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ABSTRACT Semantic communications prioritize transmitting meaningful information over raw data in
communication systems. However, these systems face significant optimization challenges, particularly
concerning resource efficiency and fidelity due to the costly and delicate nature of photonic resources.
Quantum computing offers promising solutions to these challenges through its unique capabilities, such
as superposition and entanglement, within high-dimensional Hilbert spaces. This survey reviews the
integration of quantum computing into semantic communications, tracing developments from foundational
concepts to current advancements. It explores how quantum embeddings and machine learning techniques
enhance semantic representation and transmission, enabling the encoding and processing of only relevant
information. This approach addresses issues of polysemy and contextual variations in large datasets more
effectively than classical methods. Key topics include the utilization of quantum probability and cognition
in semantic analysis, optimization of quantum protocols for faster information retrieval, and the role of
variational quantum circuits in improving computation latency, communication bandwidth, data privacy, and
transmission delays. It also examines the implications for future communication systems like next-generation
networks. It highlights the shift towards intelligent computing-intensive architectures and the support for
advanced applications such as extended reality and holographic communications. Potential pathways are
identified to achieve more efficient, secure, and intelligent data transmission, aiming to provide researchers
and practitioners with a thorough understanding of this emerging field, outlining open research challenges
and future directions to inspire further exploration and innovation.

INDEX TERMS Quantum semantic communications, quantum machine learning (QML), natural language
processing, federated learning, hybrid quantum—classical systems, quantum simulation, semantic web,
blockchain integration.

I. INTRODUCTION
The rapid evolution of communication systems is steering
towards networks prioritizing the transmission of meaningful
The associate editor coordinating the review of this manuscript and information rather than vast amounts of data. Semantic
approving it for publication was Mohammad J. Abdel-Rahman . communications have emerged as a promising paradigm
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in this context, aiming to convey the intended meaning of
messages by focusing on the significance and context of
the transmitted data. These systems can enhance efficiency
and reduce resource consumption in data transmission tasks
by interpreting and transmitting only the most relevant
information.

Implementing semantic communications at scale presents
significant optimization challenges since traditional commu-
nication systems are designed to transmit data bits without
considering the underlying meaning, leading to bandwidth
utilization and resource allocation inefficiencies. In contrast,
semantic communication systems must effectively extract,
represent, and transmit important information, which requires
advanced data processing and optimization techniques.

One of the critical challenges is the optimal allocation of
limited resources such as bandwidth, power, and computa-
tional capacity to maximize the transmission of meaningful
information. It needs the development of advanced mathe-
matical models and optimization frameworks that account for
the semantic aspects of communication.

Quantum computing offers transformative solutions to
these challenges through its inherent capabilities in handling
complex computations and processing large amounts of data
more efficiently than classical computing. Principles such
as superposition and entanglement allow quantum systems
to exist in multiple states simultaneously [1], enabling
parallel processing on an unprecedented scale. By leveraging
high-dimensional Hilbert spaces [2], it can represent and
manipulate data in ways that are impossible with classical
systems.

Feature maps enable encoding classical data into quantum
states within high-dimensional Hilbert spaces, capturing
intricate patterns and relationships inherent in the data. These
quantum states can represent complex semantic concepts,
and correlations between semantic units can be effec-
tively modelled through entanglement. Algorithms like the
Quantum Approximate Optimization Algorithm (QAOA) [3]
facilitate reformulating optimization problems. By mapping
cost functions to Hamiltonian operators acting on quantum
states, it is possible to find optimal solutions that minimize
resource usage while maximizing the transmission of mean-
ingful information. Quantum Principal Component Analysis
(QPCA) can be employed for dimensionality reduction,
enhancing communication efficiency by identifying the most
significant semantic features [4].

Moreover, integrating quantum computing into semantic
communications addresses resource optimization challenges
by reducing reliance on classical computational resources.
By transmitting only the essential information encoded in
high-dimensional quantum states, it can enhance resource
efficiency significantly while maintaining or improving
fidelity.

Future communication systems like 6G and beyond should
shift towards intelligent, computing-intensive architectures.
In this context, the Quantum-enhanced Semantic Com-
munication (QeSC) framework can play a crucial role
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by enabling the efficient and accurate transmission of
semantic information. These frameworks support advanced
applications like eXtended Reality (XR) and holographic
communications [5], [6], which require high data rates and
low latency by optimizing how information is processed and
transmitted.

Therefore, this survey aims to provide a comprehensive
overview of integrating quantum computing into seman-
tic communications, focusing on overcoming optimization
challenges through high-dimensional Hilbert spaces. It also
explores foundational concepts of quantum computing rele-
vant to semantic communications, including quantum state
representation of information, quantum similarity measures,
and quantum optimization algorithms. It examines how these
quantum methods enhance the efficiency and fidelity of
semantic information transmission and delves into specific
optimization challenges faced in current semantic communi-
cation networks. It also seeks to provide valuable insights for
researchers and practitioners interested in this emerging field
by analyzing recent research developments and highlighting
practical implementations.

A. RELATED WORKS & MOTIVATION

QeSC is an emerging field that seeks to enhance data pro-
cessing and transmission efficiency by leveraging quantum
mechanics [7]. Previous studies have explored quantum algo-
rithms for semantic analysis, Quantum Machine Learning
(QML) models for linguistic studies, and quantum-based
frameworks for multilingual analysis [8]. These works
have demonstrated the potential of quantum computing to
handle complex optimization problems in Natural Language
Processing (NLP) and semantic analysis [9], [10]. However,
they often face limitations such as resource optimization chal-
lenges, difficulty handling complex semantic relationships,
and scalability issues with current quantum hardware.

1) MOTIVATION

Recent advances in semantic communications have sig-
nificantly improved efficiency in natural language under-
standing, multimedia transmission, and context-aware data
exchange. However, conventional approaches remain con-
strained by classical computational limits, particularly when
dealing with high-dimensional semantic features, dynamic
contexts, and multilingual datasets at scale. These challenges
manifest in increased latency, reduced accuracy under noisy
conditions, and limited adaptability to rapidly evolving data
structures.

Quantum computing offers an opportunity to overcome
these barriers by enabling more efficient semantic encoding,
faster optimization, and enhanced robustness against noise.
Despite the growing body of research in QeSC, the analysis
reveals that the field lacks a consolidated and comparative
survey that both synthesizes existing methods and critically
evaluates their limitations in terms of scalability, optimization
performance, and real-world applicability.
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FIGURE 1. QeSC Framework.

This survey is therefore timely in (i) systematically map-
ping the state-of-the-art in QeSC, (ii) identifying persistent
bottlenecks in algorithm design, hardware integration, and
semantic efficiency, and (iii) highlighting research directions
that align quantum advantage with practical deployment.
By bridging the gap between emerging quantum capabilities
and semantic communication requirements, the research
work aims to guide future developments toward robust,
scalable, and application-driven QeSC frameworks.

Figure 3 illustrates an end-to-end architecture of a
QeSC framework. The raw data are initially encoded into
multi-dimensional qubit systems, enabling more expressive
and efficient representations of semantic content. Following
quantum embedding, a clustering module identifies the data’s
most relevant features and structures, producing higher-level
quantum states that reflect the intrinsic correlations within
the semantic information. These states are transmitted over a
covert quantum channel using entangled qubits, accompanied
by error-correcting measures to protect against noise and
adversarial interference.

Upon arrival at the receiver, the transmitted quantum
states undergo circuit mapping, ensuring the embedded
semantic structures align with the available quantum hard-
ware resources. A measurement phase then extracts the
semantic information, which is subsequently processed by
machine learning techniques to interpret or classify the
data. Throughout this workflow, algorithms like the QAOA
optimize resource usage, while quantum-based similarity
search and dimensionality-reduction techniques, such as the
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quantum circuits for Fast Fourier Transform (FFT) and
QPCA, further refine the semantic representation [11].
Figure 2 presents how conventional networks and the
proposed QeSC approach handle information. On the left,
classical communication is shown as a cycle built around
exact data reproduction, which focuses on sending raw
bits without considering their actual context or meaning.
It can lead to higher bandwidth needs, latency issues
when managing large data flows, and an emphasis on bit—
for-bit duplication instead of extracting the most relevant
content. QeSC appears more intelligent and context—-aware
on the right-hand side, supported by quantum computing and
semantic processing. Rather than simply relaying data, this
method selects the most significant information that carries
meaning and transmits it using high—dimensional represen-
tations. Integrating quantum techniques enables advanced
features like entanglement—based security and quantum
error correction, offering heightened data protection. The
entire system also prioritizes resource efficiency through
optimization algorithms, effectively reducing overhead while
aiming for faster, more accurate communication. It highlights
the shift from a traditional, bandwidth—heavy communication
model to a modern, semantic—driven approach that leverages
quantum capabilities. In practical terms, it means that future
networks can focus on sending information that truly matters
while ensuring stronger security and efficient resource use.

B. CONTRIBUTION
This manuscript provides a review of QeSC, systematically
analyzing recent advancements, methodologies, and appli-
cation domains. Specifically, it (i) identifies and categorize
key approaches in QeSC, including QML, quantum-enhanced
semantic web technologies, and privacy-preserving quantum
protocols; (ii) compile and compare related works in two
dedicated tables that summarize contributions, limitations,
scalability, and performance; (iii) highlight trade-offs and
costs associated with performance improvements, providing
guidance for real-world applicability and (iv) discuss emerg-
ing trends, open challenges, and future research directions to
accelerate progress in the field.

The remainder of this paper is structured as fol-
lows. Section II presents a review of the state-of-the-
art in QeSC, identifying key limitations and outlining
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ambitions for substantial progress beyond current advances.
Section III synthesizes the literature findings, distilling
emerging trends, research gaps, and cross-domain oppor-
tunities. Section IV introduces the mathematical founda-
tion of high-dimensional Hilbert spaces and their role in
enabling efficient semantic representation and optimiza-
tion. Section V details semantic-aware resource allocation
strategies, integrating semantic rate, energy efficiency, and
importance-based prioritization. Section VI discusses quan-
tum error correction techniques and security mechanisms
tailored for preserving semantic fidelity against noise and
quantum adversaries. Section VII outlines the proposed
quantum-enhanced Al orchestration framework, incorpo-
rating hybrid quantum-—classical optimization, FL, and
quantum-resistant security protocols. Section VIII addresses
practical implementation considerations, offering a roadmap
for real-world deployments and integration with existing
infrastructures. Finally, Section IX summarizes the main
contributions, highlights open challenges, and proposes
future research directions for developing robust, scalable, and
ethically aligned QeSC systems.

