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Abstract: Sixth-generation (6G) wireless networks must achieve unprecedented performance metrics, including terahertz (THz) 

frequency band communications, sub-millisecond latency, and hyper-dense device connectivity. The Quantum-Accelerated 

optimization and security framework (QAOSF) is introduced to address 6G network bottlenecks by integrating the Quantum 

approximate optimization algorithm (QAOA) for beamforming and a modified Harrow-Hassidim-Lloyd (HHL) algorithm for 

efficient multi-user detection. The framework enhances security by combining continuous-variable quantum key distribution (CV-

QKD) with lattice-based cryptography while mitigating physical constraints through topological error correction and quantum 

repeaters. 
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1. INTRODUCTION 

The wireless systems scale to near-terahertz (THz) frequencies, AI-driven edge intelligence, heterogeneous 

high-mobility environments, ultra-massive antenna arrays, and computational complexity broaden dramatically. 

Classical processors fail to efficiently solve NP-hard challenges like spectrum sharing, secure transmission, 

interference alignment, and multi-user scheduling. [1] Quantum computing proffers a peculiar technique to address 

problems like: (a) Coordination capabilities beyond classical limits are expanded by Entanglement. (b)For high-

dimensional optimization tasks, Superposition will equip the massive parallel processing, and (c) The transition from 

5G to 6G wireless networks indicates a paradigm shift from traditional mobile broadband to an entirely intelligent, 

ubiquitous, and space-integrated communication matrix. 6G networks are projected to support peak data rates of 1 

Tbps, handle within the unexploited Terahertz spectrum, and manage connection densities of up to 10⁷ devices per 

square km. 

Case studies and field trials like QML-based traffic optimization, quantum-enhanced MIMO test beds and 

satellite-based QKD bring out the possibility and exigency of 6G quantum integration. Many researchers [2-6] from 

Tsinghua University, IBM Quantum, MIT, and the European Quantum Flagship evince that quantum processors can 

productively survey wide search spaces, solve NP-hard problems, and instantiate complex probability distributions 

that classical machines cannot handle experimentally. 

mailto:drnagarjuna@sasi.ac.in
https://orcid.org/0000-0002-9038-4946


 

588 

 

Figure 01: Architecture of Quantum wireless system (QWSA) 

Regulating this infrastructure is requisite for solving multi-variable optimization problems in real-time 

applications. Classical processors operate by multi-threaded or successive binary operations, whose scale is crummy 

(\(O(2^n)\)) while facing the combinatorial explosion of 6G variables. 

2. METHODOLOGY 

QC scales either polynomially or sub-exponentially, paving the way forward for network operations to next-

gen. Quantum Computing (QC) instigates a completely disparate computational framework based on quantum-

mechanical observations. It encompasses three components: QOC, QSCL and HIE 

2.1 Quantum Optimization Core (QOC) 

The QOC influence the optimization of quantum processors like: 

Energy efficiency, Ultra-massive arrays and beamforming in colossal MIMO 

High-mobility (THz) network channel estimation, interference alignment for green wireless systems 

Spectrum allotment and routing in multi-hop, ultra-dense networks 

Hybrid quantum-classical architectures that promote functional operation in the Noisy Intermediate-Scale 

Quantum (NISQ) era are being developed for fault-tolerant quantum computing (FTQC). Algorithms like Grover’s 

search, VQE, QAOA, and quantum annealing can validate real-time optimization even in non-stationary, dynamic 

circumstances. 

Quantum-Secure Communication Layer (QSCL): These measures are important for classical cryptography 

because it becomes vulnerable to future Cryptographically Relevant Quantum Computers (CRQCs), particularly in 
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mission-critical infrastructure, IoT, and autonomous systems. QSCL establish testable security for next-gen wireless 

networks utilize: 

Entanglement-served authentication and intrusion detection 

Quantum-safe blockchain frameworks for dispersed wireless networks 

Post-Quantum Cryptography (PQC) to protect legacy systems 

Quantum Key Distribution (QKD) for sturdy encryption 

Hybrid Intelligence Engine (HIE): HIE fuses traditional AI/ML with Quantum Machine Learning (QML),     

entailing quantum variational classifiers, neural networks (QNNs), and tensor networks; this empowers 

Estimated & abnormal detection, Real-time traffic and resource optimization 

Intelligent energy management, Pliant network management and dynamic security 

To ensure practical performance within NISQ constraints for Hybrid co-processing while scaling towards the  

FTQC potential range. 

2.2 Framework of Quantum-Assisted 6G Networks 

To unify these paradigms, the emerging 6G infrastructure is divided into three distinct operational layers: 

The Quantum Internet Layer: Parallel network layer performing in tandem with 6G to transfer pure quantum 

data, i.e., qubits. This layer permits diffused quantum sensing and securely links dispersing functionality of quantum 

data centers. 

