can be modeled by

Pbg = Hbgπθ2
FOV Ar∆λTF , (13)

where Hbg is the background radiation, Ar is the effective
receiver area, ∆λ and TF are the bandwidth and transmissivity
of the optical filter, respectively. As it can seen from Eq. (13),
increasing the receiver aperture size and FoV results in the
increased background noise effect. The level of background
noise is directly proportional to the intense sunlight in FSO
communication [216]. The background noise can be modeled
by Poisson random distribution since the photon number
variation presents Poisson randomness [217]. In underwater
medium, the solar background noise is the dominant con-
tributor together with the scattered light. The background
noise power remains at the low levels in the deep ocean
however the effect of background noise becomes higher due
to solar and artificial light sources approaching the surface
water. In [218], the background noise power in underwater
medium is attributed to a combination of the solar background
noise and blackbody radiation powers. The laser’s high peak
power and monochromaticity, combined with the use of a
very narrow-band optical filter, greatly enhance the rejection
of solar background noise and maximize the SNR in the
underwater medium [219].

2) Thermal Noise: The thermal noise arises from the
receiver electronics particularly from the resistive elements
in the pre-amplifier [220] and it deteriorates the received
irradiance quality. Thermal noise can be modeled by Gaussian
distribution having zero mean [59]. The impact of ther-
mal noise becomes dominant in low-light scenarios and the
received optical power can drop significantly that results in
sensitive SNR to thermal noise. In underwater OWC systems,
the chaotic nature necessitates the use of high-sensitivity pho-
todetectors which are inherently more susceptible to thermal
noise causing the performance degradation. The techniques
such as cooling, optimizing the detector’s load resistance,
employing advanced noise suppression algorithms and the
use of error correction codes and modulation schemes robust
against noise can help mitigating the thermal noise effect.

3) Dark Current Noise: The dark current noise appears
due to current flowing through photodetector even when the
incident light is absent and it affects the sensitivity of the
receiver. The dark current increases with the increase of bias
voltage and operating temperature of the device [221].

4) Shot Noise: The shot noise, also known as quantum
noise, arises due to the quantum nature of light. It originates
from the randomness of the photon streams at the photodetec-
tor which causes the fluctuations in the photocurrent. Increased
number of photons hence the higher intensity and power
stimulate the shot noise. These photocurrent fluctuations,
since dependent on the Poisson distributed incident photons,
can be modeled by Poisson distribution [217]. However, the
photocurrent fluctuations were also approximated by Gaussian
distribution [222], [223] under specific conditions.
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TABLE VI
NOISE SOURCES

5) Relative Intensity Noise: The Relative Intensity Noise
(RIN) is signal dependent and it arises due to the intensity
fluctuations of optical beam relative to its average power value.
RIN is typically characterized by the ratio of the mean-square
power fluctuation to the square of the average optical power
and it follows the Gaussian distribution while its variance is
directly dependent on the optical signal power [224].

VI. PERFORMANCE IMPROVEMENT TECHNIQUES

The combined effect of both environmental conditions and
system parameters causes a significant wavefront distortion
of the propagating optical beam and results in a severe
performance degradation of OWC systems in atmosphere
and underwater medium. To improve the performance of
OWC systems, various mitigation methods are developed and
implemented. This section delves into these methods and their
applications.

A. Aperture Averaging

Before discussing aperture averaging, it is important to
address the Fried parameter r0, as it plays a key role in
determining how effective aperture averaging will be. The
Fried parameter quantifies the coherence length of an optical
wave and represents the diameter of a circular region that
characterizes a coherence cell in the atmosphere, where the

optical wave remains relatively undistorted by turbulence.
Fried introduced this parameter to assess the performance of
imaging systems [225]. For instance, when r0 is much smaller
than the diameter of the receiver aperture, effective aperture
averaging takes place. In this case, the effect of atmospheric
turbulence on the optical wave distortion is mitigated. The
Fried parameter is commonly calculated with commercial
instruments to assess the level of atmospheric turbulence,
and it is applicable in both weak and strong turbulence
conditions [226].

Aperture averaging helps reduce intensity fluctuations and
is most effective when the receiver aperture is larger than
the irradiance correlation width or the Fried parameter of
the received optical wave. This technique is used in OWC
systems to smooth the distorted wavefront and improve the
received SNR. The smoothing effect shifts the irradiance
power spectrum, moving high spatial frequencies to lower
ones. In this manner, the aperture lens captures several
uncorrelated signals and averages their waveforms, leading
to reduced scintillation [227], [228], [229], [230], [231]. The
effectiveness of aperture averaging is typically measured using
the aperture averaging factor, defined as the ratio of the
scintillation index for a finite-sized aperture (also referred to
as the power scintillation index) to that of a point detector
(i.e., on-axis scintillation) [232]. When the factor approaches
zero, it indicates that effective aperture averaging is
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occurring. Numerous studies in the literature have explored
the performance of aperture averaging for different types of
wave propagation, including spherical waves (point sources),
unbounded plane waves, and Gaussian beam waves. In the case
of weak atmospheric turbulence, Fried and Tatarskii evaluated
the aperture averaging factor for plane waves using numerical
integration and mathematical formulations, respectively [229],
[233]. Later, Andrews derived exact analytical expressions for
spherical and plane waves using interpolation formulas [232].
The Huygens-Fresnel principle has been utilized to study the
aperture averaging of a pure Gaussian beam wave, as detailed
in [234]. There are also studies that use aperture averaging
along with different beam shapes to mitigate the effects of
atmospheric turbulence. In this context, aperture averaging has
been studied for laser array beams, [235], [236], [237], flat
topped beams [238], and annular beams [239].

