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ABSTRACT Quantum networks hold the promise of enabling secure and trustworthy communication and
computation. However, they also pose significant challenges in terms of security, privacy, and trust. In this
paper, we have explored the current state-of-the-art in the field of quantum network security, privacy, and
trust, with a focus on quantum key distribution, quantum-resistant cryptography, quantum hacking, trust
establishment, and privacy-enhancing technologies. We have identified key challenges and open research
questions in these areas, and presented potential solutions to enable the realization of secure and trustworthy
quantum networks. As quantum networks continue to evolve, addressing these challenges will be crucial to
realizing their full potential for secure communication and computation.

INDEX TERMS Privacy-enhancing technologies, quantum hacking, quantum key distribution, quantum

networks, quantum-resistant cryptography.

I. INTRODUCTION

The rapid advancement in quantum communication research
has resulted in a significant progress in the field of quantum
networking. Quantum networking holds a lot of promise
in terms of enhancing the overall functional benefits of
the Internet and enabling applications with no counterpart
in the classical world. It is a breakthrough technology
that could pave the way for an unimaginable future.
In a quantum network, the source and destination may
be connected by quantum repeaters/routers for facilitating
qubit transmissions. The quantum network of the future is
envisioned to pervade the entire globe, relying on terrestrial
components, satellites, airplanes, ships, and other vehicles.
It is anticipated that it will support nearly unconditional
security, super-computing power, large network capacity,
even at high velocity. This large network capacity, combined
with the security features offered by quantum mechanics,
has been empirically validated and opens up a new era of
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communication and computation possibilities that are not
feasible within classical network frameworks. For instance,
the Beijing-Shanghai Quantum Key Distribution (QKD) net-
work, with a total length exceeding 2,000 km, demonstrates
the practical implementation of high-capacity quantum com-
munication over long distances, providing a tangible example
of the network’s capabilities [50]. Additionally, privacy is
a fundamental concern in quantum networking, and these
networks are designed with privacy-enhancing technologies
to protect sensitive information, further underscoring the
potential of quantum networking to revolutionize the way we
communicate, compute, and secure our digital interactions.
However, the design of a quantum network presents
several challenges that are fundamentally different from
those in classical networks [11]. The features of quantum
mechanics, such as the Haisenberg’s uncertainty principle [9],
indistinguishable particles [2], the quantum no-cloning
theorem [47], entanglement and superposition [23], pose
significant constraints on the design of quantum networks.
To realize the promise of quantum networking, the entire
protocol stack, spanning from the physical layer enabling
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techniques to the application layer, requires a dedicated
collaborative effort from a large fraction of the engineering
and physics community.

Security, privacy, and trust are critical components of
any communication network, and quantum networks are
no exception. Quantum networks have the potential to
provide nearly unconditional security, but the unique features
of quantum mechanics also present significant challenges
for designing secure and reliable quantum networks. The
secure transmission of information in a quantum network
requires the use of QKD and quantum-resistant cryptography.
However, there are practical limitations to implementing
QKD, such as distance limitations, noise, and loss in the
transmission channel, which can reduce its effectiveness [39].
Despite the promise of secure key distribution through
QKD, quantum networks are not invulnerable. They are
susceptible to various forms of hacking and malicious
attacks. Adversaries might attempt to exploit weaknesses
in the quantum devices or implement sophisticated attack
strategies to compromise the network’s security [38]. Trust
is an indispensable element in the functioning of any
communication network. In quantum networks, establish-
ing trust becomes even more challenging. Verifying the
correctness and integrity of quantum devices is a complex
task [44], as any compromise could have severe consequences
for network security. Additionally, detecting attacks or
unauthorized access in a quantum network requires advanced
monitoring and intrusion detection mechanisms. Privacy is
critical for many applications of quantum networks, such
as secure communication and data sharing. However, the
privacy implications of quantum networks are still being
explored.

In this paper, we focus on the critical issues of security,
privacy, and trust in the context of quantum networks.
Specifically, we explore the challenges and opportunities in
quantum key distribution, quantum-resistant cryptography,
quantum hacking, trust establishment, and privacy-enhancing
technologies. Our goal is to provide a comprehensive
overview of the state-of-the-art in quantum network security
and privacy, identify the key challenges, and present potential
solutions to enable the realization of secure and trustworthy
quantum networks.