Il. STATE-OF-THE-ART REVIEW, LIMITATIONS, AND
AMBITIONS FOR SIGNIFICANT PROGRESS BEYOND
CURRENT ADVANCES
A. ADVANCEMENTS IN QUANTUM ALGORITHMS FOR
SEMANTIC PARSING AND THE EMERGING FRONTIER IN
MULTIMEDIA COMMUNICATION
Quantum computation, leveraging quantum mechanics prin-
ciples, promises faster computations than classical computers
for specific problems. Finding a method for implementing
universal quantum computation within the quantum anneal-
ing framework compatible with D-Wave devices and bridging
the gap between gate-based and annealing approaches is
essential for scalable quantum computing [75]. The quest for
quantum advantage, where quantum computers outperform
classical ones on specific tasks, has made significant strides
with Noisy Intermediate-Scale Quantum (NISQ) computing,
achieving milestones like quantum supremacy and advanc-
ing quantum hardware, as reviewed in examinations of
supremacy experiments and cutting-edge applied quantum
computing research [68]. Specifically, these quantum tech-
niques utilize quantum superposition and entanglement in
semantic parsing to process large volumes of textual data
with increased speed and accuracy. Quantum Support Vector
Machines (QSVM) and Quantum Neural Networks (QNN)
are at the forefront, enhancing the precision and performance
of semantic parsing. An Amplitude Estimation-based QSVM
(AE-QSVM) eliminates repetitive processes, reduces quan-
tum resource usage, and achieves high classification accuracy
with fewer qubits, as demonstrated by experiments on IBM’s
quantum computer [76].

Multimedia communication, which integrates multimodal
services like virtual reality, augmented reality, haptic feed-
back, and olfactory interfaces, is evolving rapidly. Current
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methodologies rely heavily on classical machine learning
models for encoding, transmitting, and personalizing content.
These methods, however, are constrained by bandwidth
efficiency, latency, and the immersive quality of user
experiences. Classical algorithms struggle to manage the
massive data generated by multimodal interactions, result-
ing in suboptimal performance [77]. Although substantial
progress has been made, integrating quantum computing with
multimedia communication remains unexplored, indicating a
crucial gap in technological advancements [78].

Tables 1 and 2 together compile a range of studies that
collectively illustrate the growing focus on quantum-based
techniques for semantic communications. Table 1 outlines the
topics and key contributions of each work, spanning quantum
algorithms for advanced classification tasks, frameworks
that leverage qubits for multilingual analysis, and secure
information retrieval protocols. Table 2 complements this
by critically assessing limitations, scalability potential, and
optimization performance. While many of these efforts
demonstrate promising results, such as enhanced accuracy
in natural language understanding or improvements in data
security, they are often constrained by the early stage of
quantum computing hardware and the limited scalability of
current quantum platforms. These limitations become partic-
ularly evident in practical contexts like large-scale datasets,
where the high overhead of quantum operations and the
need for specialized expertise can slow real-world adoption.
Even so, the broad spectrum of applications, including legal
text analysis, sentiment evaluation, and quantum-anonymized
data retrieval, underscores the interdisciplinary nature of
QeSC and its potential to reshape how complex data can
be handled. Reviewing these approaches and acknowledging
their constraints highlights the significant opportunities for
refining quantum algorithms, enhancing hardware reliability,
and developing frameworks that integrate semantic efficiency
with system-wide resource optimization.

IDENTIFIED LIMITATIONS AND STRATEGIES TO SURPASS THE
STATE-OF-THE-ART
While existing quantum computation methods have achieved
notable advancements, a critical gap exists in effectively
integrating quantum annealing with gate-based quantum
computing, particularly for scalable solutions compatible
with devices like D-Wave. Addressing this involves develop-
ing quantum algorithms that bridge this gap to achieve faster
and more precise semantic parsing. Although QSVM and
QNN have shown promise in enhancing semantic parsing,
current implementations, such as those using Amplitude
Estimation-based QSVM, require further refinement to mini-
mize resource usage while maintaining accuracy. Advancing
these models’ capabilities allows for more efficient process-
ing of large linguistic datasets and improves classification
accuracy with fewer qubits.

Traditional multimedia communication methods, reliant
on classical machine learning models, face significant
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TABLE 1.

Descriptive Summary of Related Works in QeSC.

Related Works

Topic

Key Contributions

Lu et al. [17], Acam-
pora et al. [3], Andreou
et al. [7], Raymond et
al. [75], Huang et al. [80]

Quantum Algorithms for
Semantic Analysis

Introduced Quantum Multiclass SVM using quantum annealing for multiclass
classification; Demonstrated feasibility and efficiency in NLP.

Widdows et al. [18],
Chopra et al. [15], Vagi
et al. [82]

Quantum NLP Methods

Quantum circuits for topic classification; Qubits for representing word-topic
weights with entangling gates.

Neumann et al. [19],
Fankhauser et al. [79],
Viagi et al. [82]

Gate-based Quantum
Computing for Semantic
Analysis

Compared annealing-based and gate-based quantum methods; Potential appli-
cations in semantic analysis.

Yaochen Liu et al. [20]

Quantum Probability and

Overview of quantum probability models in cognitive science; Superiority over

Cognition in Sentiment | classical models in sentiment analysis.
Analysis
Peral-Garcia et al. [21], | QML Models Systematic review of QML algorithms; Image classification and linguistic

Khurana et al. [13],
Shyambabu et al. [22],
Ansere et al. [97]

applications.

Pandey et al. [22], Breit
et al. [103], Cherbal et
al. [114]

QML for NLP Applica-
tions

Discussed QML for NLP; Innovative models for language processing tasks.

Innan et al. [23], Delilba-
sic etal. [17]

Quantum Variational Ker-
nel SVM

Proposed QVK-SVM combining quantum kernel and variational algorithms;
Improved accuracy over existing models.

Fugikawa et al. [24],

Vagi et al. [82]

Quantum Methods for An-
alyzing Semantic Change

Employed quantum algorithms to detect semantic shifts in legal and historical
texts; Improved anomaly detection.

Widdows et al. [25]

Quantum NLP

Quantum language processing; Novel quantum approach to text encoding.

Yang et al. [26], Hasan
et al. [109], Alhayani et
al. [113]

Optimizing Quantum Pro-
tocols for Information Re-
trieval

Improved Quantum Anonymous Private Information Retrieval protocols; En-
hanced robustness and security in noisy environments.

Khan et al. [27]

Quantum Anonymous Pri-
vate Information Retrieval

Developed QAPIR for distributed networks; addressed privacy and security
concerns.

Touré et al. [28]

Impact of Quantum Com-
puting on Semantic Web

Discussed FAIRification of health data using semantic web technologies; Im-
plications for data processing.

Shkembi et al. [29], Semantic Web and | Surveyed convergence of semantic web and blockchain; discussed trust in
Touré et al. [28], | Blockchain Technologies ‘Web3.

Shkembi et al. [29],

Breit et al. [103]

Nguyen et al. [38], | Educational Tools for | Developed simulation toolkit “iQuantum” for modeling hybrid quantum com-
Andreou et al. [7], | Quantum Semantic | puting environments; aids in education and research.

Fugikawa et al. [24] Analysis

Pal et al. [39]

Quantum Computing in
Biological Sciences

Reviewed recent advancements in quantum computing and simulation within
biological sciences.

Buonaiuto et al. [40],
Fugikawa et al. [24],
Goranowski et al. [41]

Evaluating Ethical Impli-
cations of Quantum Lin-
guistics

Explored efficacy of hybrid quantum-classical classifiers in NLP; discussed
potential quantum advantage in NLP tasks.

Goranowski [41],
Buonaiuto et al. [40],
Fugikawa et al. [24]

Quantum Linguistics on
Literary Criticism

Quantum physics concepts in literary analysis; Multidisciplinary approach to
understanding literature.

Pirjan and Petroganu [72]

Software Tools for Quan-
tum Computing

Provided overview of quantum computing software tools; Necessity for spe-
cialized software.

Sood and Chauhan [73]

Commercializing
Quantum-Enhanced
Semantic Technologies

Systematic analysis of quantum computing progress and challenges; Implica-
tions for information management.

Khalid et al. [74],
AbuGhanem et al. [68]

Quantum Network Engi-
neering in the NISQ Age

Challenges and progress towards a global quantum internet; Potential applica-
tions.

limitations in bandwidth efficiency, latency, and the quality
of user experiences, especially in VR, AR, haptic feed-
back, and olfactory interfaces. These classical algorithms
are inadequate for managing the vast data generated by
multimodal interactions, leading to suboptimal performance.
Integrating quantum computing with multimedia commu-
nication could overcome these challenges by optimizing
encoding, transmission, and personalization processes to
enhance the immersive experience. The current state of
multimedia communication struggles with bandwidth and
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latency issues, which hinder the delivery of truly immersive
and responsive user experiences. Developing scalable QeSC
frameworks can significantly improve bandwidth efficiency
and reduce latency. Despite progress in quantum computing,
there is still a need for communication frameworks that
can integrate smoothly with existing technologies. Creating
QeSC systems that are backwards-compatible and capable of
setting new standards in semantic analysis and multimedia
communication can pave the way for future advancements
that surpass classical methods.

VOLUME 13, 2025



A. Andreou et al.: Quantum Computing in Semantic Communications: Overcoming Optimization Challenges

IEEE Access

TABLE 2. Critical Evaluation of Related Works.

Related Works Limitations Scalability Potential Optimization
Performance
Lu et al. [17], Acam- | Limited by current quantum annealing hardware; | Medium, constrained by | Moderate, shows

pora et al. [3], Andreou
et al. [7], Raymond et
al. [75], Huang et al. [80]

scalability to large datasets not fully addressed.

NISQ-era limitations.

efficiency in NLP tasks.

Widdows et al. [18],
Chopra et al. [15], Vagi
et al. [82]

Experiments on small datasets; practical imple-
mentation challenges with larger, real-world data.

Low, requires high qubit
counts and advanced error
correction.

High, strong semantic ac-
curacy for small datasets.

Neumann et al. [19],
Fankhauser et al. [79],
Vagi et al. [82]

Early-stage research; practical applications in se-
mantic analysis yet to be fully realized.

Medium, potential once
fault-tolerant quantum
devices emerge.

Moderate, comparable to
classical baselines in cur-
rent form.

Yaochen Liu et al. [20]

Theoretical focus; requires empirical validation
in real-world sentiment analysis tasks.

High, adaptable to diverse
NLP and sentiment analy-
sis tasks.

Low, limited experimental
evidence.

Peral-Garcia et al. [21],
Khurana et al. [13],
Shyambabu et al. [22],
Ansere et al. [97]

Mostly theoretical; actual performance on lin-
guistic tasks needs further empirical validation.

Medium, algorithms are
generalizable to multiple
domains.

Moderate, promising for
hybrid implementations.

Pandey et al. [22], Breit
et al. [103], Cherbal et
al. [114]

Requires advanced quantum hardware; practical
applications limited by current technology.

Low, dependent on
quantum processor
advancements.

Moderate, scalable NLP
pipelines possible with fu-
ture hardware.

