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ABSTRACT

Underwater quantum communication (UQC) has emerged as a promising approach for secure information
transfer in oceanic environments by exploiting fundamental quantum mechanical principles. However, realizing
UQC in practice remains highly challenging due to the inherently dynamic nature of the underwater optical chan-
nel, which is subject to wavelength-dependent absorption, multiple scattering, turbulence, and ambient noise—
effects that collectively degrade photon transmission and induce quantum state errors. Conventional analytical
models are insufficient to capture these nonlinear, time-varying channel characteristics, motivating the integration
of artificial intelligence (Al) methods. Unlike previous surveys that focus narrowly on either underwater optical
communications or quantum cryptography in isolation, this review uniquely synthesizes advances across quantum
information science, ocean optics, and machine learning to address UQC-specific channel impairments. Specifically,
we critically evaluate Al-driven approaches in three areas: (i) spatio-temporal deep learning models for data-driven

channel estimation, demonstrating measurable improvements in channel prediction accuracy under realistic tur-
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bulence conditions; (ii) intelligent noise reduction and quantum error correction methods that reduce qubit error

rates in high-scattering environments; and (iii) adaptive system optimization through reinforcement learning and

hybrid optimization strategies that enhance operational fidelity and robustness. Based on this analysis, we identify

key gaps in the field—including the absence of standardized underwater quantum datasets, limited experimental

validation of Al-quantum hybrid frameworks, and the lack of end-to-end Al-quantum design tools—and outline con-

crete directions for future research. This review serves as a structured reference for researchers and practitioners

working toward deployable, intelligent UQC systems.

Keywords: Underwater Marine Communications; Quantum Communication; Artificial Intelligence; Hybrid Net-

works; Climate-Aware Systems

1. Introduction

The submerged realm is one of the most uncharted
and sophisticated frontiers of modern communication
systems, but it is becoming the center point of in-
ternational scientific, industrial and security activities.
Oceanographic sensing, climate monitoring, offshore en-
ergy exploration, underwater robotics, and maritime
surveillance are some of the applications that require
highly reliable, high-capacity, and secure communica-
tion infrastructures. Nonetheless, the physical charac-
teristics of the aquatic medium, unlike terrestrial and
satellite communication systems, inherently limit under-
water communication. The long-standing foundation of
underwater networks, acoustic communication, has the
benefit of longer transmission distances, but is severely
limited by factors such as low bandwidth, high latency,

-4 Con-

Doppler effects and multipath propagation
versely, underwater optical wireless communication has
much higher data rates and lower latency, but is much
more severely limited by absorption, scattering, beam
divergence, and turbulence, and has a limited transmis-
sion distance and high sensitivity to environmental fac-
tors[>8l. All these issues illustrate the ineffectiveness
of traditional communication paradigms to satisfy the
increasing needs of the next generation underwater ap-
plication. Here, quantum communication has been in-
troduced as a radically new paradigm, which provides a
transition from classical information transfer to physics-
facilitated secure communication. Through quantum
mechanical effects like superposition and entanglement,
quantum communication can be used to implement

protocols (primarily quantum key distribution (QKD))

that offer unconditional security depending on the laws
of physics and not on computational assumptions [ 101,
The fast development of quantum technologies, such as
quantum photonics, quantum networks, and quantum-
native communication architectures, has boosted the re-
search efforts in this field in a major way['*-14], In more
recent times, there has been a push towards the exten-
sion of quantum communication into underwater set-
tings and hence allow the oceanic networks to be secure.
The experimentally demonstrated seawater channel and
controlled aquatic environment quantum communica-
tion have confirmed the possibility of underwater quan-
tum connections, which is an important step towards
practical implementation*>-1°1,  Moreover, recent re-
search on quantum communication systems in the ocean
and maritime quantum systems suggests that there is
an increasing overlap between quantum technologies
and maritime uses?°-241, Although these are encourag-
ing achievements, achievement of underwater quantum
communication (UQC) is still an unresolved and chal-
lenging issue. An underwater optical channel is by itself
a complex channel due to the strong attenuation, mul-
tiple scattering and dynamic variability due to changes
in salinity, temperature, and suspended particles [2>-2°],
The factors lead to extreme photon losses, decoherence,
and loss of quantum state fidelity, which in turn affect
the reliability and security of quantum communication
systems directly 3934, Moreover, beam wandering, po-
sitioning problems, and background noise also make the
transmission of quantum signals more complex in real-
world situations. These effects are stochastic and non-
linear and thus extremely challenging to model the chan-
nels accurately especially through the traditional meth-
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ods of analytical or deterministic modeling. This leads to
a fundamental gap in knowledge whereby highly sophis-
ticated frameworks that can help to quantify the com-
plex nature of underwater quantum channels and facili-
tate real-time communication plans based on adaptation
are urgently required [> 24 35-39],

Table 1 provides a tabular view of the underwa-
ter communication intelligence ecosystem and it shows
how communication modalities, platform architectures
and environmental constraints interact. It highlights
the dynamics of different technologies such as acoustic,
optical and quantum technologies in the way they are
impacted by the complex channel dynamics and oper-
ational issues in the underwater environment. The ta-
ble also explains how the use of artificial intelligence
is important in facilitating adaptive channel estimation,
noise mitigation, and intelligent network optimization.
It unites Al-based solutions with the new quantum
communication systems to provide an all-encompassing
perspective of the future of secure and efficient ma-
rine communication systems. Overall, this schematic
demonstrates how conventional sub-sea communica-

tion has changed to the smart, data-driven, and expan-

sive oceanic communication. Recently, the notion of ar-
tificial intelligence (AI) has become a fundamentally dis-
ruptive facilitator of overcoming these problems, pro-
viding effective data-driven methods of modeling, pre-
diction, and optimization within the complicated set-
tings. Underwater communication systems have suc-
cessfully applied machine learning and deep learning
techniques to undertake channel estimation, modula-
tion recognition, signal enhancement, routing optimiza-
t!40-4] These methods

have proved to be quite effective compared to the con-

tion and network managemen

ventional ones, particularly when the problems are
linked to uncertainty, nonlinearity and less prior infor-
mation [> %61 At the same time, Al has also started to be
influential in quantum communication systems where
it is utilized to enhance quantum state estimation, opti-
mize resource allocation, enhance error correction and
facilitate adaptive communication protocols in noisy en-

vironments 47491,

The concept of quantum machine
learning and Al-supported design of quantum systems
underpins an interrelation between the two even more,
signifying a paradigm shift to intelligent quantum com-

munication systems [>0-53],

Table 1. Underwater Communication Intelligence Ecosystem.