Il. TERMS AND DEFINITIONS
The following terms and definitions are used in the paper:

o quantum network - a communication network that
utilizes the principles of quantum mechanics to transmit
and process information, typically using quantum bits or
qubits, which can exist in multiple states simultaneously
due to the phenomenon of superposition.

o quantum key distribution - a procedure or method
for creating and sharing symmetric cryptographic keys,
offering information-theoretic security by leveraging the
principles of quantum information theory.

o quantum key distribution protocol - a set of rules
and procedures that enable the secure exchange of

128802

cryptographic keys using quantum communication
principles.

o quantum encryption - a cryptographic technique that
leverages the principles of quantum mechanics to secure
communication between two parties. It uses quantum
properties, such as the superposition and entanglement
of quantum bits or qubits, to encode and decode
information in a way that is theoretically immune to
attacks by classical or quantum computers.

e quantum signature - an ultra-secure digital signa-
ture generated using quantum principles, ensuring the
authenticity and integrity of the messages.

o quantum firewall - a theoretical concept for an
advanced cybersecurity system that uses quantum
computing and communication principles to enhance
network security and protect against quantum-based
attacks.

« plug-and play protocol for QKD - a type of QKD
implementation that aims to simplify the deployment of
QKD systems by providing easy integration into existing
communication networks. They are characterized by
their user-friendly setup, allowing users to “‘plug in”
the QKD devices and use them without complex adjust-
ments or calibration, hence the name “‘plug-and-play.”

Ill. AN OVERVIEW OF THE CURRENT STATE-OF-THE-ART
IN THE FIELD OF QUANTUM NETWORK SECURITY,
PRIVACY, AND TRUST

A. QUANTUM KEY DISTRIBUTION (QKD)

QKD has been extensively studied in both theoretical and
experimental domains over the past few decades. The first
QKD protocol was proposed in 1984 by Bennett and
Brassard, which is known as the BB84 protocol [4]. Since
then, numerous QKD protocols have been proposed, each
with different characteristics and the potential for high levels
of security. There are two main categories of QKD protocols:
prepare-and-measure protocols and entanglement-based pro-
tocols [32].

In prepare-and-measure protocols, the sender (Alice)
randomly prepares a series of quantum states, typically
using one of two non-orthogonal quantum states. She
then transmits these states to the receiver (Bob), who
performs measurements on the received states. The security
of these protocols is based on the no-cloning theorem, which
guarantees that an eavesdropper cannot copy the transmitted
states without being detected. The most well-known prepare-
and-measure protocol is the BB84 protocol, where Alice
prepares qubits in one of four possible states (two bases,
each with two non-orthogonal states), and Bob randomly
chooses measurement bases to determine the final key. These
protocols are relatively straightforward to implement and are
known for their simplicity.

Entanglement-based protocols, on the other hand, rely on
the creation and manipulation of entangled quantum states
between Alice and Bob. These entangled states are generated
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in a way that ensures any attempt by an eavesdropper to
gain information about the key will disrupt the entanglement
and be detected. Entanglement-based protocols offer the
potential for extremely high levels of security. A well-known
entanglement-based protocol is the E91 protocol [16], which
utilizes pairs of entangled particles to establish a shared key.
However, they can be more complex to implement due to
the need for entanglement sources and specialized quantum
operations.

While QKD protocols offer the potential for high security
levels, it’s important to note that achieving formal math-
ematical proofs for unconditional security is an ongoing
research endeavor. Additionally, practical limitations such as
distance restrictions, key generation rates, and vulnerability
to certain attacks have been identified in some QKD
implementations. For example, protocols like the coherent-
one-way protocol have specific distance limitations [45].
To address these challenges, there is ongoing research
into improving the efficiency, security, and practicality of
QKD protocols and systems. Furthermore, researchers are
exploring the integration of QKD with classical cryptography,
such as hybrid encryption schemes that combine QKD with
classical encryption algorithms, to enhance overall security
and address practical limitations.

Overall, QKD is a rapidly evolving field, and ongoing
research efforts aim to maximize its security potential while
addressing real-world constraints.

B. QUANTUM-RESISTANT CRYPTOGRAPHY

Quantum computers have garnered significant attention due
to their potential to break many widely used public-key
encryption algorithms, such as RSA [48], and Elliptic
Curve Cryptography (ECC) [37]. These classical encryption
methods rely on the presumed computational difficulty
of factoring large numbers or solving discrete logarithm
problems, which quantum computers can potentially solve
efficiently. Therefore, there has been an extensive research
effort to develop new cryptographic algorithms that are
resistant to attacks by quantum computers.