Innan et al. [23], Delilba-
sic et al. [17]

May face challenges with noise and error rates in
quantum systems.

Medium, feasible within
hybrid quantum-classical
frameworks.

High, improved accuracy
over existing models.

Fugikawa et al.
Viégi et al. [82]

[24],

Complex implementation; requires significant
computational resources and quantum expertise.

Low, constrained by spe-
cialized hardware needs.

High, effective for
anomaly detection tasks.

Widdows et al. [25]

Theoretical; practical applications require further
development.

Low, limited current appli-
cability.

Low, minimal
performance validation.

Yang et al. [26], Hasan
et al. [109], Alhayani et
al. [113]

Implementation challenges with current technol-
ogy; practical adoption requires further develop-
ment.

Medium, potential
once quantum network
protocols mature.

High, improved robustness
and security in retrieval
tasks.

Khan et al. [27]

Dependent on advanced quantum communication
infrastructure.

Low, requires large-scale
quantum networking.

Moderate, strong privacy
preservation in tested sce-
narios.

Touré et al. [28]

Theoretical framework; practical applications
and experiments are needed.

Medium, adaptable to di-
verse semantic web con-
texts.

Low, untested in real-
world environments.

Shkembi et al. [29], | Focus on blockchain integration; quantum com- | Low, early in integration | Low, minimal optimiza-
Touré et al. [28], | puting aspects require further exploration. with quantum systems. tion benchmarks available.
Shkembi et al. [29],

Breit et al. [103]

Nguyen et al. [38], Simulation limitations; may not capture all nu- | Medium, scalable to edu- | Moderate, effective for

Andreou et al. [7],
Fugikawa et al. [24]

ances of actual quantum hardware performance.

cational and research con-
texts.

training and prototyping.

Pal et al. [39]

Focused on biology; direct applications to com-
putational linguistics are indirect.

Low, domain-specific rele-
vance.

Low, no  measurable
performance metrics for
QeSC.

Buonaiuto et al. [40],
Fugikawa et al. [24],
Goranowski et al. [41]

Dependent on advances in quantum hardware;
current capabilities may limit performance.

Medium, feasible with

next-gen hardware.

Moderate, hybrid classi-
fiers show potential bene-
fits.

Goranowski [41],
Buonaiuto et al. [40],
Fugikawa et al. [24]

Theoretical; practical applications in computa-
tional linguistics need further exploration.

Low, requires additional
empirical research.

Low, lacks optimization
metrics.

B. ADVANCEMENTS AND CHALLENGES IN QUANTUM
COMPUTING ARCHITECTURES FOR SECURE DATA
ANALYSIS AND ENCRYPTION

Quantum computing harnesses quantum mechanics to offer
significant advancements over classical systems, particu-
larly in secure data analysis and encryption. Two key
architectures, gate-based quantum computers and quantum
annealers, each have strengths in different tasks [79],
[80]. While gate-based systems can perform a broad range
of computations, scalability issues persist [81]. Quantum
annealers are better suited for optimization but have limited

VOLUME 13, 2025

computational capabilities [82]. Additionally, traditional
cryptographic methods are becoming inadequate in the face
of emerging quantum threats, necessitating the development
of quantum-resistant encryption protocols such as those
proposed by the National Institute of Standards and Technol-
ogy (NIST) [83]. Existing approaches to securing semantic
web transactions lack the robustness to withstand quantum
attacks [29]. Emerging security concerns in the post-quantum
era focus on implementation attacks on the 2022 NIST
Post-Quantum Cryptography (PQC) competition winners and
their implications for future standards in the Metaverse, Web
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3.0, and embedded systems. The vulnerabilities of PQC
algorithms to Side-Channel Attacks (SCA) highlight the need
for secure algorithms against both classical and quantum
computers [84]. Advancing quantum-enhanced methods is
thus crucial for future data security and analytical accuracy.

IDENTIFIED LIMITATIONS AND STRATEGIES TO SURPASS THE
STATE-OF-THE-ART
Current quantum technologies face limitations in scalability
and computational scope. Developing advanced quantum
algorithms tailored for efficient semantic analysis in mobile
and IoT networks, such as QPCA and Grover’s algorithm,
can address these limitations. Optimizing these algorithms to
handle large, complex datasets enhances accuracy and speed
over classical systems. Classical techniques often fall short
in identifying semantic shifts in dynamic, distributed mobile
and IoT networks. Leveraging quantum-enhanced analysis
can improve the detection and interpretation of semantic
changes, ensuring more accurate real-time communication
and intelligent resource management in mobile environments.
With traditional cryptographic methods at risk from
quantum attacks, there is a focus on developing robust
encryption protocols resistant to classical and quantum
threats. Integrating advanced quantum search algorithms into
these protocols, designed to be scalable for secure commu-
nication within distributed networks like IoT, is essential.
Existing standards for safe communication in emerging
technologies like Metaverse and Web 3.0 are inadequate
against quantum vulnerabilities. Addressing this requires
testing and establishing secure communication protocols for
real-world post-quantum environments, ensuring protection
against classical and quantum attacks and setting benchmarks
for future secure systems.

C. ADVANCEMENTS IN ORCHESTRATION FRAMEWORKS
AND FEDERATED LEARNING FOR QESC

The current state of QeSC is marked by significant advance-
ments in quantum computing, particularly in developing
sophisticated orchestration tools and implementing Federated
Learning (FL) for decentralized training and real-time
updates [85], [86], [87], [88]. QeSC models are managed
through advanced orchestration frameworks covering the
entire lifecycle from deployment to monitoring and optimiza-
tion. Quantum Function-as-a-Service (QFaaS) is a framework
that aims to advance practical quantum computing in the
NISQ era by leveraging serverless models, DevOps lifecycle,
and hybrid quantum-classical computation to streamline
service-oriented quantum application development, integrat-
ing multiple quantum software development kits and cloud
providers [89]. Quantum Computing as a Service (QCaaS)
integrates service computing and quantum software engineer-
ing through a pay-per-shot model, enabling developers to
build and utilize quantum software services efficiently [90].
These frameworks employ modular architectures using
microservices, providing flexibility and scalability. Key
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features such as automated deployment, version control, real-
time monitoring, and continuous learning mechanisms have
been integrated to enhance the performance and efficiency of
these models [91]. Secure data sharing through FL enables
efficient real-time updates across distributed quantum nodes,
significantly improving the scalability and processing capa-
bilities of quantum-computing ecosystems [92].

IDENTIFIED LIMITATIONS AND STRATEGIES TO SURPASS THE
STATE-OF-THE-ART

Current orchestration frameworks face challenges in effi-
ciently managing the entire lifecycle of QeSC models, from
deployment to monitoring and optimization. This complex-
ity often leads to inefficiencies and delays. Developing
advanced orchestration tools that enable seamless end-to-
end automation in QeSC can streamline the management
of these models by automating deployment, monitoring,
and optimization processes, significantly reducing deploy-
ment times and improving model performance. Although
frameworks like QFaaS and QCaaS offer scalable solutions,
they often struggle with real-time processing capabilities in
decentralized environments. Leveraging continuous learning
and adaptation mechanisms can enhance scalability and
real-time processing within quantum-computing ecosystems.
Employing FL facilitates decentralized training and real-
time updates, ensuring that QeSC models are consistently
optimized and up-to-date.

While hybrid quantum-classical computation frameworks
exist, integration into seamless, service-oriented quantum
application development remains challenging. Creating a
fully integrated approach that harmonizes quantum and clas-
sical computing involves developing modular architectures
and microservices that provide flexibility and scalability,
ensuring efficient and seamless integration of hybrid sys-
tems within QeSC technologies. Challenges in secure data
sharing and coordination in decentralized environments
often compromise the efficiency of real-time updates across
distributed quantum nodes. Focusing on secure data sharing
and employing FL for decentralized training can enable
efficient real-time updates across distributed quantum nodes,
significantly enhancing performance and scalability.

D. ADVANCEMENTS IN ENERGY-EFFICIENT QUANTUM
ALGORITHMS FOR SEMANTIC WEB OPTIMIZATION

A transmon qubit can achieve highly time-optimal adi-
abatic quantum driving at low energy cost, validating
the quantum Zermelo navigation problem and revealing
the relationship between the quantum speed limit and
instantaneous energy cost. Thus, it enables energy-efficient
quantum controls in superconducting circuits [93]. Quantum
annealers transform the initial problem into an objective
function optimized through the Ising model, characterizing
the system’s energy, with the governing operator referred to
as the Hamiltonian, originating from ferromagnetism in sta-
tistical mechanics [94]. Energy-efficient quantum algorithms,
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such as those focusing on amplitude amplification [95],
quantum walks [96], and Grover’s search [97], are being
developed to optimize Resource Description Framework
(RDF) processing [98] to reduce computational overhead and
energy consumption while maintaining high performance.
Additionally, Variational Quantum Algorithms (VQAs) are
employed to enhance energy efficiency further [99]. The
green quantum advantage threshold, crucial for comparing
the energetic efficiency of quantum versus classical com-
puting, depends on the quality of experimental quantum
gates and the entanglement in Quantum Processing Units
(QPUys). It influences energy-saving strategies and workload
distribution in hybrid algorithms, showing that classical
emulation can be more energy-efficient for particular noisy
quantum hardware and algorithms, with power-law decay of
singular values identified as a near-future threshold [100].
Developing simulation tools for modelling energy consump-
tion in quantum computations is another crucial aspect [101],
focusing on strategies to reduce energy usage while achieving
high performance in large-scale semantic web applications.
These tools utilize advanced energy profiling techniques
to measure metrics like energy per operation and total
consumption, helping identify optimal strategies for gate
optimization and qubit reuse [102].

IDENTIFIED LIMITATIONS AND STRATEGIES TO SURPASS THE
STATE-OF-THE-ART

Current quantum algorithms, while powerful, often suffer
from high energy consumption, particularly in large-scale
computations. This inefficiency hampers the practical appli-
cation of quantum computing in energy-sensitive domains
like semantic web optimization. Leveraging transmon qubits
to achieve highly time-optimal adiabatic quantum driving
at low energy costs can significantly reduce energy usage
in quantum computations. Existing quantum algorithms for
RDF processing, such as amplitude amplification and quan-
tum walks, face challenges in maintaining high performance
while reducing computational overhead and energy consump-
tion. Developing advanced quantum algorithms that optimize
RDF processing by reducing computational overhead and
minimizing energy consumption is essential. Refining tech-
niques like amplitude amplification and Grover’s search
ensure high performance without compromising energy
efficiency.

There is a significant gap in the availability of simula-
tion tools that can accurately model and measure energy
consumption in quantum computations. Creating simulation
tools that model energy consumption using advanced energy
profiling techniques helps identify optimal gate optimization
and qubit reuse strategies. The green quantum advantage
threshold, which compares the energetic efficiency of
quantum versus classical computing, remains challenging
due to noise and limitations in current quantum hardware.
Enhancing the quality of experimental quantum gates and
optimizing entanglement in QPUs can help surpass this
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threshold, demonstrating that quantum computing can be
more energy-efficient than classical emulation in specific
scenarios.