In recent years, several researchers have examined the
aperture averaging technique under the effect of oceanic turbu-
lence. Yi et al. investigated its effects on AOA fluctuations in
oceanic turbulence [240]. In their study, Yao’s general optical
power spectrum model for oceanic turbulence-OTOPS [101]
is employed. Ata and Kiasaleh examine the influence of tur-
bulence, absorption, and scattering, and propose the aperture
averaging technique to enhance the performance of UOWC
sytems [241]. The aperture averaging of plane and spherical
waves for horizontal and vertical link in a turbulence ocean
is reported in with non-Kolmogorov OTOPS [242]. In 2018,
Gökçe and Baykal reported on aperture averaging of Gaussian
beam waves in both weak and strong oceanic turbulence,
utilizing Nikishov’s power spectrum model for horizontal
links, [243], [244]. In 2023, Ata and Toselli derived the
analytical expressions for aperture-averaged scintillation of a
Gaussian beam using OTOPS [245]. Further research related
to aperture averaging can be found in recent literature survey
for underwater communications [246].

In certain situations, aperture averaging is less effective,
particularly in uplink communications. This is due to the
Fried parameter being larger than the receiver aperture size,
which means the aperture cannot average out the fluctuations
at the space terminal, unlike in horizontal links. Nevertheless,
increasing the receiver aperture size in this case can improve
the amount of captured power [247]. For uplink communica-
tions, researchers recommend using pre-correction AO, where
corrections are made at the ground terminal instead of relying
on aperture averaging [248], [249], [250], [251]. Because the
use of large-aperture massive lenses is not always practical
at the space terminal. Pre-correction AO is also preferred for
UOWC systems [252], [253].

B. Spatial Diversity

Spatial diversity mitigates the impact of scintillation and
improves the performance of OWC links by utilizing mul-
tiple spatially separated beams and small aperture detectors.
In OWC systems, two fundamental types of spatial diversity
can be applied. The first is transmit diversity i.e., Multiple-
Input Single-Output (MISO), which uses separate light beams
to create statistically independent signal channels, offering

diversity gain and addressing limitations on transmitted optical
power. The second is receiver diversity i.e., SIMO, where small
aperture detectors are spaced apart by at least one irradiance
coherence width. This separation ensures that the received
signals experience statistically independent fades, thereby
enhancing diversity gain [122]. In addition to its primary
function, using multiple small aperture detectors significantly
minimizes the risk of temporary laser beam obstruction caused
by physical barriers. Moreover, spatial diversity systems help
to minimize pointing errors.

The benefit of spatial diversity for mitigating scintillation
in weak turbulence conditions for an independent channel can
be described as follows: In an OWC system with M transmit
lasers and N receiver apertures, the scintillation index reduces
by a factor of 1/N when only receiver diversity is employed.
When both transmit and receiver diversity are utilized, as in a
MIMO configuration, the scintillation index further decreases
by a factor of 1/(N ·M), resulting in a multiplicative increase
in diversity gain [123]. However, if the channel is correlated,
a different method has been suggested [254].

Early experimental studies also indicate that the use of
both transmit and receiver diversities results in a noticeable
reduction in scintillation. In this regard, Kim et al. conducted
a series of experiments to demonstrate scintillation reduction
through the use of spatial diversity [124], [125]. Biswas
and Wright also carried out a spatial diversity experiment
using an optical link between two mountain tops [255].
Ijaz et al. demonstrated the impact of receiver diversity on
communication performance in a controlled indoor laboratory
turbulence chamber [256]. Very recent experimental studies
also confirmed the impact of spatial diversity in reducing
scintillation and improving communication performance in
FSO [126], [127], [128].

The literature extensively reports theoretical and
simulation-based studies on spatial diversity in both
atmospheric and underwater environments. A recent
study employed Orbital Angular Momentum (OAM) to
achieve spatial diversity by utilizing the orthogonality of
modes in space. This method effectively improves BER,
even in challenging weather conditions [257]. Detecting
topological charge in weak turbulence, particularly over short
distances such as in underwater communications, is relatively
straightforward. This is because covering entire beam footprint
with the receiver simplifies the detection process. As a result,
employing spatial diversity with OAM in UOWC holds
significant potential [258]. Salcedo-Serrano et al. examine
the channel capacity of MISO UOWC systems, using spatial
repetition coding and transmit laser selection to mitigate
the effects of salinity-induced oceanic turbulence. Recently,
Ata et al. developed analytical expressions for a MIMO
system to analyze the OP of a UOWC system, accounting
for pointing errors, attenuation, and AOA fluctuations [259].
Zedini et al. determined the OP for HAP-to-HAP and
HAP-to-Ground MIMO FSO systems, taking into account
atmospheric turbulence, pointing errors, and AOA fluctuations
using various distribution models, including GG, Hoyt, and
Rayleigh distributions [260]. In a different study, the spatial
diversity technique was used in satellite-to-ground optical
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links to minimize fading effects. In the research, the receiver
aperture sizes of each detector are kept same, and diversity
schemes such as MRC and selection combining (SelC) are
compared [261]. In another study, the authors of [262] utilized
a multiuser diversity scheme, selecting the best user, and
analyzed the outage probability, BER, average capacity, and
diversity order for an FSO system. A recent study proposes
a novel laser beam steering method using spatial light
modulators to reduce non-modulated beams and diffraction
patterns, enhancing tracking accuracy in multi-beam laser
communications [136].

The following theoretical studies explore scintillation and
BER performance in realistic scenarios of spatial diversity
systems. These studies use finite-sized receiver apertures
and laser sources positioned in a ring arrangement, con-
sidering both underwater and atmospheric environments
[235], [236], [263].

C. Reconfigurable Intelligent Surfaces

RIS is an emerging technology designed to control elec-
tromagnetic waves through surfaces with programmable
passive/active elements. Traditionally, RISs have been largely
applied to RF, but can also be very useful when adopted in
OWC systems [12]. Although the implementation of RIS for
RF is not difficult, that of the tunable metasurface for OWCS is
extremely challenging, and are now just conceptual or purely
theoretic. By optimizing light propagation in FSO communi-
cation channels, which can often be affected by turbulence,
obstacles, and environmental factors, RISs are expected to be
a revolutionary technology for next 6G networks. This technol-
ogy was firstly introduced by Berry in 1963, when he proposed
the concept of reflect array antenna. Nowadays, it bears several
other names such as (i) large intelligent surface to indicate
the area exploited to contain the RIS units, (ii) large intel-
ligent meta-surface or reconfigurable meta-surface because
the surface accommodating the RIS elements is characterized
by a complex and artificial electromagnetic structure, (iii)
intelligent reflecting surface or smart reflect-arrays because the
incident signal on the RIS components can be reflected, and
(iv) passive intelligent surface or passive intelligent mirrors,
when the RIS elements do not amplify the received signal.