One primary approach to quantum-resistant cryptography
involves the use of post-quantum cryptographic algorithms.
These algorithms are specifically designed to remain secure
against attacks by both classical and quantum computers.
Post-quantum cryptography encompasses several families of
algorithms, including lattice-based, code-based, and hash-
based cryptography. Among these, lattice-based cryptogra-
phy stands out as the most widely studied and promising
approach. Schemes like NTRUEncrypt [19] and Kyber [7]
have emerged as secure alternatives that withstand quantum
attacks.

Another strategy for quantum-resistant cryptography
involves the use of quantum cryptographic algorithms that
are secure against both classical and quantum adversaries.
One example of such an algorithm is the quantum-resistant
version of the McEliece cryptosystem [3], which relies on
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error-correcting codes and is currently considered one of the
most promising quantum-resistant cryptosystems.

In addition to algorithm development, considerable
research has focused on the practical implementation
and standardization of quantum-resistant cryptographic
techniques. Notably, the National Institute of Standards and
Technology (NIST) has been conducting a Post-Quantum
Cryptography Standardization process since 2016 [42].
The objective of this initiative is to identify and select
quantum-resistant cryptographic algorithms that will even-
tually replace the existing public-key encryption and digital
signature standards. This standardization effort is crucial to
ensuring the adoption of robust security measures in the post-
quantum era.

Overall, quantum-resistant cryptography is an active and
rapidly evolving field, with ongoing research efforts to
develop and standardize new quantum-resistant crypto-
graphic algorithms.

C. QUANTUM HACKING

Quantum hacking [49] refers to attacks on quantum cryp-
tographic systems or classical cryptographic systems that
rely on assumptions that are broken by quantum computers.
Quantum hacking techniques can be divided into two cate-
gories: attacks on quantum key distribution (QKD) systems
and attacks on classical cryptographic systems [14], [49].

In the case of QKD systems, quantum hacking attacks
typically involve exploiting vulnerabilities within the QKD
protocol’s implementation. These vulnerabilities may arise
due to imperfections in the quantum devices used or sub-
optimal classical post-processing algorithms employed. Over
recent years, researchers have successfully demonstrated
various quantum hacking attacks on QKD systems. These
include attacks based on photon number splitting [24],
which involves an eavesdropper diverting a portion of the
transmitted photons, and time-shifted photon detection [34],
where an attacker intercepts and resends photons to gain
unauthorized access. It is important to note that while
these attacks showcase potential vulnerabilities, they often
necessitate a high level of technical expertise and specialized
equipment. As of now, they do not pose a significant threat to
practical QKD systems.

Quantum hacking extends its reach to classical crypto-
graphic systems, specifically those whose security relies
on mathematical assumptions that quantum computers can
efficiently break. One example of such an algorithm is Shor’s
algorithm [5], which can factor large numbers and break RSA
and ECC in polynomial time using a quantum computer.
However, the current state-of-the-art in quantum computers
is not yet sufficient to implement Shor’s algorithm on a large
scale, and it is uncertain when this will become possible.

Overall, quantum hacking is an area of active research,
with ongoing efforts to develop new quantum hacking
techniques and defenses against these attacks. As quantum
computers continue to develop, the threat posed by quantum
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hacking will become more significant, making it essential to
continue advancing the field of quantum-safe cryptography.

D. TRUST ESTABLISHMENT

Trust establishment plays a pivotal and multifaceted role in
the realm of quantum networks, as the security and reliability
of quantum communications hinge on the trustworthiness
of network components and the accurate execution of
cryptographic protocols. In essence, trust establishment in
quantum networks encompasses the following key aspects:
verifying the identities of network components, ensuring the
integrity of transmitted messages, and proactively detecting
and responding to security breaches.

One common approach to trust establishment in quan-
tum networks involves the utilization of trusted third
parties (TTPs), such as certification authorities or key
distribution centers. TTPs serve as trusted entities responsible
for authenticating network components and laying the
groundwork for initial trust relationships. However, it’s
important to acknowledge that this approach may not always
be practical or suitable, particularly in decentralized or ad-hoc
network scenarios.