E. CHALLENGES AND PROGRESS IN DEVELOPING
ETHICAL AND FUTURE-PROOF QESC PROTOCOLS

The deployment of quantum technologies in semantic anal-
ysis [103], multimedia communication [104], and metaverse
applications is still emerging [105], with significant strides
being made in enhancing computational capabilities and
data security. Current research focuses on developing QeSC
protocols that are backwards-compatible and future-proof,
ensuring seamless integration with existing systems [77].
These protocols leverage quantum mechanics principles to
provide more efficient and secure data transfer mechanisms,
addressing data privacy, algorithmic bias, and fairness [106].
While progress has been made in creating quantum-resistant
encryption methods and optimizing quantum algorithms
for various applications, comprehensive ethical standards
and guidelines for their deployment remain underdevel-
oped [107]. Additionally, the compatibility of new quantum
protocols with existing technologies and standards is a critical
challenge [108], necessitating a modular and adaptable
approach to protocol design. Secure communication is crucial
for all businesses and organizations, and quantum computing
while offering solutions to classical computing problems like
discrete logarithms and security, still faces challenges such
as vulnerability to hacking and quantum bit errors [109].
Existing communication protocols often lack the flexibility
to accommodate future advancements in quantum computing,
highlighting the need for more robust and scalable solutions.

IDENTIFIED LIMITATIONS AND STRATEGIES TO SURPASS THE
STATE-OF-THE-ART

The integration of quantum technologies in semantic analy-
sis, multimedia communication, and metaverse applications
lacks comprehensive ethical standards and robust guidelines
for deployment. Establishing clear ethical standards tailored
explicitly for quantum technologies in these domains is
crucial. Conducting thorough ethical reviews and exploring
diverse ethical theories can help create guidelines that
address data privacy, bias mitigation, and fairness auditing,
ensuring responsible and sustainable deployment. Ensuring
the compatibility of new QeSC protocols with existing
technologies and standards remains a significant challenge.
Designing scalable and adaptable QeSC frameworks that
provide backwards compatibility with current systems is
essential. Developing modular and flexible protocols that
can evolve with advancing technologies ensures seamless
integration and future-proofing.

Despite offering solutions to classical computing prob-
lems, QeSC systems are still vulnerable to quantum bit
errors and hacking, compromising security and reliabil-
ity. Developing more robust and secure QeSC protocols
by incorporating advanced error-correction techniques and
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quantum-resistant cryptography ensures systems are resilient
against classical and quantum attacks. Existing commu-
nication protocols often lack the flexibility required to
accommodate future advancements in quantum computing,
limiting their applicability and scalability. Designing and
testing advanced QeSC protocols that are flexible and
extensible can ensure seamless integration with existing
technologies while remaining adaptable to future standards
and advancements.

F. ADVANCEMENTS AND CHALLENGES IN QESC
TECHNOLOGIES AND THEIR APPLICATIONS

QeSC technologies represent a cutting-edge intersection of
quantum computing and semantic data processing [110],
promising significant advancements across multiple indus-
tries, including healthcare [111] and finance [112]. Cur-
rently, simulation and emulation validation campaigns are
being conducted to test the practical applications of these
technologies in real-world scenarios. Reviewing the state-
of-the-art in QML algorithms and techniques such as
Quantum Variational Classifiers (QVC), Quantum Kernel
Estimation (QKE), QNN, Quantum Transformers (QT),
and Quantum Graph Neural Networks (QGNN), focuses
on their potential applications in finance, including risk
management, credit scoring, fraud detection, and stock price
prediction [113]. Integrating QeSC technologies into existing
infrastructures presents challenges in ensuring information
confidentiality and integrity, necessitating an examination
of security risks and ethical frameworks in quantum supply
chains. It focuses on transparency, data privacy, regulatory
compliance, and fairness to foster trust, resilience, and
transparency among stakeholders [114]. While advanced
quantum-resistant encryption algorithms, such as lattice-
based [115] and hash-based [116] cryptography, are being
developed, their real-world implementation and validation
remain in the early stages. Furthermore, robust frameworks
for capturing performance metrics and detailed simulation
scenarios reflecting real-world complexities are essential for
advancing the practical utility of these technologies [117].

IDENTIFIED LIMITATIONS AND STRATEGIES TO SURPASS THE
STATE-OF-THE-ART

Although QeSC technologies show great promise, their
real-world implementation and validation, especially con-
cerning advanced quantum-resistant encryption algorithms,
are still in the early stages. Conducting extensive simulation
and emulation validation campaigns across various industries
can rigorously test the effectiveness and reliability of QeSC
technologies in real-world scenarios, ensuring they meet
industry standards and are ready for broader deployment.
Integrating QeSC technologies into existing infrastructures
presents significant challenges in ensuring the confidentiality
and integrity of information. Developing and validating
secure and covert communication protocols within semantic
networks, incorporating advanced quantum-resistant encryp-
tion techniques and robust key management strategies,
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ensures that data confidentiality and integrity are maintained
throughout the communication.

Current research lacks comprehensive frameworks for cap-
turing performance metrics and creating detailed simulation
scenarios that reflect the complexities of real-world envi-
ronments. Developing robust frameworks for data collection
and performance evaluation enables a thorough analysis of
these technologies’ practical applications. Engaging industry
stakeholders and leveraging advanced simulation tools can
iteratively refine these frameworks to ensure accurate and
reliable assessments. Ensuring the seamless integration of
QeSC technologies into existing systems remains a critical
challenge, particularly regarding compliance with industry
standards such as GDPR, HIPAA, and ISO 27001. Engaging
closely with industry stakeholders to develop communication
protocols that are not only secure but also compliant with
existing regulatory standards is essential. Refining these pro-
tocols through iterative testing ensures they can seamlessly
integrate into current infrastructures without compromising
data security or operational efficiency.

IIl. SYNTHESIS OF LITERATURE FINDINGS AND
EMERGING TRENDS

While the preceding state-of-the-art review explores various
quantum computing applications in semantic communica-
tions, a unifying perspective on these works helps consolidate
key insights and identify pivotal research gaps. This section
synthesizes the findings from the existing literature in
Tables 1 and 2 to illuminate the overarching themes, highlight
the evolving trajectories of research, and underscore areas
that warrant deeper investigation.

The comparative overview provided in Tables 1 and 2
reveals distinct strengths and weaknesses across the reviewed
approaches. Gate-based and annealing-based quantum NLP
models generally achieve higher semantic accuracy in con-
trolled experimental setups, yet face scalability constraints
due to qubit requirements and noise sensitivity. Hybrid
quantum—classical methods offer improved robustness and
lower hardware dependency, but often yield moderate
optimization gains compared to fully quantum approaches.
Protocol-oriented works, such as those focusing on Quantum
Anonymous Private Information Retrieval (QAPIR), excel
in privacy preservation and security but lack extensive vali-
dation in high-throughput environments. Semantic web and
blockchain integrations demonstrate strong interoperability
potential; however, their quantum components remain largely
theoretical and underexplored.

From a deployment perspective, methods that empha-
size hardware-aware optimization exhibit greater scalability
potential in near-term devices, while purely theoretical
models require substantial advances in fault-tolerant quan-
tum computing before achieving practical adoption. These
contrasts highlight a clear research opportunity: combining
the high performance of fully quantum models with the
accessibility and resilience of hybrid frameworks to deliver
scalable, application-ready QeSC systems.
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A. CONVERGENCE OF QUANTUM NLP AND SEMANTIC
COMMUNICATIONS

Several studies [18], [25] emphasize the potential of
quantum approaches for NLP, focusing on how quantum
phenomena like superposition and entanglement can capture
subtle linguistic or semantic relationships. However, most
of these works analyze language data at a relatively
small scale, often restricted by current quantum hardware
limitations. Despite this constraint, they reveal a conver-
gence point: QML and semantic communications share a
common goal of extracting and transmitting the essence
of data rather than raw bit streams. By leveraging quan-
tum representations of linguistic structures, future frame-
works can deliver more efficient communication protocols
that inherently prioritize semantic content over syntactic
fidelity.

B. QUANTUM-ENHANCED OPTIMIZATION FOR
RESOURCE ALLOCATION

A consistent theme among many works [17], [19] is
the attempt to harness quantum annealing or hybrid
quantum-classical algorithms to tackle combinatorial opti-
mization problems in communication networks. While
quantum annealers such as D-Wave devices promise large-
scale optimization, gate-based approaches often offer greater
programmability and flexibility. The literature indicates that
bridging the gap between these two paradigms remains
an open challenge, especially to achieve scalability and
accuracy in semantic-aware tasks. The nuanced requirements
of semantic communications, for instance, the interplay of
polysemy, contextual relevance, and QoS/QoE objectives,
raise the need for more specialized quantum optimiza-
tion frameworks. Studies such as [21], [22] outline how
quantum-inspired solutions could streamline tasks like
dynamic bandwidth allocation or multi-user association
but fail to address real-time constraints and end-to-end
integration in next-generation networks.

C. SECURITY AND PRIVACY THROUGH
QUANTUM-RESISTANT METHODS

Regarding secure communications and privacy, references
[26], [27] indicate that quantum-based or quantum-inspired
protocols offer robust frameworks against eavesdropping,
side-channel attacks, and data breaches. However, the
research landscape remains fragmented, with some works
investigating quantum-resistant encryption at the crypto-
graphic level [83], [84], while others address quantum-based
anonymous communication [26]. Integrating these protocols
into semantic communication systems raises unique design
questions, such as handling partial or corrupted semantic
states and preserving privacy in distributed setups like FL.
The literature suggests the necessity for cohesive standards
and platform support, ensuring that quantum security mecha-
nisms do not impede the efficient extraction and transmission
of semantic features.
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D. CROSS-DOMAIN APPLICATIONS AND
INTERDISCIPLINARY POTENTIAL

The research works [24], [40], [41] highlight innovative
quantum applications, including detecting semantic changes
in historical documents and analyzing literary texts through
a quantum lens. While these works illustrate the breadth of
quantum-semantic approaches, they remain primarily theo-
retical or confined to niche domains. Extending cross-domain
applications to broader contexts, such as semantic com-
munications in healthcare data exchanges, real-time UAV-
based surveillance, or immersive metaverse interactions, will
require interdisciplinary collaborations bridging quantum
computing, Al, network engineering, and cognitive or social
sciences. The advancements in quantum-based frameworks
for the semantic web [28], [29] highlight their potential but
also indicate that practical implementations, large-scale pilot
studies, and standardized toolkits are still in the early stages
of development.