Al-Enabled Solutions

Component

Technologies

Key Challenges

Application Domains

Communication

Acoustic, Optical,

Low bandwidth,
attenuation, scattering,

Adaptive modulation,
channel prediction (ML/DL),

Ocean monitoring,
defense systems,

Modalities Magnetic, Quantum . . . . L
g Q noise, decoherence intelligent routing offshore communication
AUVs, ROVs, Underwater ~ Mobility, energy Reinforcement learning for Autonomous
Platforms Sensor Networks constraints, dynamic routing, swarm intelligence, exploration, surveillance,
(UWSNSs), Marine [oT topology energy optimization smart oceans
Turbulent water . o . .
! .u W . Nonlinearity, time Deep learning-based channel  Reliable data
Channel medium, salinity 1 . o . o .
. . variability, multipath estimation, spatio-temporal transmission, real-time
Environment gradients, temperature . ) o
- fading modeling monitoring
variations
. Acoustic sensing, Optical Signal degradation, Al-based denoising, signal L
Sensing & & UP & g & 518 Secure communication,

Transmission

links, Quantum photonic
systems

photon loss, beam
misalignment

enhancement, quantum
error correction

high-speed data transfer

Edge computing, Marine

Al-driven network

Smart marine networks,

Netwgrk edge-Al systems, Digital S.cala.blhty, laten(:}./, . optimization, federated coordinated AUV
Intelligence - distributed coordination .

twins learning systems
Security Classical cryptography, Vulnerability to attacks, Al-based anomaly detection, Defe.n.se, secure
Frameworks Quantum Key interception risks adaptive security protocols maritime

Distribution (QKD) P P yp communication

. . Next-gen ocean
Emerging Al+ Quar.ltun'l - Integration complexity, Physics-informed Al, hybrid networks, intelligent
> Communication, Digital lack of real-world D

Paradigms quantum-Al models communication

Twin Ocean Systems

datasets

ecosystems
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The convergence of Al and oceanic quantum com-
munication will add a new layer of intelligence to
oceanic communication systems to enable them to act
dynamically and contextually in highly dynamic envi-

ronments 54571,

The Als are able to acquire the com-
plex channel characteristics directly based on the data,
and hence give good and successful channel estimation
without the simplified physical models. On the same
note, intelligent methods of noise removal, such as deep
learning-based denoising and quantum error correc-
tion, can significantly enhance signal fidelity and reduce
errors. At the system level, reinforcement learning and
hybrid optimization models can dynamically modify the
transmission parameters, resource allocation, and net-
work configurations. This enhances efficiency and re-
liability of the system[>8-%1, The Al-optimized perfor-
mance of underwater QKD in reality can be implied
by recent developments of deep-learning-optimized un-

62-65]  Besides enhancing com-

derwater QKD systems!
munications, new fields such as Al-based digital twins,
smart marine systems, and autonomous underwater
systems are transforming the manner in which we con-
ceptualize underwater technologies as a unit. Such sys-
tems include digital twins that can be used to simu-
late and monitor real time underwater environments
that could be used for adaptive communication strate-

gies[®6-7%  Equally, smart marine and Al-enabled un-

derwater systems enable the free integration of sens-
ing, communication, and decision-making functions in

[711, These advancements

harsh ocean environments
underscore the growing significance of information-
sensitive, intelligent strategies to the multi-faceted is-
sues of underwater communication. Table 2 provides a
general high-level comparison among the existing stud-
ies in underwater communication, quantum communi-
cation and artificial intelligence-based systems. It is
clear that much of the previous research concentrates
on single areas, e.g., classical underwater communica-
tion or independent quantum communication, and lit-
Al-

though recent literature has proposed machine learn-

tle on combining intelligent learning processes.

ing models to model and optimize channels, using
spatio-temporal intelligence and adaptive noise mitiga-
tion in quantum-enabled underwater settings is still
limited. In addition, experimental validation is not well
studied and neither is end-to-end system integration.
On the other hand, the proposed framework will bring
underwater communications, quantum security, and Al-
directed intelligence into one where adaptive, resilient,
and scalable communication in highly dynamic marine
environments is enabled. This highlights the fact that
thereis aresearch gap and that there is the need to have
combined, smart underwater quantum communication
structures.

Table 2. Underwater Communication Intelligence Ecosystem.

Spatio- Adaptive Learning- System
Reference g:rnm 8:::::‘"1 ﬁ:telligence Tgmporal Noispe Based 8 S:E:i/alzt)i(sn Il}lltegration

Modeling Handling Optimization Level
Theocharidis and Kavallieratou (2025) 1] 4 X X X v X X Low
Fang etal. (2023) 3] v X v v v x v Medium
Lietal. (2025) 4 v x x X v x v Low
Hasan et al. (2023) [18] X v X X v X X Low
Hufnagel et al. (2019) [14] v v x X v x v Medium
Feng et al. (2021) 42! v v X X v X v Medium
Mao et al. (2020) [44] v v x v v x X Medium
Nozari and Uysal (2024) [45] v v v v v v X High
Huang et al. (2022) [27] v X v v v X v Medium
Wang et al. (2024) 2% v X v v x v X Medium
Jiang and Xing (2024) [32] v X v v v v X Medium
Mafu (2024) 3% X v v v v v X Medium
Alexeev etal. (2025) [3¢] X v v v v v X Medium
Wang et al. (2025) 24 v v v v v/ v X High

In general, the interface of underwater communi-
cation, quantum technologies, and artificial intelligence
is a fast-changing and highly interdisciplinary area of
research. Although major strides have been made in

each of these areas separately, there has been little in-

tegration of these areas and they offer a lot of innova-
tive prospects. These interdependent fields need to be
thoroughly understood to further the work on intelli-
gent, safe, and scalable underwater quantum communi-

cation systems that can support future oceanic uses and
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provide the next-generation communication systems.
Motivation, Organization, and Contribution

The increasing need to have safe, high-capacity
and dependable underwater communication networks
has revealed some inherent shortcomings of the current
technology. The traditional acoustic systems can pro-
vide long-range communication but have low data rates,
delays and extreme multipath interference as compared
to optical systems which have high data rates but are
highly limited by the absorption, scattering and turbu-
lence in water!?3*718] The emergent apps like un-
derwater monitoring in real time, autonomous underwa-
ter vehicles (AUVs), and safe maritime operations are
highly challenged by these limitations. Quantum com-
munication opens a completely new paradigm because
it allows the exchange of information with provable se-
curity based on the principles of quantum mechanics.
Next-generation communication systems are also highly
interested in technologies like quantum key distribu-
tion (QKD), which offer security guarantees that are
not based on computational assumptions, thereby mak-
ing them very appealing!!®*3l., Emerging demonstra-
tions of quantum communication over the last few years
have demonstrated that underwater quantum commu-
nication is also possible, and hence quantum networks
can be extended to oceanic areas['* 4+ 41, But the real-
world implementation of underwater quantum commu-
nication is still hampered by harsh channel constraints,
such as photon loss, decoherence, beam dispersion, and
environmental variability in real-time ¢ %%, The under-
water optical channel is complex, nonlinear and time-
varying in nature and proper modeling and prediction
are very difficult with the help of the conventional meth-
ods of analysis. In this respect, the field of artificial in-
telligence (AI) has become a potent contributor to ac-
quiring the behaviors of complex systems and making
adaptive decisions. Recent developments in machine
learning and deep learning have proved to have made
major progress in channel estimation, signal process-
ing and network optimization of underwater commu-
nication systems[?7-28:30.321 [ jkewise, Al has demon-
strated a potential to be promising in quantum commu-
nication, especially in terms of enhancing robustness, re-
source allocation, and system performance in the pres-

[40,52] ' The combination of Al

ence of noisy conditions
and underwater quantum communication is therefore
extremely motivated by the need to address the char-
acteristics of problems that cannot be successfully re-
solved with the help of the standard methods. Al-based
methods provide the possibility to emulate complex un-
derwater channels, minimize noise and errors, and op-
timize the way the system works in-situ. This is among
the mostimportant moves towards designing intelligent,
adaptive and secure underwater communications sys-
tems that can be used in more than the oceanic applica-
tions in the future.