A general definition for RIS is a meta-surface or a mirror
consisting of an array of low-cost nearly passive reflecting
elements for reconfiguring incident signals and manipulating
them in an intelligent way to improve communication perfor-
mances. Each RIS element can be configured individually, and
in real-time, to induce controllable manipulation of incident
signal (e.g., amplitude, phase, polarization, etc.). Specifically,
mirror-arrays are made of glass with flat or curvy surface
and a reflective coat, which allow only reflection of the
impinging optical signal. They are mostly used for indoor
VLC systems due to the high attenuation of light. Each mirror
is equipped with a mechanical control system to move the
mirrors according to specific yaw and roll angles. On the
other hand, metasurface-arrays are made of meta-materials,
and then are more complex and expensive to design. This
type of RIS allow to control all the propagation phenomena
such as refraction, reflection, scattering, and absorption of the

impinging optical signal. They are then used both in indoor
and outdoor scenarios.

RIS offers potential to reduce blockages by providing an
alternate propagation path, to improve reliability, thus to
enhance the capabilities of OWC systems. They are tradition-
ally adopted in OWC systems to maintain LoS propagation in
indoor environments [264], [265], and then enhance network
performance also in case of user mobility and under energy
constraints [266]. RIS technology is studied by introducing
a joint resource management method, [267]. The channel
characterization of RIS-based VLC systems is examined [268],
while the average SNR maximization is examined in an
RIS and angle diversity receiver jointly assisted indoor VLC
system [269]. Potential and capabilities of Non Orthogonal
Multiple Access (NOMA)-based VLC systems are highlighted
and the integration of such systems with several emerging
technologies such as RIS, OFDM, MIMO and AAVs is out-
lined in [270].

Furthermore, RIS technology can offer significant enhance-
ment in the reliability of UOWC system under attenuation,
beam displacement, and turbulence losses [271]. The work
in [272] proposes an iterative photon counting NOMA-MIMO
system based on optical RIS. Optical RIS-aided VLC system
that employs power-domain NOMA, where the achievable
sum rate is maximized via optimizing the optical RIS reflec-
tion matrix is introduced in [273]. In [274], UOWC system
performance in terms of BER and channel capacity under
the influence of underwater turbulence, beam attenuation,
pointing errors and blockage due to obstacles, is analyzed,
and a RIS-assisted OWC system is proposed to improve
the system performance by mitigating the effects obstacles,
pointing errors and turbulence. Performance analysis of mul-
tiple optical reflecting surfaces-assisted FSO communication
is performed in [275], by utilizing the selection of the best
optical reflecting surface from the multiple available optical
reflecting surfaces. Performance of uplink OWC system in the
presence of a simultaneously transmitting and reflecting RIS is
analyzed, [276]. Within the content of smart-city applications,
RIS-assisted FSO communication system is studied under the
influence of signal blockage [277]. It is claimed in [278] that
edge computing, OWC system, data analytics, block chain,
RIS and Machine Learning (ML) are promising techniques to
support Internet of Underwater Things (IoUT).

A basic application of RIS is to solve skip-zone situations,
in which an obstacle exists between a transmitter and a
receiver, preventing the LoS path of the transmitted signal
from reaching the receiver. When applied to OWC systems,
RIS can dynamically steer, focus, or shape the optical beams
to maintain alignment between transmitters and receivers. This
improves the link robustness in environments with high mobil-
ity or physical obstacles. Differently from RF systems, RIS can
find a larger set of applications in FSO systems. Indeed, RIS
can be deployed both at the transmitter side, the receiver side,
or in the channel, while in RF systems they are adopted in
the channel only [12]. The main reason of using RIS at the
transmitter and receiver side is to dynamically control the FoV
of the transmitter and the receiver to perform the role of beam
focusing and steering, respectively. Furthermore, RIS can be
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largely used to alleviate signal degradation due to environ-
mental factors like fog, rain, or dust that can scatter light. The
use of RIS enhances the robustness of FSO links, particularly
under turbulent atmospheric conditions [279]. It was also
demonstrated that the use of multiple RISs deployed as a
cascade path allows to enhance the overall end-to-end FSO
performance in case of GG distribution [280], especially in
case of high number of RIS elements. In [281], the end-to-
end channel of the RIS-assisted FSO system is analytically
modeled using the exponential Weibull distribution. Similarly,
in [282] the Fisher-Snedecor F distribution is considered for
channel modeling in case of imperfect channel state informa-
tion (CSI) and pointing errors.

Finally, RIS is adopted not only to extend the communica-
tion range of OWC, but also to secure the link by beamforming
the transmission toward the legitimate receiver [283], [284],
[285], [286]. The work in [283] and [284] described the
turbulence in a terrestrial FSO link by Málaga distributions,
while [285] described it by GG distribution. Although the
work in [286] investigated a AAV-to-HAP FSO uplink, it also
considered GG distribution to describe the channel fading of
the FSO link.

D. AI in OWC

As explained in Section II, FSO and UOWC systems expe-
rience varying signal degradation caused dynamic received
signal fluctuations, turbulence, and ambient light noise. Var-
ious impairment mitigation techniques based on optical and
signal processing solutions, such as adaptive modulation,
diversity techniques, and AO are considered. However, the
dynamic nature of these impairments presents significant
challenges, needing adaptive and predictive solutions capable
of effectively tracking and compensating for environmental
changes. Due to their adaptability, learning capabilities and
flexibility, ML/AI offer substantial potential to address these
challenges effectively. ML/AI are often employed to to address
challenges that are difficult to resolve using conventional
signal processing techniques, such as nonlinear distortion, non-
linear channel effects, multiple interference effects. In many
of the cases, the ML/AI are combined with traditional meth-
ods to achieve optimal solutions and enhance overall system
performance.