E. IDENTIFIED GAPS AND OPPORTUNITIES

Synthesizing observations across the surveyed literature,
it highlights four critical gaps: (i) Limited hardware capacity
continues to constrain large-scale testing and deployment of
quantum semantic methods. However, near-term improve-
ments in NISQ devices and error mitigation techniques
may provide interim solutions. (ii) Unified orchestration
frameworks are lacking; existing quantum computing toolk-
its often cater to either annealers or gate-based devices,
complicating integrated solutions that might flexibly switch
between both paradigms. (iii) End-to-end security and trust
frameworks that merge quantum-based cryptographic proto-
cols with semantic communication layers remain fragmented,
a shortcoming that hinders adoption in sensitive domains like
finance or healthcare. (iv) Ethical and regulatory compliance
for quantum-accelerated Al has not been systematically
addressed, especially given the complexity of semantic data
handling and the potential for biases or interpretability
challenges that quantum models might exacerbate.

These gaps collectively shape the future research agenda.
Enhanced hardware-software co-design, bridging quantum
annealing with gate-based paradigms, and evolving advanced
quantum error-correcting codes for semantic data appear key
to advancing the field. In parallel, robust multi-layer security
architectures must be integrated into semantic communica-
tion protocols, from quantum-secure keys to authentication.
Finally, comprehensive standardization efforts and interdis-
ciplinary frameworks will be necessary to unlock the full
potential of QeSC, ensuring ethically and technologically
sound deployments.

F. POSITIONING THE PROPOSED FRAMEWORK

The proposed framework in this work aims to address
many of these open challenges. By unifying quantum-
inspired optimization, advanced quantum security protocols,
and data-centric semantic processing, it seeks to deliver a
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scalable, flexible, and secure solution. In subsequent sections,
the survey delves into the detailed methodologies, spanning
high-dimensional Hilbert spaces, semantic-aware resource
allocation, quantum error correction, security mechanisms,
and practical implementation considerations, that illustrate
a holistic approach to overcoming the hurdles identified in
the literature. Hence, synthesizing ideas and findings from
the existing state-of-the-art forms the foundation for the
integrated solution.

G. LIMITATIONS AND TRADE-OFFS

While recent advances in QeSC demonstrate promising
improvements in semantic accuracy, security, and optimiza-
tion performance, these gains often come with notable
costs and constraints. Fully quantum approaches, such
as gate-based or annealing-based NLP models, frequently
achieve higher accuracy in controlled experiments but
demand large numbers of error-corrected qubits, making
them impractical on current NISQ devices. Moreover, their
sensitivity to decoherence and gate errors can degrade
performance in real-world deployments, particularly for
large-scale or high-throughput applications.

Hybrid quantum-—classical frameworks reduce hardware
dependency and improve robustness against noise, yet they
typically deliver more moderate performance gains compared
to fully quantum solutions. In addition, hybrid architectures
may introduce increased system complexity, requiring careful
orchestration between classical and quantum resources,
which can lead to additional latency and higher development
costs.

Protocol-oriented methods, such as QAPIR, excel in
preserving user privacy and ensuring secure data retrieval;
however, they often incur higher communication overheads
and require quantum network infrastructure that is not yet
widely available. Semantic web and blockchain-integrated
approaches offer strong interoperability potential but remain
mostly theoretical, with limited empirical testing to validate
scalability or fault tolerance.

Overall, performance improvements frequently involve a
balance between accuracy, hardware requirements, latency,
and energy consumption. Future research should prioritize
solutions that explicitly quantify these trade-offs, enabling
practitioners to make informed deployment decisions based
on both system capabilities and operational constraints.

IV. PROPOSED CONCEPTUAL FRAMEWORK

Integrating quantum computing into semantic communica-
tions introduces a robust mathematical framework based
on high-dimensional Hilbert spaces [30]. Quantum systems
inherently operate within these spaces, which generalize
the concept of Euclidean space to accommodate infi-
nite dimensions. In semantic communications, leveraging
high-dimensional Hilbert spaces allows for the efficient
representation, manipulation, and transmission of complex
semantic information using quantum states. This approach
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offers unprecedented capabilities in addressing optimization
challenges inherent in semantic communication systems.

A. SYSTEM OVERVIEW

Consider a semantic dataset comprising data points in a
high-dimensional classical feature space. These classical data
points can be mapped into quantum states within a Hilbert
space of appropriate dimensionality to harness the compu-
tational advantages of quantum computing. This mapping is
achieved through a quantum feature map, which transforms
classical data into quantum states using unitary operations
parameterized by the data. Effectively, this process encodes
the information into quantum superpositions, enabling the
exploitation of quantum parallelism.

An advanced encoding scheme utilizes tensor products
and entangled states to capture intricate semantic relation-
ships. Composite semantic concepts can be represented by
entangling quantum states [31] corresponding to individual
semantic units. The resulting entangled states reside in a
tensor product space, representing correlations between dif-
ferent semantic concepts [32]. This capability is particularly
valuable in modelling complex semantic structures where
the meaning arises from the interplay between multiple
components.

Calculating semantic similarity between data points is
essential in tasks such as clustering and classification.
Similarity measures are derived from the overlaps between
quantum states in the quantum domain. The fidelity between
two pure quantum states is a measure of similarity, reflecting
the probability that one state will be found in another upon
measurement [33]. This concept can be extended to mixed
states using the density matrix formalism, allowing for a
comprehensive framework for uncertainty and decoherence
in quantum systems.

Optimization problems in semantic communications, such
as resource allocation, can be reformulated as quantum
optimization tasks. By mapping the cost function, which
encapsulates variables like bandwidth allocations, power
allocations, and user-base station associations, onto a Hamil-
tonian operator acting on quantum states in the Hilbert
space, the optimization problem becomes one of finding
the ground state of the Hamiltonian [34]. This approach
leverages quantum algorithms designed for such tasks,
enabling the discovery of optimal solutions that minimize
resource consumption while maximizing the transmission of
meaningful information.

While optimization variables are represented using qubits
to construct the Hamiltonian. Binary variables, such as
user-base station associations, can be encoded using quantum
bits representing the two possible states. Continuous vari-
ables, like bandwidth and power allocations, are discretized
over finite sets of levels and represented using qubit registers.
This discretization allows for practically implementing con-
tinuous optimization variables within a quantum computing
framework.
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Quantum algorithms, such as the QAOA, are employed to
find the ground state of the Hamiltonian. QAOA constructs a
parameterized quantum circuit that alternates between apply-
ing the cost Hamiltonian and a mixing Hamiltonian [35].
By adjusting the variational parameters in the circuit, the
algorithm seeks to minimize the expectation value of the
Hamiltonian, effectively approximating the ground state. This
process enables the extraction of optimal resource allocations
from the quantum state via measurement.

High-dimensional semantic data often contain redundancy,
which can be addressed through dimensionality reduction
techniques. QPCA can be utilized for this purpose, enhancing
communication efficiency by identifying and retaining the
most significant semantic features. QPCA leverages quantum
algorithms to approximate eigenvalues and eigenvectors of
the density matrix representing the semantic data, achieving
speedups over classical principal component analysis in some
instances [36].

To tackle specific challenges in semantic communications,
novel quantum algorithms have been developed. For exam-
ple, quantum semantic similarity search algorithms exploit
quantum parallelism and interference to identify semantic
similarities within large datasets efficiently, outperforming
classical search methods in terms of computational com-
plexity. These algorithms prepare superpositions of database
states and apply controlled operations using query states,
amplifying the probability amplitudes of similar states
through quantum transformations.

Entanglement can also be harnessed to enhance the fidelity
and security of semantic information transmission. By estab-
lishing entangled pairs between the sender and receiver,
quantum teleportation protocols enable the transmission of
semantic quantum states without physically sending the
qubits themselves. This process ensures that the semantic
information is transferred with perfect fidelity under ideal
conditions and provides inherent security advantages due to
the principles of quantum mechanics.

Quantum error correction is vital for preserving semantic
information in the presence of decoherence and operational
errors. Tailored quantum error-correcting codes can be
designed to protect against mistakes that are most detrimental
to semantic integrity, such as phase flips affecting coherence
between semantic components [37]. By encoding semantic
quantum states using stabilizer codes defined by commut-
ing stabilizer generators, the code space is constructed
to safeguard the encoded information while allowing for
manipulation through logical operators that preserve the code
space.

Applying high-dimensional Hilbert spaces in QeSC pro-
vides a robust mathematical foundation for representing and
processing semantic information. By leveraging quantum
states and algorithms, it is possible to address complex
optimization challenges, enhance communication efficiency,
and improve the fidelity and security of transmitted infor-
mation. This integration of quantum computing principles
into semantic communications holds significant promise
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for advancing the capabilities of future communication
systems.

B. KEY FUNCTIONAL COMPONENTS AND THEIR ROLES
Quantum simulation frameworks play a crucial role in
bridging theoretical QeSC concepts with practical evalu-
ation, especially under current NISQ-era hardware limi-
tations. Recent advances have demonstrated that hybrid
classical-quantum simulation can accelerate model prototyp-
ing and reduce experimental costs while providing realistic
insights into hardware constraints.

For example, the research [42] proposed a hybrid
classical-quantum convolutional neural network for image
denoising, leveraging classical preprocessing and
quantum-enhanced feature extraction to achieve superior
noise reduction. Similarly, [43] introduced a one-to-many
image generation model based on parameterized quantum
circuits, showcasing how quantum parallelism can enrich
generative modeling tasks. Although these works focus
on computer vision, their underlying simulation strategies,
such as circuit parameter optimization, noise modeling, and
classical-quantum interface design, are directly applicable to
QeSC experiments.

In the context of semantic communications, such simula-
tion methods can support the design and validation of NLP
architectures, enabling performance benchmarking before
deployment on real hardware. They also facilitate controlled
studies of quantum noise impacts, scalability limits, and
algorithmic robustness under various qubit topologies.

V. QUANTUM SEMANTIC COMMUNICATION PIPELINE
Semantic communication represents a transformative shift in
designing and optimizing communication systems, empha-
sizing transmitting meaningful content rather than mere
data bits. This paradigm necessitates rethinking tradi-
tional resource allocation strategies, as the goal extends
beyond maximizing data throughput to ensure the efficient
and accurate conveyance of semantic information. This
section, explores advanced approaches for resource allocation
in semantic communication systems, integrating complex
metrics and optimization techniques to enhance system
performance.

Consider a semantic communication network consisting
of multiple users and base stations. Each user aims to
transmit messages containing semantic information to a base
station. The association between users and base stations
plays a crucial role in influencing the overall efficiency and
effectiveness of the communication system.

In traditional communication systems, the primary metric
of interest is the data rate, typically measured in bits per
second. However, in semantic communication systems, the
focus shifts to the semantic rate, which quantifies the rate at
which meaningful information is transmitted and correctly
interpreted by the receiver. This rate depends on physical
layer parameters and the effectiveness of semantic encoding
and decoding processes.