The paper is organized as follows. Section 2 in-
troduces existing underwater communication technolo-
gies, including acoustic, optical, magnetic/RF-based, un-
derwater quantum communication, and Al-driven in-
telligent communication systems. Section 3 presents
innovative ideas and proposed frameworks for intel-
ligent underwater quantum communication, including
hybrid multi-modal communication frameworks, Al-
driven channel modelling and optimization, quantum-
Al hybrid communication models, energy-aware edge
intelligence, reinforcement learning-based autonomous
communication strategies, and comparative perfor-
mance analysis. Section 4 discusses the major research
challenges and open issues, including physical limita-
tions, environmental factors, energy efficiency, security,
scalability, and interoperability. Section 5 provides a
discussion of the reviewed approaches and their impli-
cations for future intelligent underwater quantum com-
munication systems. Finally, Section 6 concludes the pa-
per and summarizes the key findings and future perspec-
tives.

This review provides a comprehensive and interdis-
ciplinary perspective on the integration of artificial intel-
ligence with underwater quantum communication. The
main contributions of this paper are summarized as fol-

lows:

. Comprehensive Synthesis:
This article is a single review that covers underwa-
ter communication technologies, quantum commu-
nication principles, and Al-based approaches. It
fills a big hole in the literature 1% 16241,

. Al-Centric Framework:

292



Sustainable Marine Structures | Volume 08 | Issue 03 | September 2026

An organized system is set up to sort Al applica-
tions in underwater quantum communication into
three main groups: channel estimation, noise re-
duction, and system optimization. This helps us
understand how they work together and what they
do.

. Critical Comparative Analysis:
A systematic comparison of the current state-
of-the-art solutions based on their performance,
strength, and scalability yields valuable insights
into their benefits and drawbacks 2% 47- 631,

. Identification of Research Gaps:
Key challenges, including the lack of real-world
datasets, limited experimental validation, and ab-
sence of unified Al-quantum integration frame-
works, are critically examined.

. Future Research Roadmap:
The paper describes some promising areas of re-
search, such as Al models that are based on physics,
real-time adaptive communication systems, smart
underwater networks, and the use of new technolo-
gies like digital twins and autonomous marine plat-
forms [3% 36,721

2. Existing Technologies

Underwater communication has evolved very
much throughout the last decades due to the growing
need to have reliable, high-speed and secure communi-
cation in the marine environment. Contrary to the con-
ventional communication systems on land, underwater
communication is limited by some unique physical fac-
tors like high attenuation rates, multipath propagation,
and dynamic environmental conditions. Consequently,
various communication technologies have been studied,
and each has its own benefits and restrictions in terms of
its range, data rate, reliability and security. Current un-
derwater communication technologies can be generally
divided into acoustic, optical, magnetic (RF), and new
quantum communication systems. Moreover, recent
innovations in artificial intelligence (AI) have brought
smart structures that improve performance, adaptabil-
ity as well as effectiveness of these systems. All these
technologies create a multi-layered system of commu-

nication; each modality is adapted to the needs of op-
erations and environmental conditions. Underwater
communication technologies work on various physical
layers and system architectures as shown in Figure 1.
Long-range transmission is characterized by acoustic
communication as itis least attenuated in water and opti-
cal communication as it supports speedy transmission of
data over a short distance. RF and magnetic approaches
are generally restricted in local geographical communi-
cation because of high levels of attenuation in conduc-
tive ocean water. New quantum communication tech-
nologies are offering a new aspect of secure communica-
tion using photon-based transmission but limited by the
noise and decoherence effects of the environment. The
figure also emphasizes that Al-based intelligent commu-
nication is the core that is used as a facilitating interface
among all technologies. Al methods can enable adap-
tive estimation of the channel, adaptive noise reduction,
dynamic resource management, and system optimiza-
tion, which overcome the shortcomings of traditional
methods. Also, the hybrid Al-quantum communication
models are becoming a promising avenue that combines
the security benefits of quantum systems with the flexi-
bility of Al-based models. In general, the combination of
these technologies is a step towards intelligent, adaptive
and secure underwater communication systems. Nev-
ertheless, there are considerable issues in the seamless
integration, scalability and real-life implementation that
will be addressed later. Figure 2 shows that the cur-
rent studies of underwater quantum communication are
mainly focused on modeling underwater channels and
adaptive noise reduction, which is an indication of the
extremely dynamic and lossy nature of the marine envi-
ronment. The greatest consideration is given to channel
modelling (around 75%), with which proper modelling
of underwater optical and quantum channels is required
to design a system with reliability [* 1. As well, adaptive
noise reduction (approximately 60%) is yet another sig-
nificant area of research due to the enormous impact
that absorption, scattering and environmental perturba-
tion exert on the signal integrity > ¢, Nevertheless, Al
integration (40%) and quantum key distribution (QKD)
(50%) are future areas, meaning that the growing at-

tention to the application of intelligent approaches and
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quantum security schemes to enhance the performance
The use of Al
methods is starting to be investigated to estimate chan-

of communication has emerged %47,

nels, denoise and optimize systems to provide adaptive
and data-driven channel estimation solutions in com-
plex underwater conditions?”-2%], In the meantime, the
research on QKD is centered on the safe communication
protocols based on photon transmission, but its applica-
tion is still restricted by the limitations of the channel

Acoustic Communication

* Long Range

¢ Low Bandwidth

¢ Multipath Interference ..:'
I » High Latency

Magnetic & RF
Communication

¢ Localized Applications
» Very Short Range

%, * High Attenuation a

Al-Driven Intelligent
A Communication

Al-Driven Intelligent

and the system!**4, Lastly, the system performance
metrics (35) have a relatively lower amount of attention,
which indicates a lack of a thorough evaluation frame-
work for underwater quantum communication systems.
Comprehensively, this number highlights the necessity
of combined research that puts Al, quantum communi-
cation, and a better system assessment under consider-
ation, which is needed to develop the next-generation

intelligent underwater communication networks.