In FSO and UOWC systems, ML/AI are applied to vari-
ous applications, including channel modeling and estimation,
optimized signal design, signal encoding and decoding, turbu-
lence mitigation, and addressing nonlinearity and interference.
Different supervised and unsupervised ML/AI architectures
have been explored in the literature. The detailed discussion
of ML/AI architectures and training algorithms is beyond the
scope of this paper (interested reader can refer to [287] for
details). The following section summarizes how these tools
are applied in FSO and UOWC systems.

1) Channel Modeling and Estimation: Accurate channel
modeling is important for developing effective mitigation
techniques. The statistical channel models discussed in this
Section V provide valuable insights into channel behavior
and its impact on communication performance. However,
these models have inherent limitations, as they cannot predict

instantaneous channel conditions and do not facilitate real-
time mitigation. Deep learning (DL) such as support vector
machines (SVM), and Convolutional Neural Network (CNN),
on the other hand, can estimate and predict key channel
parameters in dynamic FSO/UOWC systems [288], [289],
[290]. The DL can be trained for wavefront sensing [291],
and accurate estimate spatial dependencies and variability in
atmospheric turbulence [292].

2) Turbulence Mitigation: As outlined in this section, var-
ious optical and signal processing techniques, such as AO,
aperture averaging, and forward error correction, can be
integrated in transceiver to enhance the performance of the
OWC in turbulent environments. The ML tools offer additional
flexibility for real-time mitigation of the FSO channel due to
learning and adaptability capabilities. ML can be leveraged for
effective wavefront and aberration correction [291] and can be
combined with AO technology to mitigate turbulence effects
more effectively [292], [293].

3) Signal Conditioning and Decoding: DL has proven
to be a powerful tool for enhancing various aspects of
turbulence-affected optical communication systems. It can
improve the accuracy of turbulence detection, optimize con-
stellation geometry [294] and facilitate mode recognition
in OAM systems [293], [295], [296] (extensive survey can
be found in [297]). DL also supports mode multiplex-
ing and demultiplexing [298], nonlinear equalization [131],
[132] and adaptive demodulation [131], [132], [133]. For
the amplitude-based modulation such as PAM, fixed-threshold
decoding is suboptimal in the presence of turbulence. The
non-stationary nature of channel conditions means the max-
imum likelihood detection is less effective, as it requires
perfect CSI. In such scenarios, DL can be trained to automati-
cally recognize turbulence conditions from the received signal
and successfully recover the original data. This approach
significantly improves BER performance compared to fixed-
threshold detection [133] and outperforms ML-based methods
for On-Off Keying (OOK) [299] and QAM [300]. The joint
implementation of turbulence detection, mode recognition, and
adaptive demodulation offers substantial potential to enhance
system reliability and flexibility. Additionally, turbo-code-
based advanced encoder/decoder structures combined with
DL-based adaptive demodulators can further improve the
BER performance of systems operating in strong turbulence
regimes [134].

To summarize, we foresee that AI tools can optimize the
performance of OWCS, by enabling intelligent resource man-
agement, advanced signal processing, and proactive/reactive
adaptation to dynamic channel conditions, while addressing
nonlinear distortions, and interference [301], [302]. As a
result, AI has shown effective outcomes in terms of predictive
resource orchestration and self-optimization in OWCS [303],
and adaptation to real-time network states for enhanced cov-
erage and capacity [304].

This section summarized various performance-enhancement
strategies, emphasizing cross-environment applicability and
comparative efficiency. A comparative summary of the dis-
cussed performance enhancement techniques is also presented
in TABLE VII.
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TABLE VII
SUMMARY OF PERFORMANCE IMPROVEMENT TECHNIQUES FOR OWCSS

VII. ACTIVE RESEARCH IN OWCS
In the upcoming 6G, where Virtual Reality (VR) appli-

cations, machine-to-machine (M2M) communications, high
volume remote computing, residential broadband access, and
IoT systems will take place, novel requirements of very well
established OWCS operating in atmosphere and underwater
media will be expected. Such requirements will mean trillions
of mobile end-users, extreme high data bit rates and extremely
high OWCS performances. This expected development will
in turn bring stringent challenges and initiative approaches to
reduce the degrading effects of the media.

In the following, the main applications of OWCS that are
being developed in the research community are described.

A. OWC for 6G

The 5G-public private partnership (PPP) and 5G-
infrastructure association (IA) report emphasizes that the 6G

must be flexible and efficient to enable seamless integration
of “network of networks”, encompassing joint communication
and sensing, and terrestrial and non-terrestrial communication
systems [305]. Such capabilities are essential to achieve low
latency, high data rates, and extensive coverage required for
diverse 6G applications such as extended reality (XR) / VR,
healthcare, IoT, intelligent transportation systems, emergency
services, etc. Building an omnipresent resilient network
for heterogeneous environments demands the integration of
underwater, terrestrial, aerial, and space networks. OWC is a
key enabler for network expansion, particularly for high-speed
underwater, aerial, and space communications.

1) Non-Terrestrial and Space Communication: The Third
Generation Partnership Project (3GPP) has released standard-
ized NTNs [306], enabling network expansion from traditional
2D terrestrial to 3D coverage that includes underwater, TNs,
and NTNs. NTNs include platforms such as HAP, drones, and
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satellites. The optical spectra, due to their shorter wavelength
compared to RF, result in narrower beam divergence and
higher directivity. This leads to lower path loss, reduced
power and mass requirements, and higher bandwidth, making
optical wavelengths advantageous for long-distance commu-
nication over RF. As a result, there has been significant
research and development effort on integrating NTN plat-
forms such as inter-satellite communication, HAP-to-HAPs,
HAPs-to-ground stations, Satellite-to-HAP/aircraft/GSs with
the existing terrestrial networks to support high-bandwidth,
low-latency connectivity. Examples of successful FSO demon-
strations for commercial telecommunication and deep space
applications include NASA’s deep-space FSO with Mars [307];
the European Data Relay Satellite System (EDRS); Project
Kuiper’s inter-satellite communication from Amazon; and the
Starlink Low Earth Orbit (LEO) satellite constellation [308].