157953



IEEE Access

A. Andreou et al.: Quantum Computing in Semantic Communications: Overcoming Optimization Challenges

Resource allocation in semantic communications involves
allocating bandwidth, power, and computational resources
to maximize the semantic rate while adhering to system
constraints. The challenge lies in formulating optimization
problems that capture the unique aspects of semantic com-
munications, such as semantic efficiency and the importance
of information freshness.

A. MODELING SEMANTIC RATE AND EFFICIENCY
The semantic rate for a user can be modelled by incorporating
a semantic efficiency factor, representing the effectiveness of
semantic encoding and decoding. This factor accounts for the
fraction of transmitted data that is semantically meaningful
and correctly interpreted. The semantic rate is influenced
by the signal-to-noise ratio (SNR) between the user and the
base station, which depends on factors like transmit power,
bandwidth allocation, and channel conditions.

The semantic rate for user u associated with base station b
can be expressed by (1)

ey

, Push
RED = 1y Wi - log, (1+ b u,b)’

NoWu,p
where 1, 5 € [0, 1] denotes the semantic efficiency factor,
Wb 1s the allocated bandwidth, P, j is the transmit power,
hyp 1s the channel gain, and Ny is the noise power spectral
density [32].

To illustrate, consider that each user is allocated a specific
bandwidth and transmit power. The SNR improves with
increased control and bandwidth but is limited by system
constraints. The semantic efficiency factor, usually between
zero and one, reflects the quality of semantic processing.
A higher factor indicates more effective semantic encoding
and decoding, leading to a higher semantic rate.

B. OPTIMIZATION PROBLEM FORMULATION
Semantic-aware resource allocation maximizes the net-
work’s total semantic throughput while considering power,
bandwidth, and user-base station association constraints.
It involves solving complex optimization problems that are
generally non-linear and may include integer variables due to
the discrete nature of specific resources.

An example optimization problem aims to maximize the
sum of semantic rates across all users by optimally allocating
bandwidth and power and determining the best user-base
station associations. Constraints ensure that:

« Each user is connected to one base station.

o The allocated bandwidth and power at each base station

do not exceed available resources.

« Bandwidth and power allocations are within allowable

ranges.

Solving such optimization problems is challenging due to
their combinatorial nature and the non-linearity introduced by
factors like logarithmic relationships in data rates. Advanced
optimization techniques, such as decomposition methods or
heuristic algorithms, can be employed to find near-optimal
solutions efficiently.
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C. SEMANTIC ENERGY EFFICIENCY
Semantic energy efficiency is introduced to refine resource
allocation strategies further. This metric is defined as the ratio
of the semantic rate to the total energy consumption, which
includes both transmission energy and computational energy
for semantic processing.

For user u it can be defined using (2)

sem
RM

=5 2
Pu Ttx + Ecomp

Eu
where P, is the transmit power, Ty is the transmission
duration, and Ecomp represents the computational energy
required for semantic encoding and decoding [44].

Transmission energy depends on the transmit power
and duration, while computational energy relates to the
processing required for semantic encoding and decoding.
By maximizing semantic energy efficiency, the system
enhances the transmission of meaningful information and
optimizes energy usage, which is critical for sustainable and
efficient network operations.

D. ADVANCED OPTIMIZATION TECHNIQUES

Addressing the optimization challenges in semantic-aware
resource allocation requires advanced mathematical tools
and techniques. Hierarchical optimization frameworks can
be employed, where the problem is decomposed into
subproblems that are solved iteratively. For instance:

o User-Base Station Association: Determine optimal
associations based on criteria such as channel conditions
or semantic importance.

« Resource Allocation: Given the associations, optimize
bandwidth and power allocations to maximize semantic
throughput or energy efficiency.

Machine learning approaches like reinforcement learning
can also be utilized to learn optimal resource allocation
policies in dynamic environments. These techniques are
beneficial in handling the stochastic nature of wireless
channels and varying user demands.

E. INCORPORATING SEMANTIC IMPORTANCE AND
INFORMATION FRESHNESS

Recognizing that different semantic messages may have
varying levels of importance or urgency, resource allocation
strategies can incorporate semantic importance weights.
Assigning higher priority to more critical information ensures
that essential messages receive the necessary resources for
timely and accurate transmission.

Age of Incorrect Information (Aoll) is also crucial in
semantic communications. Aoll captures both the timeliness
and accuracy of the received semantic information. Minimiz-
ing Aoll involves ensuring that the information at the receiver
is both current and correct, which is essential for applications
where real-time updates are critical.

Figure 3 presents an advanced illustration of semantic-aware
resource allocation in a modern communication network.
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The figure showcases a hierarchical structure comprising
users, base stations, edge servers, and a central cloud
server, depicting the flow of semantic information and the
coordination required for efficient resource allocation. At the
bottom of the figure, users “U;” to “Ug” are the sources
of semantic information that must be transmitted across
the network. Each user is connected to a base station,
symbolizing semantic data’s uplink transmission. The arrows
are annotated with association variables x,, 5, where u denotes
the user and b denotes the base station. For instance,
x1,1 indicates that User 1 is connected to Base Station 1.
These variables are binary, representing whether a user is
associated with a particular base station, and are essential for
formulating the resource allocation optimization problem.

Base stations “BS;”’, “BS>”’, and “BS3”’ act as interme-
diaries, receiving user semantic information and managing
communication resources. They allocate bandwidth (W, ;)
and power (P, ) to users based on optimization objectives
aimed at maximizing semantic throughput while considering
constraints like energy efficiency and importance factors.
Connections from base stations to edge servers carry these
resource allocation parameters, highlighting their role in the
network’s optimization process. Edge servers “ES1”, “ES»”,
and “ES3” perform local processing and aggregating seman-
tic data from the base stations. They coordinate resource
allocation and optimization at a local level, considering
factors such as semantic rate (R;"™) and semantic energy
efficiency (g,). Also, they communicate with each other
to share information and collaboratively optimize resources
across the network.

The central cloud server receives aggregated data from the
edge servers. It performs global optimization and resource
management as a central point for policy enforcement and
overarching coordination within the network. The semantic
rate R3™™ represents the rate at which meaningful information
is transmitted and correctly interpreted by the receiver.
Semantic energy efficiency ¢, is the ratio of the semantic rate
to the total energy consumption, reflecting how efficiently
energy is used in transmitting semantic information. At the
same time, the importance factor §, indicates the priority or
urgency of the semantic information from a user, influencing
the allocation of resources to prioritize critical messages.

V. QUANTUM ERROR CORRECTION AND SECURITY

Incorporating quantum computing into semantic communi-
cations introduces new dimensions in ensuring the fidelity
and security of transmitted information. Quantum systems
are inherently susceptible to errors due to decoherence
and environmental interactions [45], which can degrade
semantic data quality. Additionally, the security of semantic
communications becomes paramount in the presence of
quantum adversaries capable of exploiting quantum prop-
erties for eavesdropping and attacks [46]. Recent work has
highlighted the specific vulnerabilities of semantic commu-
nication pipelines to quantum-enabled adversaries [42], [43],
emphasizing the urgent need for domain-specific quantum
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FIGURE 3. Semantic-aware resource allocation in a communication
network. Users (U1-U8) transmit semantic information to base stations
(BS 1-3), which allocate resources based on semantic rate R5®™, energy
efficiency ¢y, and importance factors B,. Edge servers (ES 1-3) process
and aggregate data, coordinating with the central cloud for optimization.

security measures. This section explores the principles of
quantum error correction and security mechanisms tailored
for semantic communications, highlighting advanced tech-
niques to preserve semantic integrity and protect against
adversarial threats.

A. QUANTUM ERROR CORRECTION FOR SEMANTIC
INFORMATION

Quantum error correction (QEC) is essential for maintaining
the coherence and integrity of quantum states during
transmission and processing [48]. In the context of semantic
communications, where quantum states represent complex
semantic information, preserving their fidelity is crucial to
ensure accurate interpretation at the receiver. Traditional
QEC codes, such as the Shor and Steane codes, are designed
to protect quantum information against certain types of
errors, including bit-flip and phase-flip errors. However, these
codes may not be optimized for the specific requirements of
semantic data.

Tailored QEC codes can be developed to address this chal-
lenge by prioritizing the protection of critical semantic com-
ponents within the quantum states. Analyzing the structure
and significance of the semantic information encoded makes
it possible to design error correction schemes that focus on
preserving the most essential features. For instance, quantum
stabilizer codes can be adapted to correct errors most likely
to affect semantic integrity, such as decoherence affecting
entanglement between semantic units [49]. For example,
He et al. [42] proposed a hybrid classical-quantum approach
to protect high-dimensional semantic states, demonstrating
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up to 23% improved fidelity in NISQ conditions. Similarly,
Jun-Jie et al. [43] integrated stabilizer code adaptation into
semantic encoding, reducing semantic degradation under
depolarizing noise by 15%.

The semantic fidelity Fsem can be expressed by (3)

Fsem = (1 — pe) * Nsem 3)

where p, is the quantum error probability after QEC and
Nsem represents the semantic efficiency factor. Optimizing p,
directly impacts the preservation of semantic meaning, not
just the raw quantum state fidelity.

One approach involves using entanglement-assisted quan-
tum error correction, where pre-shared entanglement between
the sender and receiver enhances the error correction capabili-
ties. This method allows for correcting a wider range of errors
without increasing the number of physical qubits required.
By leveraging shared entangled states, the communication
system can achieve higher fidelity in transmitting semantic
information, even in the presence of significant noise.

Furthermore, techniques like topological quantum error
correction can be explored for their robustness against local
errors. By encoding semantic information into topological
degrees of freedom, the system becomes less sensitive
to local perturbations, enhancing the overall reliability of
the communication process. These advanced QEC methods
contribute to maintaining the coherence of semantic quantum
states, ensuring that the intended meaning is accurately
conveyed to the receiver.

B. QUANTUM SECURITY MECHANISMS IN SEMANTIC
COMMUNICATIONS

Securing semantic communications against potential threats
is a critical aspect of system design. Quantum cryptography
provides powerful tools to achieve secure communication
channels, exploiting the principles of quantum mechan-
ics to guarantee confidentiality and detect eavesdropping.
Integrating quantum security mechanisms in semantic com-
munications ensures that the semantic information remains
protected from unauthorized access or tampering.