An alternative approach to trust establishment within
quantum networks leverages the concept of quantum sig-
natures [33]. Quantum signatures are digital signatures
that derive their security from the principles of quantum
mechanics, offering unconditional security guarantees. These
signatures can be employed to authenticate messages and
identify potential tampering, providing an additional layer
of trust. However, the practical implementation of quan-
tum signatures presents significant challenges, necessitating
high-quality quantum sources and precise control over
quantum states.

Recent research efforts in trust establishment within
quantum networks have been dedicated to the development
of innovative protocols and technologies aimed at enhancing
both efficiency and security. For instance, a promising
proposal put forth in [15] introduces the use of quantum-
secure multi-party computation to establish trust within
decentralized networks, reducing reliance on TTPs. Addi-
tionally, the integration of machine learning and artificial
intelligence techniques has been explored as a means to detect
and respond to security breaches in quantum networks [28].

Overall, trust establishment in quantum networks remains
a dynamic and evolving field, with continuous endeavors
to create new protocols and technologies that improve both
the efficiency and security of trust establishment mecha-
nisms. As the prevalence of quantum networks continues to
grow, trust establishment assumes even greater significance,
emphasizing the need for ongoing advancements in this
crucial domain.

E. PRIVACY-ENHANCING TECHNOLOGIES

Privacy-enhancing technologies constitute a crucial com-
ponent of quantum networks, serving to safeguard the
confidentiality and integrity of quantum communications
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while also providing measures to maintain anonymity
and unlinkability between communicating parties. These
technologies are engineered to thwart unauthorized access,
interception, or observation of quantum transmissions, thus
ensuring the privacy and security of sensitive information.

One approach to privacy-enhancing technologies in quan-
tum networks is the deployment of quantum encryption.
Quantum encryption harnesses the principles of quantum
mechanics to encode and decode quantum transmissions,
rendering them invulnerable to eavesdropping attempts. The
inherent properties of quantum states make it exceedingly
challenging for adversaries to intercept or observe quantum
transmissions without detection by legitimate parties [38].
Quantum encryption offers the prospect of unconditional
security, as any unauthorized access attempt disrupts the
quantum states and triggers alarms. However, practical
implementation of quantum encryption remains a formidable
challenge, demanding high-quality quantum sources and
precise control over quantum states.

An alternative strategy for enhancing privacy in quantum
networks is the application of classical encryption and
authentication techniques. This encompasses symmetric-
key cryptography, public-key cryptography, and digital
signatures. These techniques can provide strong security for
classical communications in quantum networks, but may
not be sufficient to protect the privacy of the quantum
transmissions. Recent advancements in privacy-enhancing
technologies for quantum networks have led to the devel-
opment of innovative protocols and technologies aimed
at enhancing both efficiency and security. For instance,
researchers in [35] have introduced a hybrid approach that
combines quantum key distribution and classical encryption
techniques, offering robust security and privacy protection
for quantum communications. Another avenue explores the
integration of quantum-secure multi-party computation and
zero-knowledge proofs to provide anonymity and unlinkabil-
ity to quantum transmissions [43].

Overall, privacy-enhancing technologies in quantum net-
works remain an active area of research, with ongoing efforts
to develop new protocols and technologies that can improve
the efficiency and security of privacy protection. As quantum
networks become more prevalent and sensitive information is
transmitted over them, the importance of privacy protection
will only continue to grow, making it essential to continue
advancing the field in this area.

IV. ADDRESSING KEY CHALLENGES AND IDENTIFYING
POTENTIAL SOLUTIONS

A. QUANTUM KEY DISTRIBUTION (QKD)

After analyzing the current state-of-the-art in quantum
network security, privacy, and trust, it is clear that QKD is
a promising cryptographic technique that allows for secure
key generation over a quantum channel. However, several
key challenges must be addressed to enable the realization
of secure and trustworthy quantum networks:
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1) Implementation complexity: The practical implemen-
tation of QKD is complex and requires precise
control of the quantum communication channels and
equipment [27].

2) Channel loss and noise: QKD is sensitive to channel
loss and noise, which can cause errors and reduce the
range of the communication [41].

3) Eavesdropping attacks: While QKD is theoretically
secure against eavesdropping attacks, practical imple-
mentations are vulnerable to attacks such as side-
channel attacks [1], [8] and Trojan horse attacks [21].

4) Limited range: QKD is currently limited to relatively
short distances due to the attenuation of the quantum
signals over long distances [20].

