
 
https://academicsociety.org/deij/

Quantum Computing and Communication: Engineering Challeng

Abstract 

Quantum computing and quantum communication are poised to redefine the foundations of 
modern information technology. By exploiting the principles of superposition, entanglemen
quantum interference, quantum systems offer unprecedented computational power and 
unbreakable communication security. Quantum computers can outperform classical 
counterparts in complex optimization, cryptography, drug discovery, and artificial intel
Meanwhile, quantum communication technologies, particularly quantum key distribution (QKD), 
promise secure data exchange beyond the reach of classical attacks. However, large
implementation faces substantial engineering challenges, including
correction, hardware scalability, and the integration of quantum and classical infrastructures. 
This paper explores the engineering barriers in quantum computing and communication, 
evaluates emerging security paradigms, and highli
revolution. Ultimately, quantum technologies represent a paradigm shift with transformative 
implications for science, industry, and society.
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Introduction 

The digital era is experiencing exponential growth in computational and communication 
demands. Classical computing, despite advances in microprocessors and p
faces physical and thermodynamic limits in scaling. Similarly, conventional communication 
systems, based on classical cryptography, are increasingly vulnerable to advanced attacks, 
particularly those anticipated from quantum computer

Quantum technologies, built upon the counterintuitive principles of quantum mechanics, present 
disruptive solutions. Quantum computing harnesses qubits to perform parallel computations, 
while quantum communication utilizes entanglement and ph
information transfer. Together, they promise unprecedented advances in speed, security, and 
efficiency. 

This paper examines three critical aspects of the field: (1) engineering challenges hindering 
quantum computing and communi
digital systems, and (3) transformative applications driving the next digital revolution.
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Quantum computing and quantum communication are poised to redefine the foundations of 
modern information technology. By exploiting the principles of superposition, entanglemen
quantum interference, quantum systems offer unprecedented computational power and 
unbreakable communication security. Quantum computers can outperform classical 
counterparts in complex optimization, cryptography, drug discovery, and artificial intel
Meanwhile, quantum communication technologies, particularly quantum key distribution (QKD), 
promise secure data exchange beyond the reach of classical attacks. However, large
implementation faces substantial engineering challenges, including qubit decoherence, error 
correction, hardware scalability, and the integration of quantum and classical infrastructures. 
This paper explores the engineering barriers in quantum computing and communication, 
evaluates emerging security paradigms, and highlights applications driving the next digital 
revolution. Ultimately, quantum technologies represent a paradigm shift with transformative 
implications for science, industry, and society. 
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The digital era is experiencing exponential growth in computational and communication 
demands. Classical computing, despite advances in microprocessors and parallel architectures, 
faces physical and thermodynamic limits in scaling. Similarly, conventional communication 
systems, based on classical cryptography, are increasingly vulnerable to advanced attacks, 
particularly those anticipated from quantum computers themselves. 

Quantum technologies, built upon the counterintuitive principles of quantum mechanics, present 
disruptive solutions. Quantum computing harnesses qubits to perform parallel computations, 
while quantum communication utilizes entanglement and photon polarization for secure 
information transfer. Together, they promise unprecedented advances in speed, security, and 

This paper examines three critical aspects of the field: (1) engineering challenges hindering 
quantum computing and communication, (2) emerging security paradigms that redefine trust in 
digital systems, and (3) transformative applications driving the next digital revolution.
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Quantum computing and quantum communication are poised to redefine the foundations of 
modern information technology. By exploiting the principles of superposition, entanglement, and 
quantum interference, quantum systems offer unprecedented computational power and 
unbreakable communication security. Quantum computers can outperform classical 
counterparts in complex optimization, cryptography, drug discovery, and artificial intelligence. 
Meanwhile, quantum communication technologies, particularly quantum key distribution (QKD), 
promise secure data exchange beyond the reach of classical attacks. However, large-scale 

qubit decoherence, error 
correction, hardware scalability, and the integration of quantum and classical infrastructures. 
This paper explores the engineering barriers in quantum computing and communication, 

ghts applications driving the next digital 
revolution. Ultimately, quantum technologies represent a paradigm shift with transformative 

Quantum Computing, Quantum Communication, Quantum Key Distribution, 

 

The digital era is experiencing exponential growth in computational and communication 
arallel architectures, 

faces physical and thermodynamic limits in scaling. Similarly, conventional communication 
systems, based on classical cryptography, are increasingly vulnerable to advanced attacks, 

Quantum technologies, built upon the counterintuitive principles of quantum mechanics, present 
disruptive solutions. Quantum computing harnesses qubits to perform parallel computations, 

oton polarization for secure 
information transfer. Together, they promise unprecedented advances in speed, security, and 

This paper examines three critical aspects of the field: (1) engineering challenges hindering 
cation, (2) emerging security paradigms that redefine trust in 

digital systems, and (3) transformative applications driving the next digital revolution. 

 



 
https://academicsociety.org/deij/
1. Engineering Challenges in Quantum Computing and Communication

The path toward practical quantum technologies is hindered by complex engineering and 
physical limitations. 

1.1 Qubit Realization and Stability

Qubits can be implemented using superconducting circuits, trapped ions, photonic systems, and 
topological states. Each approach has trade
coherence times. Decoherence caused by environmental noise remains a central obstacle to 
reliable quantum computation. 

1.2 Quantum Error Correction 

Error rates in quantum systems are s
error correction codes (QECCs), such as the surface code, are essential but require large 
numbers of physical qubits to stabilize a single logical qubit. Developing resource
correction remains a critical challenge.

1.3 Hardware Scalability 

Scaling from a few hundred to millions of qubits is necessary for fault
computing. This requires breakthroughs in cryogenics, chip integration, interconnects, and 
hybrid classical–quantum architectures.