Underwater Optical
Wireless Communication
¢ High-Speed Data Transfer

* Absorption, Scattering &
Beam Divergence

 Short Range

" Underwater Sensor
Networks & Marine loT
* UWSNs

« AUV/ROVs ()

Communication

Magnetic & Communication _
¢ Localized Applications
» Very Short Range

7 =
p  High Attenuatlon

Hybrid Al-Quantum
Communication

| 673 Quantum Communication
A Technologies

¢ QKD Protocols

¢ Entangled Photons
fy * Photon Loss& Jl.:

« Intelligent Noise Suppression
*» Adaptive Quantum Networks
EfflClent Resource Allocatlon

Figure 1. Review of the current technologies of underwater quatum communications systems, showing how acoustic, optical,
magnetic, and quantum communications can be integrated with the Al-based intelligent systems.
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@® Underwater Channel
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Figure 2. Comparison of the main research areas in underwater quantum communication, with an emphasis on the differences
in the relative attention to Al integration, underwater channel modeling, adaptive noise mitigation, quantum key distribution,

and system performance assessment.

2.1. Acoustic Communication Systems

The most commonly used technology in the under-
water environment has long been acoustic communica-
tion, which has the capacity to support long-range trans-
mission with a relatively low attenuation rate as com-
pared to the electromagnetic waves. Acoustic systems
are applicable across different applications due to the ef-
ficient propagation of sound waves into water, i.e., deep-
sea exploration, underwater sensor networks and sub-
marine communications!>#. Nevertheless, even with

its popularity, the acoustic communication is intrinsi-

Increasing
Distance

Jiggs6 o Bn Al

e et ? “
Tra mission Distance (km) «
e |70 ¢ il

@

Also contributing to the inability to do real-time
communication is the fact that the speed of sound in

cally limited by the low bandwidth, long latency, as
well as complicated channel properties. The underwa-
ter acoustic channel is very dynamic and has a multipath
propagation whereby the signals reflect off the seabed,
surface and other obstacles. This causes signal distor-
tion and inter-symbol interference.

As shown in Figure 3a, in underwater conditions,
the SNR decreases dramatically with range, and this di-
rectly affects the reliability of communication. The same
behavior is also evident in Figure 3b, in which the BER
grows fast at low SNR values, thus the necessity of using
robust communication strategies.
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(b)
Figure 3. (a) Signal-to-noise ratio (SNR) degradation with increasing transmission distance in underwater channels. (b) Bit
error rate (BER) variation with SNR in underwater acoustic communication.

water is very slow (around 1,500 m/s), which means
that the latency is high 3!, Further deterioration of sig-
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nal quality is due to Doppler shifts that are induced by
the movement of the water and the motion of the plat-
forms. Underwater environments are dominated by the
effects of attenuation and noise to dominate the signal
degradation. The distance-dependent loss and the en-
vironmental noise are also significant in the acoustic
channel; even though the optical attenuation prevails in
short-range systems, the performance of the systems is
also significantly affected. Figure 3a shows this direc-
tion by the fact that the signal-to-noise ratio (SNR) de-
creases with the distance of transmission, which is an
indication of the inherent weaknesses of long-range un-
derwater communication. In addition, the reliability is
highly related to the performance of the acoustic com-
munication systems in terms of the bit error rate (BER).
As demonstrated in Figure 3b, the BER falls exponen-
tially with SNR, which implies that it is important to
achieve high signal quality to ensure communication is
effective. In practice, though, getting a high SNR un-
derwater is hard because of background noise, multi-
path interference, and channel distortion. Unlike op-
tical systems, which follow an exponential attenuation
law set by the Beer-Lambert law, acoustic systems have
attenuation that depends on frequency and are noise-
dominated, which means they need special modulation
and coding methods. Such constraints have prompted
the creation of new signal processing and Al-based al-
gorithms to estimate the channel, suppress noise, and
transmit adaptively to optimize the performance of the
system in the complicated underwater conditions (27 2%,

In general, although acoustic communication will
stay invaluable for long-range underwater communica-
tion, its fundamental drawbacks in terms of data rate
and latency require the incorporation of alternative tech-
nologies like optical and quantum communication, and
smart optimization models.

2.2. Underwater Optical Wireless Commu-
nication (UWOC)

Underwater Optical Wireless Communication
(UWOC) has become an alternative to acoustic commu-
nication, which boasts much higher data rates and lower
latency. Unlike the acoustic waves, optical waves, partic-

ularly at blue-green wavelengths (or around 450-550

nm), are less absorbed in water and can therefore carry
data much faster over both short and long distances 371,
This predisposes UWOC in particular to find applications
in such applications as underwater imaging, real-time
video transmission, autonomous underwater vehicle
(AUV) coordination, and high-throughput data offload-
ing. Although the UWOC systems have their benefits, the
attenuation and scattering effects are extremely limiting
for the systems. Absorption and scattering processes in
water determine the light propagation and consequently
cause an exponential signal decay. The Beer-Lambert
law can be used to describe this behaviour as in Equa-
tion (1):

I(d) = Iye2? €3]

with I(d) being the optical intensity coming through a
distance of d, Iy being the intensity transmitted and 0, «
being the attenuation coefficient of water and turbidity.
Consequently, optical communication has a very limited
range of transmission (a few meters or tens of meters)
in turbid or coastal waters in particular[®!,

Besides the attenuation, beam divergence due to
scattering also has a major impact on the quality of the
signal; it loses directionality and the receiver efficiency
is reduced. Fading and deterioration of performance:
turbulence and change in refractive index also cause ran-
dom changes in signal strength, which causes fading.
These effects are especially important in vibrant under-
water settings in which water currents and particulate
matter change both spatially and temporally. Alignment
between transmitter and receiver is also very sensitive
to the performance of the UWOC systems. This is un-
like the acoustic systems, which can be used in an omni-
directional mode since optical communication is depen-
dent on the strict line-of-sight (LOS) alignment, where
any misalignment can be caused by platform movement.
This is a limitation for mobile systems such as the AUVs
and underwater drones.

One area in which a trade-off occurs between
range and data rate is a feature of UWOC systems that
a system viewpoint describes. Although optical com-
munication has the capability of attaining data rates of
Mbps to Gbps, its effective distance is still much shorter
than that of acoustic communication. The trade-offs
and the complementary characteristics between opti-
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cal and acoustic communication technologies are em-
phasized in this context. To address these weaknesses,
there have been more recent papers trying to com-
bine Al-controlled schemes of adaptive beam control,
channel estimation, and noise suppression. Machine
learning models are able to estimate the changes in

channels, and optimize transmission parameters in real
time, which greatly enhances the reliability of communi-

27,301 Moreover, hybrid optical-acoustic commu-

cation!
nication systems are under consideration so as to attain
high data rates as well as reach long distances (Figure

4).
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Figure 4. Full description of the Underwater Optical Wireless Communication (UWOC) systems, which demonstrate the optical
signal propagation, attenuation and scattering processes, performance trade-offs, and Al-based optimization workflow.