5) Scalability: QKD systems must be scalable to support
large-scale quantum networks, which requires the
development of new technologies and protocols [22].

6) Cost: The cost of QKD systems is currently high
compared to classical cryptographic systems, which
may limit their adoption in some applications [13].

Considering the current state-of-the-art and the identified
key challenges for QKD, the following potential solutions
can be explored and implemented to address these challenges
and enable the realization of secure and trustworthy quantum
networks:

1) Improving QKD protocols: One potential solution is to
develop more efficient and robust QKD protocols that
can overcome the current limitations of channel loss,
noise, and eavesdropping attacks. This can involve the
use of novel techniques such as multi-photon sources,
entangled photon pairs, and quantum memories to
improve the rate and range of QKD.

2) Developing practical QKD systems: Another potential
solution is to develop practical QKD systems that
can be easily integrated into existing communication
infrastructures. The commercial availability of plug-
and-play protocols for QKD [30] has already made
strides in this direction, simplifying integration and
deployment. Looking ahead, there are also some
promising avenues for further reducing costs and
enhancing the practicality of QKD systems such as uti-
lizing silicon photonics to integrate QKD components
or researching quantum dot sources for reliable photon
generation.

3) Hybrid QKD solutions: A hybrid QKD solution,
combining the best of classical cryptography and
quantum key distribution, can be considered to over-
come the challenges in implementing QKD at a
large scale. Such hybrid solutions can use classical
encryption techniques to ensure the security of the
message, while using QKD to distribute and refresh
the keys.

4) QKD network architectures: Another potential solu-
tion is to develop QKD network architectures that
can support long-distance QKD over multiple hops.
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This can involve the use of quantum repeaters, which
can amplify and regenerate quantum signals over long
distances, or the use of satellite-based QKD to enable
global QKD networks.
In addition, the potential solutions identified above can help
address the key challenges in implementing QKD and enable
the realization of secure and trustworthy quantum networks.
However, further research is required to fully explore the
feasibility and effectiveness of these solutions in practical
quantum network deployments.

B. QUANTUM-RESISTANT CRYPTOGRAPHY
Quantum-Resistant Cryptography faces significant chal-
lenges in the realization of secure and trustworthy quantum
networks. Some of the key challenges for Quantum-Resistant
Cryptography include:

1) Lack of standardized algorithms: Though the NIST has
announced the first four algorithms for post-quantum
cryptography [31], there is still no consensus on a
standardized set of quantum-resistant cryptographic
algorithms.

2) Post-quantum security analysis: Many proposed
quantum-resistant cryptographic algorithms have not
yet undergone sufficient analysis to confirm their secu-
rity in a post-quantum computing environment [25].

3) Interoperability with existing systems: Quantum-
resistant cryptography must be compatible with exist-
ing systems and protocols, which may require signifi-
cant modifications or updates [6].

4) Performance overhead: Many quantum-resistant cryp-
tographic algorithms are computationally intensive
and may require significant computational resources,
which could affect the performance of systems and
applications [6].

5) Quantum computing progress: The progress of quan-
tum computing itself presents a challenge, as the
development of more powerful quantum computers
could eventually render current quantum-resistant
cryptographic algorithms obsolete [10].

To address these challenges and enable the realization of
secure and trustworthy quantum networks, several potential
solutions are being explored:

1) Standardization of quantum resistant algorithms:
Efforts are underway, led by organizations like
NIST, to identify and standardize the most promising
quantum-resistant cryptographic algorithms.

2) Post-quantum cryptography (PQC): As a promising
solution to address the limitations of QKD, PQC
has garnered significant attention. PQC is designed
to offer resilience against attacks from both classical
and quantum computers, making it a compelling
choice for securing modern communication networks.
Researchers are actively developing and refining
quantum-resistant cryptographic schemes, including
lattice-based cryptography, code-based cryptography,
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and hash-based cryptography. These innovative crypto-
graphic techniques are tailored to withstand the unique
threats posed by quantum computers.

3) Hardware-based Solutions: Beyond software-based
approaches, there is also research into hardware-based
solutions for quantum-resistant cryptography. These
solutions, such as hardware security modules and
quantum-resistant smart cards [46], aim to provide
secure and efficient implementations of post-quantum
cryptographic algorithms in practical settings.