1.4 Communication Infrastructure

Quantum communication relies on entanglement distribution, often constrained by photon 
losses and decoherence over long distances. Quantum repeaters, satellite
links, and integrated photonic circuits are key to building scalable quantum networks.

2. Security Paradigms in the Quantum Era

Quantum technologies fundamentally reshape security principles.

2.1 Quantum Key Distribution (QKD)

QKD enables secure key exchange by exploiting the no
mechanics. Protocols such as BB84 and E91 ensure that eavesdropping attempts disturb the 
quantum states, thereby revealing intrusion. Satellite
intercontinental secure communication.

2.2 Post-Quantum Cryptography
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Error rates in quantum systems are significantly higher than classical processors. Quantum 
error correction codes (QECCs), such as the surface code, are essential but require large 
numbers of physical qubits to stabilize a single logical qubit. Developing resource
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Scaling from a few hundred to millions of qubits is necessary for fault-tolerant quantum 
computing. This requires breakthroughs in cryogenics, chip integration, interconnects, and 

tum architectures. 

1.4 Communication Infrastructure 

Quantum communication relies on entanglement distribution, often constrained by photon 
losses and decoherence over long distances. Quantum repeaters, satellite-based quantum 

circuits are key to building scalable quantum networks.

2. Security Paradigms in the Quantum Era 

Quantum technologies fundamentally reshape security principles. 

2.1 Quantum Key Distribution (QKD) 

exchange by exploiting the no-cloning theorem of quantum 
mechanics. Protocols such as BB84 and E91 ensure that eavesdropping attempts disturb the 
quantum states, thereby revealing intrusion. Satellite-based QKD has already demonstrated 

cure communication. 

Quantum Cryptography 
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While QKD provides quantum-native security, many systems require cryptographic algorithms 
resistant to quantum attacks but deployable on classical hardware. Post
(PQC), including lattice-based, code
standardized to ensure long-term data security.

2.3 Hybrid Security Architectures

Future digital infrastructures may combine QKD with PQC, leveraging the strengths of both. 
Hybrid models balance scalability and absolute security, ensuring resilience against both 
classical and quantum threats. 

3. Applications for the Next Digital Revolution

Quantum computing and communication hold transformative potential across multiple sectors.

3.1 Optimization and Logistics

Quantum algorithms such as the Quantum Approximate Optimization Algorithm (QAOA) provide 
exponential improvements in solving complex optimization problems relevant to supply chains, 
finance, and energy grids. 

3.2 Artificial Intelligence and Machine Learning

Quantum machine learning (QML) leverages quantum states for faster pattern recognition, data
classification, and optimization in high
natural language processing, and predictive analytics.

3.3 Secure Communication Networks

Quantum internet initiatives aim to interconnect quantum computers a
entangled states, ensuring unbreakable global communication networks. Governments and 
corporations are investing heavily in quantum

3.4 Drug Discovery and Materials Science

Quantum simulations enable precise modeling of molecular interactions, accelerating drug 
discovery pipelines and the development of novel materials for energy storage, semiconductors, 
and nanotechnology. 

Conclusion 

Quantum computing and communica
unparalleled computational performance and unbreakable security. While engineering 
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native security, many systems require cryptographic algorithms 

resistant to quantum attacks but deployable on classical hardware. Post-quantum cryptography 
based, code-based, and multivariate polynomial approaches, is being 

term data security. 

2.3 Hybrid Security Architectures 

Future digital infrastructures may combine QKD with PQC, leveraging the strengths of both. 
Hybrid models balance scalability and absolute security, ensuring resilience against both 

cations for the Next Digital Revolution 

Quantum computing and communication hold transformative potential across multiple sectors.

3.1 Optimization and Logistics 

Quantum algorithms such as the Quantum Approximate Optimization Algorithm (QAOA) provide 
ential improvements in solving complex optimization problems relevant to supply chains, 

3.2 Artificial Intelligence and Machine Learning 

Quantum machine learning (QML) leverages quantum states for faster pattern recognition, data
classification, and optimization in high-dimensional spaces, offering advances in drug discovery, 
natural language processing, and predictive analytics. 

3.3 Secure Communication Networks 

Quantum internet initiatives aim to interconnect quantum computers and devices through 
entangled states, ensuring unbreakable global communication networks. Governments and 
corporations are investing heavily in quantum-secure communication infrastructures.

3.4 Drug Discovery and Materials Science 

precise modeling of molecular interactions, accelerating drug 
discovery pipelines and the development of novel materials for energy storage, semiconductors, 

Quantum computing and communication are reshaping the technological landscape, offering 
unparalleled computational performance and unbreakable security. While engineering 
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challenges such as decoherence, error correction, and scalability remain significant, rapid 
progress in hardware and algorithm design is accelerating the timeline for practical deployment.

Security paradigms are undergoing a fundamental transformation, with QKD and post
cryptography redefining the boundaries of digital trust. The convergence of these technologie
will fuel applications ranging from logistics optimization to global secure communication 
networks and scientific discovery.

As nations and industries race toward quantum readiness, interdisciplinary collaboration is 
essential to bridge the gap between l
Quantum technologies stand at the cusp of the next digital revolution, poised to revolutionize 
computing, communication, and society at large.
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algorithm design is accelerating the timeline for practical deployment.

Security paradigms are undergoing a fundamental transformation, with QKD and post
cryptography redefining the boundaries of digital trust. The convergence of these technologie
will fuel applications ranging from logistics optimization to global secure communication 
networks and scientific discovery. 

As nations and industries race toward quantum readiness, interdisciplinary collaboration is 
essential to bridge the gap between laboratory prototypes and large-scale deployment. 
Quantum technologies stand at the cusp of the next digital revolution, poised to revolutionize 
computing, communication, and society at large. 
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