2.3. Magnetic Induction and RF-Based Com-
munication

Other methodologies that can be used to shorten
the range of underwater communication are magnetic
induction (MI) and radio frequency (RF) communication
methods that are especially useful in situations when the
acoustic and optical systems are not applicable. In con-
trastto optical signals that are affected by scattering, and
acoustic waves that are affected by latency and multi-
path, MI-based systems are based on quasi-static mag-
netic fields, which make communication more stable in
highly turbid or cluttered underwater conditions.

Nevertheless, the main disadvantage of electromag-
netic wave propagation through water is that seawater
is very conductive and therefore, it causes severe atten-
uation. The strength of the signal quickly reduces with

distance and this limits the range of communication to

a few meters only[®l. This can be estimated using expo-
nential attenuation:

E(d) oc e~ P4

where § represents the attenuation factor dependent on
water conductivity and frequency.

Consequently, RF communication is usually con-
fined to very low frequencies, further decreasing the
data rates that can be achieved. Compared to magnetic
induction systems, the systems are relatively more ro-
bust for short-range usage but with limited bandwidth
and range. Localized underwater communication MI
and RF systems are applicable in local underwater com-

munication, such as:

. Diver-to-diver communication;
. Pipeline and infrastructure monitoring;
. Short-range sensor networks.
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Recent advancements have explored Al-assisted op-
timization techniques, including adaptive frequency se-
lection and intelligent power control, to improve commu-
nication efficiency in such constrained environments.

2.4. Underwater Quantum Communication

Underwater quantum communication is an inno-
vative idea that takes advantage of quantum mechan-
ics laws: superposition and entanglement to develop
basically secure communication. Compared to classi-
cal communication, quantum communication uses in-
dividual photons or a pair of entangled photons in or-
der to encode and transmit information; quantum com-
munication methods can be demonstrated to be secure,
whether as protocols such as Quantum Key Distribution
(QKD) %44 or other protocols.

Quantum communication in underwater scenarios
is mostly carried out through optical channels, especially
in the blue-green range, where the water has a relatively
low absorption. The practicality of quantum state trans-
mission and quantum key distribution in seawater has
been proven by experimental studies, making it possible
to have secure underwater communication networks 1,
Nevertheless, the underwater quantum channel is ex-
tremely complicated and poses a number of challenges.

The major constraint is due to the photon loss and

Quantum Key
Distribution

decoherence, which deteriorate the quantum state dur-
ing propagation. The scattering and absorption not only
cause areduction in signal intensity, but also cause a loss
of quantum coherence, which results in lower fidelity.
This action is highly relative to the environmental factors
like turbidity, salinity and temperature changes ¢ 6%,
This means that high-fidelity quantum communication
over long distances is a major challenge.

In terms of system, the noise of channel and quan-
tum fidelity can be used to define the performance of un-
derwater quantum communication, which dictates the
reliability of quantum information transfer. Also, quan-
tum systems are extremely vulnerable to alignment and
environmental perturbations, and thus they are hard to
deploy in dynamic underwater settings.

According to Figure 5, the underwater quantum
communication system is designed with three key partic-
ipants, which include: Alice (sender), Bob (receiver) and
Charlie (trusted relay). The underwater optical channel
conveys quantum signals, and the effects of the environ-
ment (attenuation, scattering, and noise) on the integrity
of quantum states are present. It uses quantum key
distribution protocols (QKD) and then a classical post-
processing such as information reconciliation, parame-
ter estimation and privacy amplification is performed to

provide security in the generation of keys.

" Trusted Channel

Mapping, Syndromes

Quantum Key
Distribution

Undecoded Frames

Machine Learning

Hash

Privacy Amplification

Send, Key Length
? i

Privacy Amplification

Figure 5. Architecture of underwater quantum key distribution (QKD) system illustrating entanglement-based communication
between Alice and Bob via a trusted relay (Charlie), including quantum transmission, classical post-processing, and machine

learning-assisted optimization.
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The main block emphasizes the importance of
a trusted channel, and the intermediate processing,
including syndrome mapping, hashing, and machine
learning-based optimization, is carried out to increase
the reliability of communication. With machine learn-
ing added, they can adaptively correct the channel im-
pairments and enhance efficiency in key generation in
changing underwater settings.

The latest study has been aimed at incorporating
the use of artificial intelligence (AI) in quantum commu-
nication systems. It is possible to estimate the adaptive
channel, realize the quantum error correction and opti-
mize the transmission parameters in real-time with in-
telligent models based on AI*% 7], Such strategies will
play an immense role in the strength of systems and
open new possibilities for smart underwater quantum
networks. In sum, underwater quantum communication
provides unprecedented security benefits, and its prac-
tical implementation needs to overcome large physical
It has resulted in the
advent of hybrid Al-quantum communication systems,

and environmental limitations.

which integrate the power of smart learning with quan-
tum technologies to obtain reliable and scalable under-
water communications systems.

2.5. Al-Driven Intelligent Communication
Systems

The growing complexity and dynamism of the un-
derwater setting have led to the need to incorporate
artificial intelligence (Al) in the communication sys-
tems. Underwater channels tend to be nonlinear, time-
changing, and stochastic and this is usually difficult to
model with the conventional model based techniques.
On the contrary, Al-based solutions offer information-
driven, dynamic, scalable solutions, which allow increas-
ing the reliability of communication, its efficiency, and
its strength significantly. Machine learning (ML), deep
learning (DL) and reinforcement learning (RL) are the
most frequently used Al methods in underwater commu-
nication solutions to estimate the channel, detect signals,
reduce noise, and optimize resources. Data-driven mod-
els can learn the complex nature of channels based on
the historical and real-time information, thus forecast-
ing the channel conditions with accuracy, and dynami-

cally changing and adjusting the transmission parame-
ters 27,29,

It is one of the most important Al applications
where deep neural networks are employed to model the
behaviour of underwater acoustic and optical channels,
which are nonlinear. These models have better perfor-
mance than the conventional estimation methods since
they are able to deal with the multipath effects, Doppler
shifts, and variability in the environment. Likewise, Al-
based denoisers have the potential to improve signal
quality, by effectively removing noise and interference.
Important is reinforcement learning in adaptive commu-
nication such that systems can dynamically optimise the
transmission power, modulation schemes and routing
decisions based on the changing environmental condi-
tions. It is especially needed in networks that are un-
derwater, where the channel conditions and topology
change with time.

The application of Al has new opportunities, such
as quantum state estimation, error mitigation and op-
timization, which can be achieved in the environment
of underwater quantum communication. The impact
of decoherence can be predicted and photon transmis-
sion plans and optimization of quantum key distribu-
tion (QKD) can be applied in practice in the noisy envi-
ronment with the assistance of machine learning algo-
rithms %471, This incorporation greatly boosts the vi-
ability of quantum communication in underwater envi-
ronments that are difficult to operate in. Moreover, with
the advent of edge Al and distributed learning systems,
including federated learning, real-time decisions can be
made at the underwater nodes, minimizing the latency
and communication overhead. Such strategies are espe-
cially useful with autonomous systems, like AUVs, and
sensor networks underwater.

