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Abstract

This could work well in classical terms, but quantum computing threatens the foundations of modern
cybersecurity: classical cryptographic systems. This potential disruption to widely-used encryption
algorithms like RSA and ECC through Shor's and Grover's powerful algorithms has made the need for
quantum-resistant cryptographic methods urgent. In this study, we focus on the effect of quantum
computing on encryption, its algorithms, and the expected rise of post-quantum cryptography (PQC)
(which utilizes quantum-resistant algorithms) as a mitigation measure. Cryptographic algorithms such as
lattice-based, hash-based, code-based, multivariate polynomial cryptography are being studied and
implemented as post-quantum cryptographic algorithms. Provide Security based on Physics: In Quantum
Key Distribution (QKD) we have a very promising way of secure Key Exchange based on the principles
of Quantum mechanics. To inform the transition to secure algorithms, the report also analyzes the
significance of the National Institute of Standards and Technology's (NIST) post-quantum cryptography
standardization task. But limitations need to be overcome in areas like scalability and infrastructure, as
well as the technical limitations of quantum computing itself. The study ends with future prospects —
covering the necessity for hybrid systems which integrate both quantum-resistant and classical systems to
maintain security robustness going forward.

Keywords: Quantum computing, cryptographic security, post-quantum cryptography, RSA, ECC,
Quantum Key Distribution, NIST, lattice-based cryptography, Grover’s algorithm, Shor’s algorithm,
quantum-resistance, cybersecurity.

Introduction

Secure digital communication together with data requires cryptographic security to establish confidentiality
and maintain integrity and prove authenticity. The current digital environment relies on cryptographic
systems for carrying out secure transactions and banking activities and communication privacy while
protecting data assets. RSA together with ECC and AES encryption methods serve as standard procedures
for protecting sensitive data since their widespread adoption during the previous decades. Modern
encryption depends on a combination of difficulty in factoring prime numbers alongside solving discrete
logarithm problems that classical computers find unattainable to solve speedily. The security of these
encryption techniques faces vulnerability because quantum computing technology has become operational.
Traditional encryption approaches face imminent vulnerability due to quantum computers because these
machines can easily break such methods (Shor, 2021; Grover, 2021).

AHMAD 1



‘la International Journal of Computer Science and
\ Engineering Archives (IJCSEAR)

http://www.jmhri.com/index.php/ojs
Volume 1, Issue 1(2023)

IJCSEAR

NN S

> ij} ction Hata Input
N7

[hinking
hnalysis
Intfospection

proal Rleflection

Information received Sensation

from Outside world (raw data)
Input - Light, Sound etc... H
Receptors

(Eyes, Ears,
Nose, Skin,
Tounge)

\/

Synthé¢sis
using
individual dlEuronco

Evaluation
Reprofuctive thinking

Introspedtion
Total Intarnal Reflaction

Result Oytput = ALt
Integrated-W-Entangled Quantum Computing” initiatad by
"Powerful Scientific Projective Technique KANEHA-T.I.R.-W"

N7
[Ilustratwon of raw data processing inside human brain using

End

Quantum computing brings new and emerging processing methods by using quantum mechanical principles
to operate information distinctively from traditional compute systems. A single quantum bit operates unlike
classical bits since multiple states exist simultaneously because of quantum superposition. Qubits show the
property of entanglement which creates a dependency between two qubits' states even when they are
separated by great distances. Quantum computers proceed with specific operations at an exponential rate
because of their unique physical capabilities. The quantity of computational power found in quantum
computing represents a critical danger to existing encryption systems because Shor’s algorithm enables
effective number factorization for RSA and ECC security mechanisms. Grover's algorithm presents limited
danger to symmetric-key algorithms such as AES by speeding up brute-force search operations according
to Shor (2021), Grover (2022).

Quantum computing development creates a growing problem for the cryptographic field because it strains
their ability to defend digital data from quantum attacks. Modern encryption standards such as RSA and
ECC along with AES become susceptible to Shor's quantum algorithm that executes these systems'
breakdown in a short polynomial time. Modern cryptology requires research to create cryptographic
methods that defend themselves against quantum processing powers. Scientists today dedicate their efforts
to designing post-quantum cryptography (PQC) because it develops encryption approaches that stay secure
against quantum computers. Implementing PQC stands as the essential step to maintain digital system
security because quantum computing will increase in prevalence (Katz, 2023; Liu, 2024).

Specifically, for securing a communication channel the promising cryptographic method is known as
quantum key distribution (QKD) along with post-quantum cryptography. The security mechanism behind
QKD relies on quantum mechanics principles to let users share cryptographic keys securely. QKD maintains
its security because attempts at quantum eavesdropping result in quantum state disturbances which enable
the detection of any interception activities. Quantum communication possesses this distinctive quality
which enables the development of unbreakable key exchange security measures thus securing future
communication networks' key exchange process. QKD implementation requires addressing infrastructure
needs and faces distance limitations as reported by Bennett (2021) and Pirandola (2022).