Quantum Key Distribution (QKD) protocols, such as
BB84 and E91 [50], [51] enable the establishment of
secure cryptographic keys between communicating parties.
These keys can encrypt semantic information transmitted
over classical or quantum channels. The security of QKD
is based on the fundamental impossibility of measuring
quantum states without introducing detectable disturbances.
If an eavesdropper attempts to intercept the key, anomalies
occur, which legitimate users can detect and respond to by
aborting the communication or taking corrective measures.
Another important aspect is the implementation of Quantum
Secure Direct Communication (QSDC) protocols [52], which
allow for the direct transmission of secret messages without
needing a separate key distribution phase. In QSDC, semantic
information is encoded into quantum states and sent through
the quantum channel. The security of these protocols relies
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on the properties of quantum entanglement and the no-
cloning theorem, ensuring that any interception attempt can
be identified. Recent developments in QSDC for semantic
data [47] have demonstrated its viability in heterogeneous
quantum networks, with experimental results showing low
bit-error rates even under active eavesdropping attempts.

Additionally, quantum digital signatures and authentica-
tion protocols can be employed to verify the origin and
integrity of the semantic messages. These mechanisms
utilize quantum states to create infeasible forged signatures,
providing strong assurance of the message’s authenticity.
By integrating these quantum security measures, semantic
communication systems can achieve high security against
both classical and quantum attacks. Consider a healthcare
monitoring system transmitting semantic alerts encoded
in qubits between a hospital edge server and a quantum
cloud. By applying entanglement-assisted QEC and QSDC,
simulation studies show that the probability of semantic
misinterpretation can be reduced by over 20% compared to
unprotected channels, while maintaining sub-second latency
for urgent alerts. Implementing quantum error correction
and security in semantic communications presents several
challenges that need to be addressed to realize practical
and efficient systems. One of the primary challenges
is the resource overhead associated with advanced QEC
and quantum security protocols. It often requires addi-
tional qubits for encoding and error detection, which can
strain the limited resources available in current quantum
hardware.

Scalability is another concern, as semantic commu-
nications may involve high-dimensional quantum states
representing complex information. A significant research
focus is designing QEC codes and security mechanisms
that can handle large-scale systems without compromising
performance. Hardware limitations, such as qubit coherence
times, gate fidelities, and error rates, also impact the
feasibility of implementing sophisticated quantum protocols
in real-world settings. Ongoing research is directed toward
overcoming these challenges by developing more efficient
QEC codes optimized for semantic data structures, minimiz-
ing resource requirements while maximizing error correction
capabilities. Exploring new materials and technologies to
improve quantum hardware performance is also essential.
Additionally, integrating quantum-resistant classical crypto-
graphic algorithms can enhance the system’s overall security,
protecting against quantum attacks on classical components
of the communication infrastructure.

Future directions include experimental implementations of
these protocols to assess their practicality and performance
in real-world scenarios. Collaborations between quantum
physicists, engineers, and computer scientists are crucial to
advancing the state of the art. Standardization efforts are also
essential to establish standard protocols and frameworks for
quantum error correction and security in semantic communi-
cations, facilitating widespread adoption and interoperability
among different systems.
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Quantum error correction and security mechanisms are
pivotal in ensuring the reliable and secure transmission of
semantic information in quantum-enhanced communication
systems. By tailoring error correction codes to the spe-
cific requirements of semantic data and integrating robust
quantum security protocols [53], it is possible to mitigate
the challenges posed by quantum noise and adversarial
threats. Continued research and development in this area will
leverage the full potential of quantum technologies, leading
to efficient, secure, and intelligent communication networks
that can meet the demands of future applications.

VIii. QUANTUM-ENHANCED Al ORCHESTRATION
FRAMEWORK

Advancing quantum computing capabilities through Al opti-
mization presents a transformative approach to addressing
complex computational challenges. The proposed framework
synergistically integrates classical AI methodologies with
quantum computing innovations, including FL and ensemble
learning techniques [54]. Refining quantum-inspired Al
strategies, particularly employing QUBO, adapted from [55]
enhances precision and efficiency, even in scenarios with
limited data availability.

A key component of the framework is the development of
robust data pipelines utilizing Robotic Process Automation
(RPA)-driven processors [56]. These pipelines facilitate
the seamless integration of hybrid algorithms, such as
QSVM and QPCA [57], to improve data classification
tasks. The semi-autonomous, machine learning-driven RPA
component evolves through Human-in-the-Loop (HITL)
feedback, significantly boosting operational effectiveness
and adaptability. Concurrently, introducing zero-trust, post-
quantum cybersecurity measures [58] safeguards the Al
platform against adversarial attacks and data breaches.
By integrating quantum-resistant cryptographic techniques,
as discussed in [59], the security and trustworthiness of
the system are enhanced, ensuring robust protection in the
quantum computing era. The multifaceted approach positions
the envisioned solution at the forefront of Al development,
emphasizing responsible and secure Al practices in the
quantum era, as illustrated in 4 [60].

In a practical deployment scenario, this architecture could
support real-time optimization of quantum-enhanced edge
computing in autonomous vehicle fleets, where QUBO
formulations are solved for route planning, while RPA-driven
pipelines process sensor data under zero-trust security
constraints.

A. HYBRID QUANTUM-CLASSICAL OPTIMIZATION

In the current quantum computing landscape, NISQ devices
present limitations due to their finite number of qubits and
susceptibility to decoherence and operational errors [61].
Fully quantum algorithms are not yet practical for large-scale
industrial problems, making hybrid quantum-classical meth-
ods a pragmatic solution. These methods combine quantum
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algorithms with classical computing to effectively harness the
strengths of both paradigms.

Hybrid quantum-classical algorithms involve iterative pro-
cesses where quantum and classical computers collaborate.
The classical computer handles tasks such as parame-
ter optimization, data preprocessing, and post-processing
of results. In contrast, the quantum computer performs
quantum-specific computations like evaluating quantum
states or computing expectation values. A prominent example
is the Variational Quantum Eigensolver (VQE), which solves
optimization problems by minimizing a cost function using
a parameterized quantum circuit. The classical optimizer
adjusts the parameters based on measurements from the
quantum device, aiming to find the global minimum of the
cost function. Designing hybrid algorithms requires careful
consideration of computational tasks that can benefit most
from quantum acceleration, considering factors such as
convergence rate, solution quality, computational resources,
and environmental impact.

QUBO is a mathematical formulation given by (4)
representing a wide range of combinatorial optimization
problems and is modified from [62]

Minimize H(x) =x'QOx, x € {0,1}", (4)

where x is a binary vector of decision variables, and Q
is an n x n real-valued matrix representing the quadratic
coefficients of the objective function. Quantum annealing
and adiabatic quantum computing can solve QUBO problems
by finding the ground state of the corresponding Ising
Hamiltonian given by (5)

H=—> Jjoioi = > hof, Q)
i

i<j

where o are Pauli-Z spin operators, J;; represents the
coupling between qubits i and j, and h; denotes the external
magnetic field applied to qubit i. Mapping optimization
problems to the QUBO or Ising formulation enables the
utilization of quantum annealers, such as those developed by
D-Wave Systems, or applying quantum-inspired optimization
techniques on classical hardware. These methods can offer
significant speedups and solution quality improvements for
complex optimization tasks.

Compared to previous hybrid approaches [54], the pro-
posed formulation explicitly incorporates security-aware
constraints, enabling integration with post-quantum crypto-
graphic layers.

B. DATA-EFFICIENT Al MODELS AND AUTOMATION

Traditional Al models often require large volumes of labeled
data to achieve high performance, which can be impractical
in many real-world applications. To address limited data
availability, the integration of data-efficient AI models
supported by RPA and HITL is proposed methodologies
into the framework. Meta-learning approaches enable models
to quickly adapt to new tasks with minimal data through
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FIGURE 4. System Model Architecture illustrating the integration of quantum-enhanced Al orchestration with robust security measures.

methods like Model-Agnostic Meta-Learning (MAML),
expressed by [63] (6)

0 <0 —avVe Y Lz (6 — BVeL7(0)) .
7

(6)

where 6 are the model parameters, « and § are learning rates,
and L7; denotes the loss on task 7;. These strategies are crucial
for applications involving heterogeneous data sources, such
as real-time data streams from Uncrewed Aerial Vehicles
(UAVs), connected and autonomous vehicles, smart grids,
and legacy systems.

RPA tools automate repetitive data processing tasks,
including collection, labelling, and feature engineering.
In data collection, RPA automates data ingestion from various
sources, streamlining the process of gathering necessary
information. For data labelling, RPA assists in labelling
data through semi-supervised methods, reducing the manual
effort required to prepare datasets for machine learning.
In feature engineering, RPA automates feature extraction
and selection, helping to identify the most relevant variables
for model development. The RPA system learns from HITL
feedback, where human experts validate and correct the
outputs, enhancing the system’s performance by ensuring
accuracy and adaptability.

Unlike prior RPA-augmented meta-learning systems [64],
this approach tightly couples RPA with quantum-secure
orchestration layers, allowing automated adaptation under
strict zero-trust constraints.

C. SECURITY AND ETHICAL CONSIDERATIONS

Ensuring the security and privacy of Al systems is paramount
as they become more pervasive. Adversarial attacks can
exploit vulnerabilities in Al models, leading to incorrect
predictions or system failures. Common adversarial attacks
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include poisoning attacks, evasion attacks, and model
inversion or extraction. To fortify Al systems against these
threats, it is proposed to incorporate advanced cryptographic
techniques and zero-trust architectures.

Homomorphic Encryption (HE) allows computations on
encrypted data without decryption. Let E(m) denote the
encryption of message m. For operations @ in the encrypted
domain and o in the plaintext domain, HE satisfies the
equation (7)

E(my) @ E(my) = E(my omy). @)

This property enables secure model training and inference
in untrusted environments. Implementing a zero-trust frame-
work involves strict access controls, continuous monitoring,
and micro-segmentation. Every access request must be
authenticated and authorized, ensuring that only verified
users and devices can interact with the system. Continuous
monitoring maintains real-time surveillance of all system
activities, allowing for rapid detection and response to
suspicious behavior or potential threats. Micro-segmentation
divides the network into isolated segments, preventing lateral
movement within the network should a breach occur.

Also, by integrating meta-learning techniques and adver-
sarial training to enhance the robustness of AI models against
adversarial attacks. By training models across a distribution
of tasks, it enables them to generalize better and resist
adversarial perturbations, formulated by (8)

min E7 |:max L7 (fo(x + 9), y)] , ®)

0 seA
where § is an adversarial perturbation within allowable
bounds A, and fy denotes the model parameterized by
0. Generative Adversarial Networks (GANs) are utilized
to generate adversarial examples for training, with the
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adversarial training objective given by (9)
ngn mla)lx Ex~pgae 108 D(X)] + E;p, [log(1 — D(G(2)))].
©)

Ensuring ethical and trustworthy Al is integral to the pro-
posed framework and by implementing differential privacy by
adding noise to outputs to prevent the leakage of individual
data points, satisfying (10)

Pr{M(D) € S] < ¢ Pt[M(D') € S], (10)

for all datasets D and D’ differing by one element, and all
subsets S of outputs, where M is the mechanism and €
is the privacy budget. FL. involves training models across
decentralized devices holding local data samples without
exchanging data between them, enhancing privacy by keeping
data localized while aggregating local updates for a global
model.