Although these are the positive developments,
there are still a number of issues such as the fact that
the underwater datasets are not labeled, that underwa-
ter computing devices are computationally constrained,
and that explainable Al models are required in safety-
critical applications. The solution to these challenges
is necessary to develop the stable and scalable intelli-
gent underwater communication systems. All in all, Al-

based communication is a paradigm shift from model-
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based, non-adaptive systems towards adaptive, intelli-
gent systems, which could operate efficiently in highly
dynamic underwater settings. Combining Al and classi-
cal and quantum communication technologies opens the
future to intelligent marine communication networks of
the next generation.

Table 3 provides an overview of the emerging
technologies in underwater communication systems
and their applications, strengths, weaknesses, and tech-
nical aspects. It is quite clear that none of the technolo-
gies can meet all the communication needs since each
strategy has its own trade-offs in terms of range, data

rate, reliability, and security. The acoustic systems help
to communicate over long distances, but have low band-
width, as compared to optical systems that permit high-
speed.

In summary, the current underwater communica-
tion technologies acoustic, optical, RF, quantum and Al-
based systems have complementary advantages but are
limited by the basic trade-offs in terms of range, data
rate, reliability, and security. Although Al increases flex-
ibility and efficiency, the absence of standardized and
scalable frameworks portrays a significant gap in the

need for integrated, smart solutions.

Table 3. Comparative Overview of Emerging Technologies in Underwater Quantum Communication Systems.

Communication Type

Usage/Application

Advantages

Limitations

Technical
Characteristics

Hybrid Communication
Systems 13!

Integration of acoustic,
optical, and quantum
links

High flexibility,
adaptability, improved
coverage

System complexity,
high cost

Data rate: kbps-Gbps;
Range: m-km;
Multi-modal operation

Al-Driven
Communication
Systems [27-29]

Channel estimation,
optimization, adaptive
control

Real-time adaptation,
improved reliability,
intelligent
decision-making

High computational
cost, data
dependency

Performance depends on
model; supports
dynamic optimization

Underwater Optical
Communication
(uwoc) 571

High-speed short-range
data transfer

High data rates
(Mbps-Gbps), low
latency

Strong attenuation,
alignment
sensitivity

Range: 1-100 m;
Wavelength: 450-550
nm

Acoustic Communication
Systems [+ 31]

Long-range
communication, sensor
networks

Long transmission range,
robustness

Low bandwidth,
high latency,
multipath effects

Data rate: kbps; Range:
km; Frequency: kHz

Magnetic Induction/RF
Communication [%]

Short-range
communication, diver
systems

Stable in turbid
environments, less
scattering

Very limited range,
high attenuation

Range: a few meters;
Low-frequency
operation

Quantum
Communication Systems
(QKD) [14, 44]

Secure communication,
key distribution

Provable security,
quantum encryption

Decoherence,
photon loss, short
range

Photon-based; sensitive
to noise; limited distance

Al-Quantum Hybrid
Systems [40,47]

Intelligent quantum
communication
optimization

Enhanced fidelity,
adaptive error
correction, robust
performance

Early-stage research,
integration
complexity

Combines ML + quantum
models; dynamic
optimization

Marine [oT &
UWSNs [30,32]

Environmental
monitoring, distributed
sensing

Scalability, real-time
data collection

Energy constraints,
network instability

Multi-node systems;
dynamic topology

Edge Al in Underwater
Systems [24 36]

Real-time processing at
underwater nodes

Reduced latency,
efficient resource usage

Limited hardware
capability

On-device learning;
low-power Al models

3. Innovative Ideas and Proposals

The natural constraints of the current underwa-
ter communication systems, including extreme attenua-
tion and dynamic channel conditions, energy limitations,
and security risks, drive the need to come up with inte-

grated, intelligent, and adaptive communication systems.

Recent developments suggest a change of paradigm to-
wards hybrid designs that integrate multi-modal com-
munication, artificial intelligence (Al) and quantum tech-
nologies, allowing strong and scalable underwater net-
works 236471 The section introduces a series of novel
frameworks that counter these challenges using mathe-
matical modelling, intelligent optimization, and integra-
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tion at the system level, and are the basis of the forthcom-
ing underwater quantum communication systems of the

next generation.

3.1. Hybrid Multi-Modal Communication
Framework

One of the fundamental constraints of underwater
communication is the trade-off between the transmis-
sion range, data rate and reliability. Acoustic systems of-
fer long-range communication but have low bandwidth,
whereas optical systems have high data rates at short
ranges and quantum systems are secure communication
with strong physical limitations 37 141,

To tackle this, a hybrid multi-modelling model is
suggested, in which the various communication modes
are freely combined depending on environmental and
system circumstances.

Unified Capacity Formulation:

3
Ctotal = E w101
=1

where i € {acoustic, optical, quantum , }w; € [0, 1]

(2)

represents adaptive weights satisfying > w; = 1, dynami-
cally optimized based on channel state information. This
This formulation allows the system to allocate resour-
ces across modalities, ensuring optimal performance
under varying conditions.

Research Insight: Hybrid communication enables
context-aware adaptability, significantly improving
system robustness compared to single-modality sys-
tems [ 24,

3.2. Al-Driven Spatio-Temporal Channel

Modelling and Optimization

Underwater channels exhibit nonlinear, non-
stationary, and spatio-temporal characteristics, making
analytical modeling insufficient. Al-based models pro-
vide a powerful alternative by learning complex rela-
tionships directly from data 27301,

Spatio-Temporal Channel Model:

ﬁ(l‘,t) = f9 (Xe’rw; Xsignal) (3)

Where X.,,: environmental parameters (tempera-
ture, salinity, turbidity) and X;4n4:: signal features.

Joint Optimization Objective:

max E o+ SNR — 3+ BER — 7 - Eions] (4)

This multi-objective optimization balances signal
quality, reliability, and energy consumption.

Research Insight: Al enables predictive and adap-
tive communication, significantly improving perfor-

mance in dynamic underwater environments [2% 631,

3.3. Quantum-Al Hybrid Communication
Model

Quantum communication introduces information-
theoretic security, but its performance is highly sensitive
to environmental disturbances such as scattering and de-
coherence [*% ¢01  [ntegrating Al provides a mechanism
for adaptive error mitigation and system optimization.

Quantum Fidelity Representation:

F=@lpl) (5)
where p represents the received quantum state.
Al-Augmented Fidelity Enhancement:
Far=F+ GJV[L (Xnoisev Xchannel) (6)

where G, represents a learned correction function. Al
models can predict noise patterns and apply adaptive
quantum error correction, improving communication fi-
delity.