Unlike terrestrial FSO systems, inter-satellite links are not
affected by atmospheric conditions like turbulence or fog and
FSO is ideal for long-distance high-speed communication.
However, challenges such as high relative satellite veloci-
ties and vibrations necessitate fast acquisition and tracking
systems, and highly sensitive receivers to ensure reliable long-
distance communications. However, the outage probability
for optical uplink/downlink (links from satellite to ground
stations/HAP) are subject to atmospheric turbulence and fog.
Inter-satellite OWC links face challenges mainly from precise
pointing requirements, Doppler shifts, Size weight and power
(SWAP) limitations, and environmental factors. Among the
main solutions, there are sophisticated PAT systems, Doppler
compensation, AO, advanced modulation and coding, and
compact terminal design. All these solutions enable high-data-
rate, secure, and reliable inter-satellite communication, which
are essential for modern satellite constellations.

Aerial platforms such as AAVs and HAP are becoming
important components of 6G connectivity solutions for
providing coverage in sparsely populated regions [309].
Typically, FSO or hybrid FSO links are employed for
upload/download configurations between AAVs/HAP-to-
Ground, and high-speed connectivity between AAVs/HAP.
Unlike traditional communication systems, aerial platforms
can offer mobile backhaul and fronthaul solutions for on-
demand services. P2P-LoS FSO links are often preferred
over RF connectivity for low-payload, self-powered aerial
platforms due to the smaller size, weight, and power
(SWaP) footprint of FSO systems. To further reduce power
requirements in mobile terminals, retro-reflective AAV
communication has been demonstrated [310] where the GS
employs a high-power unmodulated laser beam, while the
AAV (or mobile terminal) utilizes a low-power modulating
retroreflector. Since AAVs and HAP are mobile platforms
subject to significant vibrations, FSO communication for
aerial platforms is highly susceptible to pointing errors,
rapid variations in the AOA, and turbulence. Consequently,
substantial efforts have been made to accurately model the
dynamic behavior of AAV/HAP FSO links [93], [137], [138],
[139]. To summarize, aerial platform systems face challenges
in beam alignment, atmospheric conditions, interference, and
SWAP limitations. Solutions like RIS-assisted beam steering,

hybrid optical-RF links, MIMO diversity, and adaptive
modulation enable robust, high-capacity communication.
These advancements support applications ranging from
drone swarms to satellite networks, paving the way for
next-generation aerial connectivity.

2) Underwater Communications: Another critical 3D
expansion of the 6G network involves enabling underwater
communications [311]. UOWC can be combined with FSO to
provide comprehensive space–air–sea communication [312].
Despite significant potential, the performance of UOWC sys-
tems is affected by challenging environmental factors such
as strong scattering and absorption that cause significant
attenuation, strong underwater turbulence, and transceiver
misalignment caused by oceanic movements [18], [313].
Underwater OWC systems confront challenges in light atten-
uation, turbulence, environmental noise, hardware limitations,
and range constraints. Solutions like blue-light optimization,
beam tracking, hybrid systems, and advanced modulation
schemes address these issues, enabling applications in marine
research, environmental monitoring, and defense. Continued
advancements in photon-sensitive receivers and cost-effective
hardware will further bridge the gap between theoretical
potential and real-world deployment. In summary, UOWC is a
crucial 6G technology for expanding networks to ocean envi-
ronments, enabling the IoUT and facilitating environmental
monitoring.

B. Integrated Sensing and Communications in OWC

ISAC system [314] is a unified framework that combines
wireless communication and sensing functions within the same
infrastructure. This dual-purpose approach allows devices to
simultaneously transmit data and sense the environment, lead-
ing to efficient use of resources and new applications in areas
like autonomous driving, smart cities, and IoT systems.

ISAC systems provide spectrum efficiency since they opti-
mizes the use of the radio spectrum by sharing it between
communication and sensing tasks, thus reducing the need for
dedicated sensing systems [315]. Sensing and communication
tasks are cooperating together for enhanced performance.
Specifically, the sensing task can improve communication by
providing context-aware channel state information, while com-
munication can support cooperative and distributed sensing.

Recent advancements in ISAC for OWC focus on exploiting
the unique properties of the optical spectrum to enhance
both communication and sensing capabilities, by exploiting
narrow beamwidths, large bandwidths, and LoS channels for
precise sensing and high-speed data transmission [316]. Tech-
niques like laser radar for high-resolution sensing, waveform
designs such as Pulse Position Modulation (PPM) [317], and
beam steering have been pivotal [318], mainly adopted in
autonomous driving systems. At the same time, the benefit
of narrow beamwidths inherent to OWCS help minimize
interference. Indeed, beam steering techniques allow systems
to dynamically focus and direct optical signals, improving
spatial multiplexing and eliminating crosstalk, particularly in
dense, multi-user environments. On the other hand, OWCS
are susceptible to attenuation by weather phenomena (e.g., fog,
rain, visibility), and then advanced technique to mitigate fading
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are needed. Finally, an efficient allocation between sensing and
communication tasks is critical for optimizing performance.

To summarize, OWC ISAC systems address challenges in
spectrum sharing, waveform design, interference, hardware
constraints, beamforming, synchronization, and network inte-
gration. Existing solutions involve advanced waveform and
hardware design, hybrid RF-optical systems, RIS, AI-driven
control, and precise synchronization, enabling high-accuracy,
high-capacity, and reliable ISAC systems for future wireless
networks.

To enhance clarity and provide a consolidated view of
the diverse application domains covered in Section VII,
a comprehensive summary of OWCS applications is pre-
sented in TABLE VIII. This table highlights the operational
environments, primary objectives, associated challenges, and
representative references for each OWCS scenario, thereby
assisting readers in grasping the comparative characteristics
of various deployment contexts.

C. Security in OWCS

Security is an essential requirement of the communication
systems. Traditionally, OWCS are secure due to their physical
properties that avoid unintended users to capture optical wire-
less signals. Indeed, light signals in OWCS cannot penetrate
walls, and therefore confine transmissions to LoS areas, thus
preventing external eavesdropping.