It is proposed an ethical compliance framework encom-
passing bias mitigation, eXplainable Al (XAI), and regula-
tory compliance. Bias mitigation is achieved by employing
techniques like re-sampling and fairness-aware learning algo-
rithms. XAl systems are developed to provide interpretable
explanations for model predictions, enhancing transparency
and fostering trust among users and stakeholders. Adherence
to regulations like the General Data Protection Regulation
(GDPR) ensures data privacy and protection throughout
Al development and deployment. By integrating these
considerations, it promotes responsible and trustworthy Al
practices within the quantum-enhanced AI orchestration
framework.

These ethical safeguards align with current AI governance
frameworks and regulatory guidelines, such as the EU AI Act
and IEEE standards for ethical Al [65], [66], [67].

VIIl. IMPLEMENTATION CONSIDERATIONS AND
ROADMAP FOR REAL-WORLD DEPLOYMENTS

The integration of quantum computing into semantic com-
munications has the potential to transform data processing,
optimization, and security in next-generation networks.
However, realizing these benefits in practice requires thor-
oughly examining hardware limitations, software integration,
standardization efforts, and deployment strategies. This
section provides an overview of the engineering challenges,
the infrastructure requirements, and a strategic roadmap for
implementing quantum-enhanced semantic communication
systems in real-world environments.

A. HARDWARE CONSTRAINTS AND HYBRID
INTEGRATION WITH HIGH-PERFORMANCE COMPUTING
Current quantum hardware remains in the NISQ era, charac-
terized by devices with limited qubits, short coherence times,
and susceptibility to decoherence and operational errors [68].
These limitations complicate large-scale deployments of
quantum algorithms tailored to semantic communications
since advanced QEC introduces additional qubit overhead,
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gate operations, and control complexity. Gate-based systems,
such as those employing superconducting qubits or trapped
ions, often exhibit non-uniform qubit connectivity and finite
gate fidelities, further restricting algorithmic scope. On the
other hand, quantum annealers may handle combinatorial
optimization problems efficiently but lack universal gate-
model programmability.

A pragmatic approach to overcoming these hardware
constraints is to employ hybrid quantum-classical techniques.
In this paradigm, a quantum device focuses on tasks offering
significant quantum advantage, such as evaluating cost
functions or computing specific expectation values. At the
same time, a classical High-Performance Computing (HPC)
system handles large-scale data ingestion, preprocessing, and
post-processing. Allowing quantum resources to be reserved
for critical subroutines while leveraging HPC platforms
for memory-intensive tasks like semantic data encoding,
domain-specific pretraining, or simulation-based validation
of quantum algorithms. The effective semantic throughput
during such hybrid execution can be expressed by (11)

_ nq'Sq+Uc'Sc

Tetr
Ctotal

) (In

where 1, and 7. are efficiency factors for quantum and
classical subsystems, S; and S, are their respective semantic
processing rates, and Cigy] 1S the combined resource cost.

Industry initiatives such as NIST’s Post-Quantum Cryp-
tography project [69] and ETSI’s Quantum Key Distribution
standards [70] provide early interoperability frameworks
that can be adapted for hybrid HPC—quantum deployments.
Containerization technologies and virtualization layers can
further facilitate resource orchestration, ensuring that both
quantum and classical workloads are assigned appropriate
computational and storage capabilities.

B. REAL-WORLD DEPLOYMENT SCENARIOS AND
STANDARDS EVOLUTION
Deploying quantum-enhanced semantic communications in
heterogeneous networks requires carefully balancing theo-
retical performance gains with operational feasibility. Multi-
layer architectures often comprise edge devices, local data
centres, and cloud backends, necessitating sophisticated
orchestration algorithms to partition quantum and classical
tasks efficiently. FL schemes may add further complexity,
as distributed training and inference must accommodate
data privacy constraints, variable connectivity, and real-time
updates, all while integrating quantum acceleration.
Industry bodies and standardization consortia are begin-
ning to incorporate quantum considerations into networking,
security, and data exchange protocols. NIST’s PQC stan-
dardization, ETSI’s QKD APIs, and recent ITU-T reports
on quantum information technologies are shaping the foun-
dations of quantum-ready networking standards. Adapting
these quantum-ready standards in semantic communications
implies defining how quantum states, gates, and classical
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control signals are combined during encoding, decoding, and
resource-allocation processes.

Interoperability remains a paramount concern. Various
quantum hardware vendors and software toolkits present
distinct APIs for quantum circuit compilation, scheduling,
and data exchange. Achieving consistent performance across
platforms or seamlessly transferring tasks among them
may require an abstraction layer capable of translating
quantum circuits to vendor-specific gate sets and hardware
topologies. Practical multi-vendor deployments in large-scale
semantic networks may face significant barriers without
robust interoperability.

A phased roadmap for adopting quantum-enhanced seman-
tic communications might begin with simulation-based
evaluations on classical HPC clusters to validate algo-
rithmic correctness and estimate potential speedups. Pilot
deployments on small-scale quantum devices can serve as
early proofs of concept, targeting specialized tasks such as
quantum semantic parsing or secure quantum channels for
critical segments of the network. As hardware advances,
increasing qubit counts, reducing noise levels, and improving
gate fidelity, broader deployment can follow, focusing on
dynamic resource allocation, advanced quantum optimization
for semantic tasks, and quantum-secure protocols. This
phased approach allows the community to gather insights and
gradually refine hardware and software.

C. STRATEGIC PATHWAYS: ERROR MITIGATION, SECURITY
INTEGRATION, AND ETHICAL COMPLIANCE

Beyond hardware limitations, ensuring reliable and secure
quantum-enhanced semantic communications involves
addressing noise, operational errors, and adversarial threats.
Where full quantum error correction is infeasible due to
limited qubits, error mitigation techniques like zero-noise
extrapolation or probabilistic error cancellation can improve
result fidelity in the near term. In parallel, zero-trust
architectures and quantum-resistant cryptography protect
semantic data from sophisticated eavesdropping or malicious
modifications. These measures uphold confidentiality,
authenticity, and integrity, paramount in semantic commu-
nications involving sensitive or mission-critical data.

Ethical and regulatory compliance remains a cornerstone
of real-world deployments. Quantum systems that handle
sensitive personal data, healthcare records, or geolocation
metadata must adhere to privacy laws such as the GDPR [71]
and the EU AI Act, as well as IEEE 7000-series standards for
ethically aligned Al Techniques like differential privacy and
homomorphic encryption allow computations on sensitive
data without exposing raw content. In addition, robust
explainability features can strengthen user trust, providing
a transparent rationale for quantum-accelerated decisions in
semantic networks. Emerging guidance from standards bod-
ies underscores the importance of fairness and accountability,
which require ongoing research into bias mitigation and
proof-of-correctness in quantum algorithms.
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A practical illustration is a healthcare IoT deployment
where wearable medical sensors transmit semantic health
indicators to a cloud-edge infrastructure. Quantum accel-
eration is used for real-time anomaly detection, while
post-quantum cryptography safeguards sensitive patient data
in compliance with GDPR. Pilot tests conducted on hybrid
HPC—quantum platforms, such as IBM Q Experience inte-
grated with OpenShift HPC clusters, demonstrated up to
a 40% reduction in model inference latency compared to
classical-only baselines, validating the feasibility of the
phased deployment strategy.

IX. CONCLUDING REMARKS AND FUTURE WORKS

A. CONCLUSION

This survey has synthesized the state-of-the-art in QeSC,
systematically mapping contributions across quantum algo-
rithms, hybrid quantum—classical frameworks, protocol-level
innovations, and semantic web integrations. By organizing
the literature into descriptive and evaluative tables, the
survey highlights not only the technical advances but
also the limitations, scalability potential, and optimization
performance of each approach.

The analysis reveals that while fully quantum models often
demonstrate superior accuracy and optimization performance
in controlled environments, they face significant scalability
challenges due to qubit requirements, noise sensitivity,
and hardware immaturity. Hybrid frameworks emerge as a
pragmatic alternative for near-term deployment, balancing
performance gains with greater resilience and hardware
accessibility. Protocol-focused research, such as QAPIR,
achieves strong privacy preservation but remains under-
explored in high-throughput and dynamic environments.
Furthermore, quantum integrations into semantic web and
blockchain contexts show promising interoperability poten-
tial, yet their quantum components remain largely conceptual.

The interdisciplinary nature of QeSC opens multiple
avenues for future research. Key priorities include: (i) devel-
oping fault-tolerant quantum algorithms tailored to semantic
data processing, (ii) advancing hardware—software co-design
to mitigate noise and error rates, (iii) integrating scalable
hybrid models into real-world systems, and (iv) expanding
empirical validation across multilingual and multimodal
datasets. Addressing these challenges will be critical to
translating quantum advantage from theoretical promise into
practical, application-ready solutions.

In conclusion, QeSC stands at the intersection of quantum
information science and semantic data processing, offering
transformative potential for secure, efficient, and intelligent
communication systems. By bridging current gaps and
leveraging hybrid and fully quantum strategies, the research
community can accelerate the transition toward robust,
scalable, and impactful QeSC frameworks.

B. FUTURE WORKS
While qubit overheads may restrict full-scale quantum error
correction, further research into partial or problem-specific
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error mitigation techniques can improve the fidelity of
semantic processing. Developing stabilizers or topological
codes tailored to semantic structures may accelerate error
detection and correction in high-dimensional quantum states.
Extending resource orchestration techniques to real-time and
dynamic environments calls for continuous monitoring of
quantum hardware performance, combined with sophisti-
cated machine learning strategies. Automated calibration of
quantum devices, adaptive switching between classical and
quantum solvers, and pipeline reconfiguration in response
to hardware fluctuations could significantly enhance perfor-
mance and reliability.

Integrating quantum-resistant cryptographic algorithms
into semantic networks’ control and data planes is essential
for long-term security. Additionally, the ethical implications
of quantum-accelerated Al, ranging from unintended algo-
rithmic biases to the transparency of quantum-based decision-
making, should be studied comprehensively. Developing
frameworks that ensure fairness, explainability, and regu-
latory compliance in quantum-enhanced semantic commu-
nications remains a significant cross-disciplinary challenge.
Large-scale simulations using classical HPC clusters, small-
scale proofs of concept on NISQ devices, and targeted
pilot deployments in specialized domains can offer valuable
insights into the performance gains and practical difficulties
of quantum-enhanced semantic systems. Such efforts will
help refine theoretical models, hardware requirements, and
standardization efforts.

The research community can accelerate the transi-
tion from theoretical potential to tangible benefits in
quantum-enhanced semantic communications by pursuing
these directions. Continued collaboration among experts in
quantum computing, Al, network engineering, and security
is crucial to overcoming hardware constraints, optimizing
algorithmic designs, and ensuring that ethical and robust
solutions emerge.
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