Research Insight: Al transforms quantum commu-
nication from a fragile system into a resilient framework,
enabling practical deployment in underwater environ-

ments 40471,

3.4. Energy-Aware Edge Intelligence for Un-
derwater Systems

Energy efficiency is a critical constraint in under-
water systems due to limited battery capacity and chal-
lenging recharging conditions. Edge Al enables localized
processing, reducing communication overhead and la-
tency [2% 361,

Energy Consumption Model:

Eiotar = Bz + Ecomp + Eigie + Ear (7)
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Energy-Constrained Optimization:

min Ejotq1 St QOS >, L < Lo

(8)

where L represents latency.
This framework ensures efficient resource utiliza-
tion while maintaining performance constraints.
Research Insight: Edge intelligence enables real-
time, energy-efficient communication, which is essential

for autonomous underwater systems.

3.5. Reinforcement Learning-Based Au-
tonomous Communication Strategy

Reinforcementlearning (RL) provides a framework
for decision-making under uncertainty, making it suit-
able for underwater environments characterized by dy-
namic conditions and incomplete information [2 631,

RL Optimization Model:

Q"(s,a) = E |r + ymax Q(s', @)

)

RL agents can learn optimal policies for:

. Dynamic routing;
. Power control;

. Spectrum allocation.

Policy Objective:

Energy Efficigncy

Security

Robustness

7% = argmax E (10)

>

Research Insight: RL enables self-adaptive and au-
tonomous communication systems, reducing reliance on

predefined models.

3.6. Comparative Performance Analysis of
Different Benchmarks Frameworks

The emergent underwater communication paradigms
must be thoroughly reviewed to be able to gain insight
into their relative strengths and weaknesses in various
performance aspects. Here, there is a comparative analy-
sis based on significant indicators, such as data rate, secur-
ity, adaptability, energy efficiency, and robustness, which
have a cumulative impact on the effectiveness of under-
water communication systems.

Figure 6 shows that classical communication sys-
tems have low performance in most of the metrics es-
pecially security and flexibility as they are based on the
static models and conventional methods of transmission.
By relying on Al-based communication systems, one can
see a great enhancement in flexibility, resilience and en-
ergy consumption due to the use of data-driven optimiza-

tion and intelligent decision-making processes 127 2%,

= Classical
Al-Based

—— Quantum

—— Al + Quantum

Data Rate

Figure 6. Comparison of the underwater communication infrastructures through radar to demonstrate the functionality of
classical, Al-based, quantum, and Al-quantum hybrid systems in critical parameters such as data rate, security, adaptability,

energy efficiency, and robustness.
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Instead, quantum communication systems have
better performance in security due to their quantum na-
ture, including entanglement and no-cloning. Neverthe-
less, their operation is limited by their sensitivity to envi-
ronmental noise and decoherence effects, limiting their
robustness and adaptability'**¢l, It is worth noting
that the Al-quantum hybrid framework has been found
to be consistently high-performance in all the dimen-
sions evaluated, with a balanced and increased cover-
age in the radar space. This shows that it can overcome
the shortcomings of the single systems by combining
intelligent learning with quantum communication con-
cepts. This hybrid solution increases the resilience of
the system, its adaptive nature and the security of the
information transfer, thus being a prospective technol-
ogy in the next generation underwater communication
networks 4% 471,

Overall, the suggested innovative models reveal a
definite shift from traditional, mono-modality commu-
nication systems towards hybrid, smart, and quantum-
enhanced ones. These methods efficiently tackle the
inherent issues of underwater conditions, such as
channel variability, noise, energy, and security con-
straints [2440.47] with the help of Al-driven optimization,
multi-modal communication, and quantum technologies.
The comparative analysis also indicates that Al-quantum
hybrid systems’ balance is more optimal on numerous
performance dimensions, which offer more adaptability,

strength and secure communication.

4. Research Challenges and Open
Issues

Despite the current underwater communication
technologies enjoying phenomenal growth and the de-
velopment of Al-quantum hybrid systems, there are still
several research issues and gaps that hinder the realiza-
tion of reliable, scalable, and secure underwater com-
munication systems. These problems are due to the in-
herent complexity of the interaction between physical,
computational, and system-level constraints, which re-
quire interdisciplinary solutions and new directions of

research.

4.1. Physical Limitations and Environmen-
tal Factors

The underwater environment is a heterogeneous,
dynamic and unpredictable environment and thus, un-
derwater communication is one of the most difficult
media of communication. Temperature, salinity, pres-
sure, turbidity and biological activity variations have a
great impact on signal propagation, which leads to at-
tenuation, scattering, and multipath effects!®>!. These
are both spatially and temporally varied and this im-
plies non-stationarity in the communication channel. In
acoustic systems, multipath propagation and Doppler
shifts of water motion affect the integrity of the signal
and optical and quantum systems are very sensitive to
absorption and scattering. These effects are further en-
hanced in quantum communication by decoherence and
loss of photons that have a direct effect on fidelity and
reliability of transmitted quantum states[*® ¢l The sig-
nificant weakness of existing methods is that they are
based on simplified or fixed model channels, which can-
not be used to reflect the variability of the real world
environment. Consequently, communication systems in
controlled simulations tend to work well but fail miser-
ably in actual ocean conditions.

Key Issue: Lack of robust, generalized channel mod-
els capable of handling real-world underwater variabil-

ity.

4.2. Energy Efficiency and Power Con-
straints

Underwater communication systems have ex-
tremely low power constraints, especially when used
in autonomous underwater vehicles (AUVs), sensor net-
works and distributed marine platforms. A small battery
capacity, and the challenge of recharging when underwa-
ter place a tight limit on the communications, computa-
tions, and sensing activities?*#3°], The combination of
Al and quantum communication also adds to the energy
needs, which are based on complexity of computation
and overhead of processing. Deep learning systems,
real-time optimization systems and quantum process-
ing units have extremely large computational require-
ments which may not be achievable by low-power un-
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derwater systems. In addition, even communication is
also a power-consuming process, especially in the case
of acoustic communication over a great distance. This
renders the performance of communication and energy
consumption a critical trade-off, but can be completely
addressed within existing systems.

Key Issue: Designing energy-aware and lightweight
communication frameworks that balance performance,
intelligence, and resource constraints.

4.3. Security and Data Integrity Concerns

One major issue with underwater communication
systems is security, especially when the system is de-
ployed in the military, critical infrastructure and envi-
ronmental surveillance. Classical communication sys-
tems are full of open and noisy channels that are vul-
nerable to eavesdropping, jamming and data corrup-
tion. Although quantum communication provides the-
oretically inseparable security, the problems of noise
in the environment, imperfections of hardware and the
short range of transmission are typically the problems

with its application in the real world [ 4],

Quantum
systems are highly susceptible to noise and any environ-
mental change, even the slightest, can lead to high er-
ror rates and loss of reliability. Additionally, classical-
quantum communication hybrids are also more compli-
cated, and they need to be safely embedded on a vari-
ety of levels. The current literature lacks comprehensive
schemes that can ensure end-to-end safety of the hetero-
geneous underwater networks.

Key Issue: Bridging the gap between theoretical
quantum security and practical, real-world deployment

in dynamic underwater environments.