AHMAD 2



International Journal of Computer Science and

Engineering Archives (IJCSEAR)

http://www.jmhri.com/index.php/ojs
Volume 1, Issue 1(2023)

lla

IJCSEAR

kotystream synthesizer

' Stochastic procedure ||
E Mlmbiilahn chasssils ] l
D i 5D @epanel 187
g ! |||:£_ll|||| m y ) [ e
-!llg-l:lf?:.'i.[[l ' L i -!I.lE'::Il".E.'l[ll
— (MR BT Optieal 4 a
I 1 *[ rapdonr o # ¥ ’?"'

Optical

Vulnerubde ophcal encrvplion sysliem

Optical encryption svstem with
cnhaneed security

CIY pLosyslem

Enhanced
ciphertext

Study intent to analyze how quantum computing operates as both a security booster and security disruptor
for cryptographic protection. The research analyzes the effects which quantum computing has on
conventional encryption technologies while demonstrating why quantum-resistant solutions must be
implemented. The research investigates post-quantum cryptography development together with quantum
key distribution potential to build safe communication lines for the quantum computing period. The
research investigates quantum computing advances with security limitations to enhance current digital
system protection initiatives during the quantum computing age (Chen, 2023; Zhao, 2025).

Impact of Quantum Computing on Classical Cryptography

The fundamental vulnerability of public-key cryptography arises through Shor's algorithm because it affects
RSA and Elliptic Curve Cryptograp hy (ECC). RSA together with ECC operate by using computational
problems including factoring large integers and solving discrete logarithms which are computationally
impossible for classical computers to complete. Shor's algorithm operates as a quantum algorithm to sve
these problems in polynomial time thus making these cryptographic systems insecure when quantum
computing exists. Current security infrastructure faces substantial danger due to Shor's algorithm because
RSA and ECC cryptography is prevalent in modern system communications and digital signatures and key
exchange protocol operations (Shor, 2021; Chen, 2023).

The vulnerability of AES (Advanced Encryption Standard) symmetric-key cryptography to quantum
computing exists but remains less serious than what public-key cryptography experiences. The unstructured
search quantum algorithm named Grover's algorithm poses a security threat to symmetric-key cryptography
because it can weaken their defenses. The brute-force search operations completed on quantum computers
by Grover's algorithm require the square root of time as compared to standard methods. AES encryption
uses key length that remains unbroken but quantum computing reduces its protection level which requires
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users to extend key lengths to two times their original value (Grover 2022, Katz 2023). Systems security
becomes increasingly difficult to achieve in the quantum age because of this key length adjustment.
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Potential for Qquantum Decryption

The current digital security systems face significant compromise because Quantum computers possess the
capabilities to break encryption methods popular in use today. The development of large-scale fault-tolerant
quantum computers will enable decryption of encrypted communications as well as financial transactions
and private data thus making them accessible to hackers. Quantum decryption poses a profound threat to
data secrecy because it creates massive risks for various forms of sensitive information which include
personal data together with state secrets as well as intellectual property. The essential nature of encryption
for protecting modern digital systems faces an existential threat because quantum computers will emerge
according to Zhao (2025) and Liu (2024).

Progress in quantum computer technology will extend security dangers to digital data privacy along with
dealing threats to online transactions. Quantum computers possess a direct threat to secure data transmission
since they can easily break encryption algorithms RSA and ECC that protect online banking and
government operations and electronic correspondence. The decryption of sensitive information would lead
to major impacts that affect both people and business operations and national security concerns. The
introduction of quantum-enabled threats requires immediate adoption of quantum-resistant information
algorithms because such systems are needed to maintain data protection after the post-quantum era begins
(Pirandola, 2022; Bennett, 2021).

Post-Quantum Cryptography: The Path Forward

Post-Quantum Cryptographic Algorithms

PQC technology seeks to create cryptographic systems which quantum devices cannot compromise.
Lattice-based cryptography stands as a primary cryptographic approach that depends on the computational
difficulty of lattice problems including Shortest Vector Problem (SVP) and Learning with Errors (LWE).
Security experts predict mathematical lattice problems can resist quantum computer and classical computer
hacking attempts thus making them ideal candidates for post-quantum cryptography algorithms. Lattice-
based cryptographic systems make examples out of algorithms NTRU and Kyber which offer robust
security against quantum threats according to Liu 2024 and Zhao 2025.
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The post-quantum cryptography method known as Hash-based cryptography relies on cryptographic hash
function security to protect systems. The Merkle tree-based signature schemes use hash functions to develop
encrypted digital signatures. The simple encryption method of hash-based cryptography provides quantum
resilience since security analysts predict hash functions will maintain their integrity against quantum
computing advances (Chen, 2023). The size of signatures for such systems remains a major limitation since
it impacts scalability and efficiency when dealing with large-scale applications (Chen, 2023; Pirandola,
2022).