In the context of 6G networks, Physical Layer Secu-
rity (PLS)-OWC systems are still a topic of interest for
the research community, due to OWC inherent security
advantages combined with vulnerabilities that AI effectively
mitigates [28], [319]. Dynamic channel fading, mobility,
and non-convex optimization are the main aspects that ML
techniques can alleviate, as well as generative AI tools
are adopted for anomaly detection and signal authentication
[14], [320].

Since OWC beam is narrower than the RF beam, there has
been a prevailing belief in its inherent security [21]. However,
this is not a practical assumption in long-distance trans-
mission because a narrow beam divergence angle increases
the misalignment and pointing errors due to building sway,
platform vibration and jitter, and turbulent channel [93].
Hence, oversight security techniques for broad beam expose
the link to security leakage to eavesdroppers and illegitimate
users. In [321], PLS was investigated for terrestrial link
under scenarios where Eve intercepts the link from a position
either closer to Alice or near Bob. Contrary to the common
assumption regarding the system’s inherent security, the study
demonstrated that information leakage is still possible despite
a narrow beam configuration, and that this leakage increases
with the link length. In addition, the study found that the
system is more secure when the eavesdropper is positioned
closer to Bob than when it is closer to Alice. In [322]
the authors studied the information leakage the under atmo-
spheric turbulence, pointing error and scattering conditions,
showing a serious security risk at the low-visibility situation.
Similarly, [323] investigated the secrecy performance under
turbulent channel conditions using the OAM multiplexing

technique to prevent Eve from acquiring meaningful informa-
tion. The study demonstrated that security can be maintained
under weak to medium turbulence, with the degree of security
highly dependent on Eve’s position. Notably, the risk of
information leakage is higher when Eve is positioned closer
to Alice.

The analytical studies analyzed the secrecy performance of
OWC in the presence of the atmospheric turbulence consider-
ing different models including: Málaga atmospheric turbulent
channel with pointing errors in [324], EW distributed fading
channel in [325], η–µ and Double Generalized Gamma (DGG)
model in [326], Fisher-Snedecor F-distribution, generalized
pointing error and fog attenuation in [58], while the work
in [327] investigated PLS secrecy capacity under α-µ tur-
bulent channel with zero and non-zero boresight pointing
error in presence of partial band or broadband jamming
noise.

Investigation into transmission security in UOWC systems
remains relatively unexplored. The work in [328] addresses
this by analyzing the secrecy OP using a Weibull oceanic
turbulence model combined with a Rayleigh pointing error
model. In [329], the secrecy performance of a dual-hop
AAV-to-maritime and maritime-to-underwater system was
examined, employing RF and UOWC links, respectively. This
study utilized a mixture EGG distribution to model turbulence
conditions and pointing errors in the UOWC link, evaluating
metrics such as average secrecy capacity, secrecy OP, and
the probability of achieving strictly positive secrecy capacity.
Similarly, the work in [330] analyzed the secrecy performance
of a multi-hop satellite-to-underwater RF/UOWC system. This
study also employed the EGG distribution to model the UOWC
link, accounting for random node locations and examining
the impact of various link parameters on the system’s secrecy
outage and beam coverage probability. In [331] a SIMO with
MRC technique was investigated to secure the UOWC system.
The study used LN distribution to model the turbulent UOWC
link.

Considering different turbulence models, most studies were
limited to analytical secrecy performance of secrecy capacity,
secrecy OP, positive secrecy capacity, and effective secrecy
throughput. Only a few of them proposed or demonstrated
security schemes. However, considering the high demand for
OWC connectivity that promises a high data rate, security
threats could jeopardize the system’s reliability, and hence it
is an urgent requirement to devote more effort to secure the
OWC.

VIII. FUTURE DIRECTIONS

Leveraging on the expected requirements of 6G networks
and the harsh environment like the underwater one, novel
robust modulation and coding schemes should be developed,
taking into account for the unique underwater challenges
such as scattering, absorption, and turbulence remains
a priority. Advanced techniques like OAM-based modulation,
polarization multiplexing, and ML-aided adaptive coding can
improve data rates and reliability under varying underwater
conditions. Furthermore, precise beam alignment is critical
for minimizing pointing errors caused by water currents
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TABLE VIII
SUMMARY OF OWCS APPLICATIONS

and platform motion. Future work should explore real-time
adaptive beam steering mechanisms using AI and machine
vision to dynamically correct misalignment. In general,
integrated systems combining beam steering and feedback
control could ensure robust links in challenging environments,
like atmospheric and underwater one.

Another issue affecting UOWC systems is the
wavelength-dependent attenuation and scattering effect. As a
future direction to mitigate this issue, multiple wavelengths
can be exploited, particularly in the blue-green spectrum.
Research into wavelength diversity systems can provide
insights into optimal wavelength utilization for various water
types, including clear, turbid, and chlorophyll-rich environ-
ments. Finally, integrating OWC and acoustic or RF commu-
nication systems can offer complementary benefits, such as
using OWC for high-speed data transfer and RF or acoustic
channels for low-speed, long-range signaling. Future research
should focus on the design of hybrid protocols and seamless
switching mechanisms between these communication modes.

Turbulence and attenuation are significant challenges for
FSO systems. Future studies could focus on turbulence mod-
eling, using also temperature-salinity gradient analysis in case
of underwater scenario, and empirical studies, advanced error

correction techniques to compensate for losses caused by
turbulence, and development of artificial turbulence reduc-
tion methods such as phase conjugation or AO. Current
OWCS are limited in range due to high attenuation and
scattering. Investigating new materials for light sources and
receivers, such as quantum-dot lasers and ultra-sensitive
photodetectors, could significantly extend the communica-
tion range. Collaboration with oceanographic institutions for
large-scale field trials would be invaluable for underwater
applications. Also energy constraints represent a challenge,
especially for IoT devices and underwater autonomous vehi-
cles; it is necessary the development of low-power optical
transmitters and receivers. Research could also explore
energy-harvesting mechanisms, such as leveraging biolumi-
nescent sources or solar energy for powering underwater
devices.