4.4. Scalability and Interoperability of Net-
works

Underwater communication systems are likely to
be in the future a combination of large-scale and het-
erogeneous networks of sensors, AUVs, surface stations
and satellite links. Nonetheless, the current systems do
not have standard architectures and protocols, which re-
strict their scalability and interoperability 332, Con-

current existence of several communication modalities,

namely, acoustic, optical, RF, and quantum, creates a
very serious issue with network design. Each of the
modalities has its own physical principles, data rates and
range of communication and thus it is not easy to in-
tegrate them seamlessly. Moreover, changing network
topologies, mobile nodes and intermittent connectivity
make coordination and resource allocation difficult. Ex-
isting methods have a tendency to be fragmented instead
of integrated systems that can operate multi-modal com-
munication systems.

Key Issue: Developing scalable, interoperable, and
unified network architectures for heterogeneous under-

water communication systems.

4.5. Future Directions and Emerging Tech-
nologies

One way forward in future studies is to incorporate
climate intelligence in underwater communication. The
communication channels are directly affected by ocean
processes (e.g., variations in sea surface temperature,
ocean currents, salinity gradients, and climate phenom-
ena, e.g.,, ENSO), although they are underused in existing
system designs. With the inclusion of the climate vari-
ables in the communication models, it is now possible
to create environment-aware and predictive communica-
tion systems. As an illustration, optical attenuation can
be predicted by SST anomalies and turbidity, whereas
underwater adaptive routing can be informed by ocean
current data.

Artificial intelligence is vital in facilitating such in-
tegration by acquiring intricate connections among en-
vironmental circumstances and performance through
communication. Models based on data can integrate
data from satellite observations, oceanographic sensors
and communications to facilitate real-time adaptation
and optimization.

Key future directions include:

. Climate-aware channel prediction models that in-
corporate oceanographic data;

. Digital twins of underwater communication sys-
tems, enabling simulation and optimization under
varying environmental conditions;

. Al-quantum co-design frameworks for adaptive
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and secure communication;

. Federated learning across distributed marine
nodes for collaborative intelligence;

. Self-organizing underwater networks capable of
autonomous decision-making.

This convergence of Al, quantum communication,
and climate science represents a paradigm shift toward
intelligent, adaptive, and resilient underwater communi-
cation systems.

Key Opportunity: Leveraging climate-driven intelli-
gence to transform underwater communication from re-
active systems into predictive and adaptive networks.

5. Discussion

The overall discussion in this paper highlights
a shift in the field of underwater communication
research—no longer modality-specific systems but in-
tegrated, intelligent, and adaptive communication sys-
tems. Comparative analysis of the acoustic, optical, RE,
and quantum communication technologies has shown
that they are all inherently limited by the inherent trade-
offs in range, data rate, robustness and security. Al-
though acoustic systems are still necessary in long-range
communication, their low bandwidth and latency per-
formance limits the area of their applicability in high-
data-rate communication needs. On the other hand, opti-
cal systems allow very high-speed communication; how-
ever, absorption and scattering effects greatly influence
the operation of this system. The concept of quantum
communication opens up a completely new aspect of
information-theoretic security, but it is highly sensitive
to environmental perturbations, making it extremely dif-
ficult to implement in practice.

One of the most important lessons that could be
learnt from this study is that no specific communica-
tion technology can meet the various and evolving needs
of underwater environments alone. This has seen the
growing use of hybrid communication structures where
different modalities are used together to take advantage
of their complementary benefits. Their success, how-
ever, lies in the fact that the success of such systems
is based on their capacity to be modified to the swiftly
changing environmental conditions.

In this aspect, Al has been a crucial facilitator, pro-
viding information-driven solutions for channel estima-
tion, noise reduction, resource distribution, and opti-
mization of the system. What has been found is that Al-
based models are more effective compared to traditional
analytical models, particularly in terms of nonlinear and
stochastic dynamics of underwater channels. Moreover,
Al can be applied together with quantum communica-
tion, which brings a new paradigm where smart algo-
rithms can improve the robustness of quantum systems
via adaptive error correction, noise prediction, and fi-
delity optimization.

The other significant dimension that has been high-
lighted in this work is the input that the environmental
and climate variability make towards the development
of underwater communication performance. The nature
of signal propagation is directly related to oceanographic
processes, such as sea surface temperature, salinity gra-
dients and ocean currents. Nonetheless, these variables
are critical and are likely to be ignored in the existing
models of communication. One of the trends that has po-
tential to develop predictive and adaptive models capa-
ble of responding to changes on the spot, as well as in-
tegrating climate-conscious intelligence in communica-
tion systems.

At the system-level, various challenges are still crit-
ical, such as energy constraints, scalability, the absence
of standardized architectures, and the absence of real-
world data. Such issues explain why the interdisci-
plinary research activities that entail the combination of
communication engineering, artificial intelligence, quan-
tum physics, and oceanography are important.

In general, the main discussions are that underwa-
ter communication is the future convergence of hybrid
communication technology, Al-driven intelligence, quan-
tum security, and climate-conscious models. Such an all-
encompassing solution can overcome the limits of the ex-
isting systems and enable the development of the new
generation of smart marine communication networks.

6. Conclusion

In this paper, underwater communication systems
have been thoroughly reviewed and analysed with a per-
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spective into the future, especially the incorporation of
artificial intelligence and quantum communication tech-
nologies. The paper has critically examined the exist-
ing communication paradigms, which include acoustic,
optical, RF and quantum systems, their strengths, their
limitations and how they can be applicable in different
circumstances underwater. The results indicate that al-
though a great deal has been achieved, existing systems
still face the limitations in environmental variability, a
lack of energy sources, challenges in scaling, and secu-
rity issues. In particular, the dynamic and unpredictable
nature of underwater environments continues to pose a
major barrier to reliable and high-performance commu-
nication.

In order to overcome these difficulties, this article
has discussed new frameworks integrating multi-modal
communication, Al-based optimization, and quantum
technologies and how they can help improve the per-
formance, flexibility, and security of the systems. In-
telligent decision-making and real-time adaptation are
made possible by the incorporation of Al, and quantum
communication results in secure information exchange.
In addition, intelligent climate-conscious design could
also be seen as the next level of intelligent communica-
tion system design with the potential of predicting and
optimizing the system in an ecologically conscious man-
ner. Various open research directions are also identi-
fied in the study, such as designing energy efficient archi-
tectures, scalable network models, integrated communi-
cation models and experimental validation in the real
world. These issues will be fundamental in implement-
ing the theoretical developments into operational, imple-
mentable systems.

To sum up, Al + quantum communication + climate-
conscious models can be viewed as the paradigm shift
in the field of underwater communications. All of these
technologies allow designing intelligent, dynamic and
safe communication systems, which would be capable of
functioning in highly dynamic and uncertain conditions
on the sea.

“The key to the future of underwater com-
munication is systems which, in addition
to transferring data, also sense, learn and
adapt to the ocean—becoming intelligent ex-

tensions of the marine ecosystem itself.”
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