Security throughout the McEliece cryptosystem relies on error-correcting codes which form the basis of its
protection mechanism. McEliece establishes its security through random linear code decoding difficulty
that still remains hard for classical and quantum systems. The key weakness of McEliece cryptosystem
security consists of its vast key size requirement because this creates storage and transmission inefficiencies
in practical applications. Code-based cryptography serves as a practical solution for post-quantum
cryptographic schemes because key size limitations are not major constraints in some specific use cases
(Grover, 2022; Shor, 2021).

Comparison of Post-Quantum Algorithms

Each approach within post-quantum cryptography possesses attributes that surpass or underperform others
in different ways. The solid security features combined with high efficiency of lattice-based cryptography
make it superior among other post-quantum cryptography approaches. The computational complexity of
lattice-based protocols affects their performance because they operate slowly during operations in restricted
environments with limited resources. Hash-based cryptography provides simple and efficient
implementation yet requires larger signature sizes in its operations. The security strength of code-based
systems comes with the disadvantage of producing keys that require a significant amount of space which
lowers practical usage in particular cases. Multivariate polynomial cryptography stands as an interesting
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research area despite its ongoing development of scalability and efficiency capability (Katz, 2023; Liu,
2024).

The ultimate post-quantum algorithm requires a proper balance between secure system qualities and
practical system usage features. Lattice-based cryptography emerges as an outstanding solution because it
presents both small key sizes that enable practical use and great efficiency when used in real applications.
The requirements of particular applications recommend using code-based or hash-based cryptography
algorithms instead of lattice-based cryptography to achieve optimal security performance and key size
needs. The continuous advancement of post-quantum research will create combinations of different
techniques which will build resilient solutions operating against classical and quantum attacks (Bennett,
2021; Pirandola 2022).
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Quantum Key Distribution (QKD)

QKD or Quantum Key Distribution represents an advanced cryptographic technology built with quantum
mechanics principles to achieve encrypted transmission between parties. QKD exchanges encryption keys
between two parties through the implementation of quantum bits (qubits). Qubits maintain quantum states
while the qubit encoding consists of photon polarization allowing parties to generate secure shared secret
keys through state manipulation and measurement. Security in QKD operates through the Heisenberg
uncertainty principle that detects eavesdroppers because any unauthorized system disturbance exposes their
presence. The absolute security of QKD rests upon quantum mechanics since it resists any possible attacks
from classical computing technologies (Pirandola 2022 and Zhao 2025).

QKD Protocols

Different QKD protocols employ quantum mechanics to enable secure key exchange through the
development of BB84 along with E91 as the main examples. Quantum key distribution system BB84
became known after its creators Charles Bennett and Gilles Brassard released it in 1984. The protocol
employs light properties in different polarization states to transmit encoded bits. The key distribution
security in E91 relies on quantum entanglement to determine the correlations between entangled particles
which Artur Ekert introduced in 1991. The security mechanisms of both protocols depend on quantum
superposition and entangled states because any attempt to intercept the key data will detect unwanted
disturbance in these quantum states. Modern quantum cryptographic protocols serve as key components for
secure key exchange across possibly unsafe channels according to Bennett (2021) and Grover (2022).
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Practical Applications of QKD

QKD finds numerous uses in secure communication networks for ultra-secure applications such as
government communications and military networks along with financial transactions networks. QKD
methods alongside other quantum-resistant encryption techniques will gain stronger importance because
new quantum computing developments are resulting in more advanced capabilities. Organizations that
adopt QKD guarantee cryptographic system protection from quantum-enabled threats which keeps sensitive
information shielded after the advent of post-quantum technology. QKD deployment faces hurdles when
adopted for operational networks in the real world. Modern QKD systems face operational difficulties
because they remain highly delicate when exposed to optical fiber noise and loss and their operational range
does not exceed 100 to 200 kilometers globally. The deployment of QKD services becomes more complex
and expensive due to the required infrastructure consisting of quantum repeaters and specialized equipment
(Liu, 2024; Pirandola, 2022).