As future directions to researchers working in OWCS, in the
following we provide recent updates on related standardization
process, in order to highlight how specifications, protocols,
and guidelines are currently established for OWC technology.
Also, we present a practical guidance to implement both sim-
ulated results and experimental testbeds, taking into account
available tools and datasets.
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A. Standardization
The standardization process of OWC technology involves

multiple international bodies and steps to ensure interoperabil-
ity, market applicability, and technical consistency. It ensures
that products, services, and systems based on that OWC
technology can work together seamlessly, providing interop-
erability across different manufacturers and markets. OWC
standardization is an ongoing process that requires a unified
classification framework to categorize and standardize various
OWC link configurations, including indoor, terrestrial, space,
and underwater applications. This process aims to foster global
market applicability by resolving issues of interoperability
and coexistence with existing wired and wireless technolo-
gies. As of today, the standardization of underwater OWC
is still at an early stage, and no internationally accepted
standards have been developed to date. While organizations
such as NATO CMRE, IEEE, ONR, and WHOI have under-
taken some initiatives, no formal standards have yet been
established.

An early and significant standard for short-range OWC
is IEEE 802.15.7 and was later revised as IEEE 802.15.7-
2018 (also known as IEEE 802.15.7r1). This updated version
regulates visible light communication by leveraging exist-
ing lighting infrastructure to support the high bandwidth
requirements of data-intensive devices. Studies indicate that
the revised standard has the potential to achieve speeds of
up to 10 Gbps through advanced techniques such as opti-
cal OFDM [332], MIMO, and adaptive transmission [333].
However, the officially recognized maximum data rate remains
100 Mbps, and the 10 Gbps rates demonstrated in experimental
LiFi systems have not yet been standardized. Specifically, the
IEEE 802.15.7 standard includes three physical layer (PHY)
types [334] PHY I, II, and III with data rates ranging from
kilobits per second to a maximum of 96 Mbps with color shift
keying [335], [336].

Another recent progress in OWC is the launch of the IEEE
802.11bb standard in 2018 and amended in 2023. Building
on the widely used IEEE 802.11 wireless fidelity (WiFi)
framework, this standard establishes a physical layer for uplink
and downlink wireless data transmission utilizing both visible
and infrared wavelengths (380-1000 nm) [14], [337]. All
operational modes defined by IEEE 802.11bb irrespective of
modulation scheme, wavelength (visible or infrared), or link
setup must ensure a minimum effective data rate of 10 Mb/s for
each point-to-point connection. The standard remains applica-
ble for short-range communication up to 20 meters, supporting
data rates up to 1 Gb/s with latency below 1 ms [338].

Beyond the IEEE standards developed for short-range
OWC, mainly targeting indoor OWC systems, the International
Telecommunication Union (ITU) has introduced several guide-
lines for terrestrial FSO links, namely ITU-R P.1814-0, ITU-R
P.1817-1, and ITU-R F.2106-1. The ITU-R P.1814-0 and
ITU-R P.1817-1 recommendations provide guidance on power
budget analysis by considering environmental influences such
as weather conditions, absorption, scattering, scintillation, and
attenuation caused by rain, snow, and ambient light. Mean-
while, the ITU-R F.2106-1 recommendation imposes limits on
laser diode output power to around 10 mW and recommends

operating wavelengths in the ranges of 1300–1500 nm and
780–800 nm, due to their low atmospheric absorption and the
widespread availability of compatible components from optical
fiber technology [22].

B. Practical Guidance

1) Simulation and Modeling Tools: A number of
well-established tools enable simulation and analysis of
optical wireless links. For atmospheric OWC and FSO,
the MODTRAN®atmospheric transmission code provides
spectral transmittance data across various propagation condi-
tions [339], [340]. Optical-design and beam-propagation pack-
ages such as Zemax OpticStudio and COMSOL Multiphysics
support system-level link design, while MATLAB/Simulink-
based Monte Carlo simulators remain widely used for
link budget and turbulence modelling [341]. For UOWC,
solvers like HydroLight® [342] and EcoLight-S [343] model
radiative transfer and scattering under different water types,
and they are often combined with measurement-based tools
for attenuation and turbulence analysis.

2) Experimental Testbeds and Facilities: Several labora-
tories have developed OWCS test-beds for controlled and
field-level validation. Atmospheric OWC test-beds typically
employ turbulence chambers with adjustable C2

n and wind-
flow controllers, while underwater facilities (for example at
University of Strathclyde, KAUST or Zhejiang University)
allow variation of turbidity, salinity and temperature gradi-
ents [344]. Emerging platforms include AAV-assisted FSO
links and orbital/satellite optical terminals, offering real-world
alignment, pointing error, and channel-variation datasets [345].

3) Open Datasets and Measurement Campaigns: Pub-
licly available datasets are increasingly valuable for bench-
marking and reproducibility. Atmospheric turbulence and
refractive-index structure parameter (C2

n) profiles can be
obtained from the NOAA and ECMWF archives. Underwa-
ter optical properties—absorption, scattering, and chlorophyll
concentration profiles—are available via NASA’s OceanColor,
IOCCG and SeaBASS databases [346]. These resources
strongly support ML-based modeling, estimation, and com-
parative studies.

By combining the theoretical models discussed in this
survey with the above resources, researchers can design experi-
ments that are physically consistent, statistically representative
and aligned with emerging trends in 6G and integrated optical
communication systems.

C. Benchmark Framework for OWC Performance Assessment

To strengthen the evaluation framework of OWC systems,
the revised manuscript expands the discussion of performance
benchmarks beyond traditional throughput-oriented metrics
such as data rate, BER, and spectral efficiency. Modern
OWC deployments across atmospheric, underwater, aerial,
and non-terrestrial environments demand broader performance
indicators that capture energy efficiency, latency, reliability,
scalability, resilience, and sustainability.