In addition, to enable the realization of secure and trust-
worthy quantum networks, it is crucial to continue research
efforts in developing and standardizing post-quantum cryp-
tographic algorithms, integrating them into existing network
protocols and architectures, and exploring efficient hardware-
based implementations.

C. QUANTUM HACKING

Based on the current state-of-the-art and the existing literature
on quantum hacking, a number of key challenges have been
identified in this area:

1) Limited availability of quantum computers: Quan-
tum hacking techniques typically require the use of
quantum computers, which are currently limited in
availability and expensive to build and maintain [12].

2) Noise and error correction: Quantum hacking tech-
niques may be vulnerable to noise and error correction
issues [26], which can affect the accuracy and reliabil-
ity of quantum computations.

3) Complexity of quantum algorithms: Quantum hacking
techniques may require the use of complex quantum
algorithms [11], which can be difficult to implement
and may require significant computational resources.

4) Limited understanding of quantum phenomena: The
field of quantum computing and quantum mechanics
is still relatively new, and there is much that is not
yet fully understood. This can make it challenging
to develop and test quantum hacking techniques in a
reliable and consistent manner.

5) Rapidly evolving technology: The field of quantum
computing and quantum hacking is rapidly evolv-
ing, and new breakthroughs and developments are
occurring at a rapid pace. Keeping up with these devel-
opments and ensuring that hacking techniques remain
effective over time can be a significant challenge.

Quantum hacking poses a significant threat to the security
of quantum networks. However, the field of quantum security
is rapidly advancing, and there are potential solutions that
can enable the realization of secure and trustworthy quantum
networks. Some of these potential solutions include:

1) Post-quantum cryptography: This involves the devel-
opment of cryptographic protocols that can withstand
attacks from quantum computers.

2) Quantum-resistant key exchange: Researchers are
developing new key exchange protocols that can resist
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attacks from quantum computers. One such protocol
is the new hybrid key exchange protocol, which
combines classical Diffie-Hellman key exchange with
quantum key distribution to provide quantum-resistant
key exchange [17].

3) Quantum random number generators: Quantum ran-
dom number generators are a promising solution for
generating truly random numbers that can be used
to generate cryptographic keys. These generators are
based on the randomness of quantum phenomena,
such as the polarization of photons or the position of
electrons.

4) Quantum firewall: A quantum firewall is a security
mechanism that can detect and prevent quantum
hacking attacks. It works by monitoring the state of
the quantum network and detecting any attempts to
manipulate or intercept quantum information [18].

5) Quantum intrusion detection systems: Quantum intru-
sion detection systems can be used to monitor the
quantum network for any unauthorized access attempts.
These systems work by analyzing the quantum signals
to detect any anomalies that may indicate a hacking
attempt.

6) Quantum error-correcting codes: Quantum error-
correcting codes are a promising solution for protecting
quantum information from hacking attacks. These
codes work by adding redundancy to the quantum
information, making it possible to detect and correct
errors caused by hacking attempts.

However, further research is needed to improve the efficiency
and practicality of these solutions and ensure their suitability
for large-scale quantum networks.

D. TRUST ESTABLISHMENT

In the context of quantum networks, trust establishment poses
several significant challenges that need to be addressed. Some
of the major challenges are:

1) Lack of established standards: There are currently no
widely accepted standards for trust establishment in
quantum networks, which can make it challenging to
develop interoperable and scalable solutions.

2) Limited understanding of quantum phenomena:
As with quantum hacking, trust establishment in
quantum networks relies on a thorough understanding
of quantum mechanics and quantum computing. This
understanding is still developing, and there may be
aspects of quantum networks that are not yet fully
understood.

3) Complexity of quantum protocols: Quantum protocols
for trust establishment can be complex, requiring the
use of advanced mathematical concepts and techniques.
This complexity can make it challenging to develop and
implement effective trust establishment mechanisms.

4) Interference from outside sources: Quantum networks
can be vulnerable to interference from outside sources,
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such as malicious actors or environmental factors [38].
This interference can disrupt trust establishment proto-
cols and compromise the security and reliability of the
network.