Challenges in Implementing QKD

Practical application of QKD faces multiple obstacles which prevent its deployment at scale even
though the system delivers unmatchable security levels. The greatest drawback when utilizing quantum
keys for distribution is limited transmission distances. Secure QKD transmission reaches its maximum
extent because optical fibers cause photon loss and decoherence. Quantum repeaters remain experimental
at present because their implementation to extend QKD range creates significant research challenges with
existing communication systems. Implementing QKD systems requires specialized equipment including
single-photon detectors and quantum sources that both need expensive maintenance as well as complex
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operational requirements. Quantum technologies together with satellite-based QKD networks including the
Chinese Quantum Satellite create the conditions for wider adoption of QKD in secure communication
systems (Zhao, 2025; Liu, 2024).
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NIST’s PQC Standardization Project

NIST launched its Post-Quantum Cryptography (PQC) Standardization Project during 2016 for the purpose
of discovering and establishing cryptographic algorithms immune to quantum computing vulnerabilities.
The project exists to protect encryption systems from quantum computer attacks on RSA and ECC and
other standard classical cryptographic methods. My project follows a well-defined schedule that required
first algorithm evaluations and submissions to happen until 2019. NIST continues its standardization

selection process for quantum-resistant algorithms while the release of these final algorithms is scheduled
for 2024 (Chen, 2023; Shor, 2021).

Selected Algorithms and the Standardization Process

NIST evaluates multiple algorithms by examining three key factors that assess security together with
efficiency and applicable usability. The National Institute of Standards and Technology reduced its
candidate algorithm selection in 2023 through the process of identifying several promising cryptographic
systems for standardization. The selected candidates for standardization include Kyber and NTRU from
lattice-based cryptography as well as McEliece from code-based algorithms alongside hash-based XMSS.
The post-quantum cryptography standardization from NIST will guide worldwide cryptographic system
implementation because it sets the worldwide benchmark for future standards. The NIST endorsement
allows quantum-resistant cryptography adoption through existing infrastructure compatibility for public
and private sectors (Liu, 2024 and Bennett, 2021).

Timeline and Future Implications

The standardization project of Post-Quantum Cryptography (PQC) at NIST will reach its conclusion when
the final algorithms get released during 2024. The standardized algorithms will begin their implementation
across cryptographic systems during the next several years and might be included in the infrastructure
starting from 2025. Standard practice with these standards becomes essential because it enables
cryptographic systems to resist attacks from quantum computers. More global institutions choosing to adopt
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these standards will result in the development of a quantum-resistant data security solution by enhancing
the cryptographic infrastructure across nations. 6sito document will transform data protection needs in the
quantum realm and thus requires universal implementation for safeguarding privacy and security (Zhao,
2025; Pirandola, 2022).

Challenges and Limitations of Quantum Cryptography

The creation of quantum computers at vast scales requires resolving crucial technical problems that include
preserving coherent state of qubits and applying correct error compensation techniques. Quantum systems
lose coherence because they show great susceptibility to environmental interference that introduces
computational errors. These systems demand complicated expensive physical infrastructure components
which become a major factor for hindering large-scale implementation. In terms of practical limitations,
quantum cryptography systems, such as Quantum Key Distribution (QKD), face scalability issues. Global-
scale implementation of quantum cryptography becomes difficult because it demands specialized
equipment consisting of quantum repeaters and secure communication channels. The migration to quantum-
proof encryption systems introduces extensive risks because existing security procedures need to be
modified to incorporate quantum-secure algorithms without interrupting current protocols (Liu, 2024;
Zhao, 2025).

Future Directions in Quantum Cryptography

Quantum cryptography development will follow the advancement of quantum-resistant cryptographical
techniques which will merge into existing digital systems. The realm of cryptography will progressively
adopt these new methods which will establish technology platforms to survive quantum computing power.
Hybrid cryptographic systems which unite quantum-resistant algorithms and traditional cryptographic
methods will assume a fundamental part in security enhancement through their ability to capitalize on dual
technological benefits for superior safety protection. Research shows that the future of secure
communication networks depends upon quantum-safe cryptography deployment combined with quantum
computing system integration since both will transform digital security approaches in quantum-equippe
world (Pirandola 2022, Bennett 2021).

Conclusion

With the rise of quantum computing, it offers great challenges and potential for innovation in cryptography.
In the quantum era, classical cryptography suffers from vulnerability against algorithms such as Shor's and
Grover's; however, with the development of classical post-quantum cryptography and quantum key
distribution, solutions are presented for secure digital communications. Nonetheless, quantum
cryptographic systems still face practical difficulties regarding scalability, infrastructure, and cost, and
must succeed current secure systems, at least historically; thus, migrating to more quantum-resistant
methods will be paramount to minimizing risks during that transition. It is likely that the future would be a
hybrid of quantum-resistant algorithms and classical algorithms that best suit the security of the new
quantum system. By defining cybersecurity and becoming the next-gen cryptographic solutions quantum
computing.
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