Energy efficiency has become a crucial metric, especially for
power-limited platforms such as AAVs and AUVs. Reporting
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parameters such as energy per bit (J/bit), photon efficiency
(bits per photon), and total transceiver consumption provides
a realistic view of link sustainability. Green OWC design
should also incorporate life-cycle energy accounting, including
device operation and cooling costs [24], [347]. Latency and
responsiveness are equally important for time-critical applica-
tions such as vehicular communication, robotic control, and
aerial relays. End-to-end delay should include propagation,
detection, digital processing, and queuing components. Quan-
tifying latency–throughput trade-offs and AO control-loop
delays enables fair comparison across physical and link-layer
designs [348]. Reliability and availability are essential metrics
for evaluating link continuity under turbulence, fog, or mis-
alignment. These can be assessed through outage probability,
mean time between outages, or availability percentage derived
from measured visibility statistics. ITU-R Recommendations
P.1817-1 and P.1814-1 (2025 revision) provide standardized
procedures for FSO link availability analysis, while hybrid
RF/FSO studies demonstrate their practical relevance [349],
[350], [351].

Scalability at the network level—encompassing connection
density, spatial reuse, and reconfiguration time—should be
considered for large LiFi and hybrid OWC architectures.
Reporting such parameters reflects the ability of systems to
maintain performance as the number of nodes and relays
increases [24]. Resilience metrics quantify robustness under
environmental stress or motion. Performance degradation
curves that relate BER, OP, or throughput to visibility, scatter-
ing, or turbulence variance (σ2

R) can be used to characterize
robustness. Recovery time after disturbances and perfor-
mance improvement through AO, diversity, or RIS should
also be presented [352]. Finally, sustainability metrics are
increasingly important for next-generation OWC networks.
Evaluating energy per bit at the system scale, carbon intensity
(kgCO2e/GB), and component lifetime aligns OWC research
with the green-communications agenda [347].

In summary, integrating these emerging metrics enables a
multidimensional evaluation of OWC systems that considers
not only communication efficiency but also robustness, scala-
bility, and environmental impact. Establishing such benchmark
frameworks will enhance comparability among future atmo-
spheric, underwater, aerial, and satellite optical communication
studies.

IX. CONCLUSION

This survey elaborates the existing OWCSs both in TNs and
NTNs, and the future envisaged configuration for upcoming
6G systems. Following an overview of fundamental OWCS
concepts, key limitations and challenges were examined along-
side recent experimental findings. Additionally, the primary
techniques used to mitigate signal degradation effects in atmo-
spheric and underwater environments were reviewed, aiming
to enhance reliability and performance in OWCSs. These
techniques are listed as power increase, partial coherence,
beamforming, aperture averaging, spatial diversity and intel-
ligent reflecting surfaces. Also the influence of AI and other
foreseen approaches that help to obtain better next generation
networks 6G are discussed. Finally, the recent insights into

novel OWCS applications were presented, covering TN and
NTN systems as well as underwater networks. The critical role
of integrated sensing and communication tasks in OWCS, RIS-
aided OWCSs, and security issues in next-generation wireless
systems was also emphasized.

This survey paper serves as a valuable resource for both
newcomers to the field and OWC system designers, offer-
ing essential insights to support the advancement of their
work. It highlights convergence of modeling principles and
performance metrics across diverse optical media, providing
a coherent foundation for future integrated OWC research.
Moreover, the findings underline that atmospheric and under-
water optical wireless systems, despite operating under distinct
propagation conditions, share a unified set of challenges—
namely turbulence, attenuation, and misalignment—that can
be jointly modeled and mitigated through common analytical
frameworks. Future studies should therefore aim to harmo-
nize channel models and mitigation techniques across these
environments to enable adaptive multi-domain optical com-
munication systems capable of seamless operation in hybrid
networks.

For atmospheric links, future research directions should
emphasize dynamic turbulence modeling, real-time beam cor-
rection using adaptive optics, and hybrid integration with
radio and satellite systems to ensure reliability under adverse
weather conditions. For underwater systems, ongoing efforts
should continue toward optimizing wavelength selection,
turbulence characterization, and high-efficiency detection in
turbid media. A holistic understanding that connects both
domains will accelerate the development of unified design
principles for 6G and beyond.

Security issues are always a challenge in wireless networks,
and also in OWCS. Future directions include employing
Quantum Key Distribution (QKD) for secure communication,
analyzing the impact of turbulence on quantum communi-
cation protocols, and developing practical implementations
of quantum cryptography. Also, the use of ML and AI has
a significant potential for optimizing OWC and security.
Applications include predictive models for turbulence and
attenuation, intelligent routing algorithms for multi-hop under-
water networks, and real-time optimization of transmission
parameters based on environmental conditions. Creating a
fully-networked OWCS can also represent a challenge aspect,
as it involves multiple features like routing, multi-node con-
nectivity, and interoperability. Future research should focus
on the design of wireless optical networks, integrating OWC
systems with IoT-enabled devices, and protocols for efficient
data aggregation.

Beyond these directions, future OWCS research must strate-
gically move toward tighter cross-layer integration with 6G
architectures. This includes developing joint communication–
sensing–localization paradigms that exploit optical signals for
both information exchange and environmental awareness, par-
ticularly within smart city and maritime monitoring contexts.
Cross-layer optimization frameworks that jointly design the
physical, MAC, and network layers could maximize end-
to-end performance under turbulence, mobility, and energy
constraints.
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Furthermore, adaptive networking between heterogeneous
optical domains—such as atmospheric, underwater, and inter-
satellite links—should be investigated to realize seamless
vertical integration across terrestrial and non-terrestrial seg-
ments. Machine learning can play a decisive role in dynamic
beam management, channel prediction, and proactive fault
recovery in such multi-domain OWCSs. The inclusion of
sustainability-driven metrics, such as energy-per-bit and car-
bon footprint, will also be essential for ensuring that
large-scale OWCS deployments align with green communi-
cation objectives.

We also emphasize the need for open-access testbeds,
unified benchmarking datasets, and reproducible simulation
environments to accelerate innovation and comparability in
OWCS research. Such practical enablers, combined with
cross-disciplinary collaboration between optics, communica-
tions, and AI communities, will transform OWCS from an
enabling component to a cornerstone of future 6G ecosys-
tems. Finally, the lack of standardized protocols and hardware
remains a barrier to large-scale adoption of OWCS. Collabora-
tive efforts between academia, industry, and regulatory bodies
are essential for developing universal standards for underwater
optical communication, scalable and cost-effective system
prototypes, and extensive field-testing in diverse environments
to validate theoretical models.
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