5) Integration with classical infrastructure: Quantum
networks must be integrated with existing classi-
cal infrastructure, such as the internet and other
communication networks [36]. This integration can
introduce additional complexity and challenges for
trust establishment, particularly in ensuring that the
security of the quantum network is not compromised
by vulnerabilities in the classical infrastructure

One potential solution for trust establishment in quantum
networks is to develop and deploy trusted hardware and
software components that can be used to securely authenticate
and authorize network users and devices. This could include
the use of secure enclaves, such as Intel SGX or ARM
TrustZone [29], to protect critical system components and
prevent unauthorized access or tampering. Another approach
is to leverage blockchain technology to create a decentralized
trust framework for quantum networks. This could involve
the use of smart contracts and digital signatures to establish
trust between network participants and ensure the integrity of
network transactions. Furthermore, it is essential to develop
and implement standardized protocols for trust establishment
and management in quantum networks. These protocols
could incorporate mechanisms for verifying the identity and
credentials of network participants, as well as detecting
and mitigating attacks on the network. Lastly, ongoing
research efforts are needed to identify new and emerging
threats to trust in quantum networks and develop effective
countermeasures to address these threats. This could involve
the development of new cryptographic techniques, as well as
the integration of machine learning and artificial intelligence
into trust management systems to improve their ability to
detect and respond to attacks.

E. PRIVACY-ENHANCING TECHNOLOGIES

It can be observed that the development of privacy-enhancing
technologies for quantum networks is fraught with several
challenges. Some of the most significant challenges in this
context are:

1) Achieving efficient and scalable protocols: One of
the main challenges is to develop privacy-enhancing
protocols that are efficient and can be implemented on
a large scale [22]. This is particularly important for
applications that require high-speed data transfers, such
as cloud computing and online transactions.

2) Preserving privacy in the presence of quantum attacks:
Privacy-enhancing technologies must be designed
to withstand quantum attacks, which can poten-
tially compromise the confidentiality and integrity
of the communication. Developing quantum-resistant
privacy-enhancing technologies is therefore a critical
challenge.
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3) Balancing privacy and functionality: Another challenge
is to strike a balance between privacy and functionality.
While strong privacy protection is desirable, it may
come at the cost of reduced functionality or usability.
Privacy-enhancing technologies must be designed to
provide strong privacy protection without compromis-
ing the usability of the system.

4) Addressing legal and regulatory challenges: Privacy-
enhancing technologies may face legal and regulatory
challenges, particularly in the areas of data protection
and privacy laws. Developers of these technologies
must be aware of these challenges and ensure that their
solutions comply with relevant regulations and laws.

The following potential solutions can be proposed:

1) Integration of privacy-preserving mechanisms: Resear-
chers can develop novel privacy-preserving mecha-
nisms that can be integrated with existing quantum
network protocols to protect sensitive information from
unauthorized access.

2) Multi-party computation (MPC): it is a technique that
allows multiple parties to jointly compute a function
on their private inputs without revealing their inputs to
each other. By integrating MPC into quantum network
protocols, sensitive information can be processed
securely without revealing it to any single entity.

3) Zero-knowledge proofs (ZKP): ZKPs allow one party
to prove to another party that a statement is true
without revealing any additional information about
the statement. They can be used in quantum network
protocols to prove that a party has the right to access
certain information without revealing the information
itself.

4) Quantum anonymous communication (QAC): it allows
parties to communicate with each other anonymously
using quantum cryptography. QAC can be used to
protect the identity of parties involved in quantum
network protocols and ensure the privacy of their
communication.

5) Blockchain-based solutions: Blockchain technology
can be used to establish trust and security in quantum
networks by creating a decentralized and tamper-proof
ledger of network transactions [40]. This can help
to prevent malicious actors from compromising the
network and ensure the integrity of the network’s data.

Overall, the above solutions can be used to address the key
challenges of privacy-enhancing technologies in quantum
networks and enable the realization of secure and trustworthy
quantum networks.

V. CONCLUSION

The realization of secure and trustworthy quantum net-
works is a complex and challenging task that requires the
development and integration of multiple technologies and
solutions. The current state-of-the-art in quantum network
security, privacy, and trust provides promising approaches
for achieving this goal, including quantum key distribution,
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quantum-resistant cryptography, trust establishment, and
privacy-enhancing technologies. However, these approaches
also face significant challenges such as the scalability, effi-
ciency, and robustness of the solutions, as well as the potential
for new types of quantum-based attacks. Addressing these
challenges and advancing the state-of-the-art in quantum
network security will require collaboration and innovation
from researchers, industry experts, and policymakers. With
continued effort and investment, we can work towards
realizing the full potential of quantum networks in enabling
secure and trustworthy communication and computation in
the digital age.
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