Quantum-Assisted Radio Access Networks (q-RAN): Quantum co-processors installed in localized edge nodes. 

These nodes collaborate on cell-free macro diversity, control localized beam forming, and use low-latency quantum 

cryptographic keys to secure Open-RAN interfaces.[14] 

Quantum Space Information Networks (QSIN): A single network architecture that links low earth orbit (LEO) 

satellite constellations and terrestrial stations. By acting as orbital quantum repeaters Satellites circumvent the physical 

distance restrictions of terrestrial fiber and enabling long-distance entanglement distribution. 

3. RESULTS AND DISCUSSIONS 

3.1 Quantum Sensing for 6G 

Quantum sensors leverage entanglement and coherence to provide precision spin-based measurements beyond 

classical devices. They empower: 

Upgraded channel state information (CSI) for system state environments 

Sub-centimetre localization 

Environmental detection for autonomous mobility, industrial automation & smart cities 

Ultra-reliable low-latency communication (URLLC) 

Industrial IoT, augmented reality, autonomous driving, and space-air-ground integrated networks (SAGIN) all 

benefit from the integration of quantum sensing with wireless systems-QKD, QAOSF, QAOA which produces 

previously unheard- of situational awareness and control. 

3.3 Quantum-accelerated optimization and security framework (QAOSF) 

Future sixth-generation (6G) wireless networks will require an intelligent communication architecture capable 

of supporting ultra-high data rates, ultra-low latency, massive device connectivity, and secure information exchange 

while operating in highly dynamic environments. Conventional network management techniques are unlikely to 

satisfy these requirements because of the increasing complexity of optimization, resource allocation, and security 

tasks. To overcome these limitations, this paper proposes a Quantum-Assisted optimization and Security Framework 

(QAOSF) that combines quantum computing with classical networking to improve the performance, intelligence, and 

resilience of future wireless systems. 
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QAOSF is an architecture that merges quantum resources into wireless networks, such as network, MAC, 

physical, and application layers. 

+-----------------------+ 

| Hybrid Intelligence | 

| Engine (HIE) | 

+-----------+-----------+ 

| 

v 

+------------------+ +------------------+ +------------------+ 

| Quantum Optimization |->| Quantum-Secure |->| Quantum Sensing | 

| Core (QOC) | | Communication | | & Positioning | 

| - Beamforming | | Layer (QSCL) | | - Localization | 

| - Resource Opt. | | - QKD | | - Channel Sensing | 

| - Routing | | - PQC | | - Environment | 

+------------------+ +------------------+ +------------------+ 

Figure 02:  QAOSF Overview diagram 

This diagram illustrates the three pillars of QAOSF and their interaction with a hybrid intelligence layer that 

coordinates quantum-classical co-processing for optimization, security, and sensing. [12-15] 

3.4 Quantum-Secured 6G Infrastructures -QKD 

The rise of quantum computing poses a dual-use dilemma: while it accelerates network optimization, it also 

threatens the mathematical foundations of modern public-key cryptography (e.g., RSA and ECC) via Shor's 

Algorithm. Consequently, 6G networks must integrate quantum-safe security primitives directly into their structural 

architecture. 

┌─────────────────────────────────────────────────────────┐ 

│ Quantum Key Distribution (QKD) Security Layer │ 

└────────────────────────────┬────────────────────────────┘ 

│ (Quantum State Transmission) 

▼ 

┌─────────────────────────────────────────────────────────┐ 

│ Single-Photon / Continuous-Variable Channels │ 

└────────────────────────────┬────────────────────────────┘ 

│ (Eavesdropping Detect) 

▼ ┌─────────────────────────────────────────────────────────┐ 

│ Irreversible Quantum Collapse (Compromise Alert) │ 

└─────────────────────────────────────────────────────────┘ 

Figure 03: quantum-safe security quantum flow 

Quantum Key Distribution (QKD): Information is encoded onto individual photons, and any attempt by a third 

party to measure or intercept the key changes its quantum state, revealing the security breach the right way. QKD 

distribute cryptographic keys using the concepts of quantum mechanics. [11] 
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Continuous-Variable QKD (CV-QKD): CV-QKD makes use of common telecommunication components, like 

coherent lasers and homodyne detectors, to employ commercial viability. This makes it possible to directly multiplex 

quantum security channels onto current wireless and fiber-optic 6G backhaul networks. 

3.6 Quantum Approximate Optimization Algorithm (QAOA): 

Quantum Annealing uses quantum tunnelling to evaluate large solution spaces concurrently with the Quantum 

Approximate Optimization Algorithm (QAOA). The Quantum Approximate Optimization Algorithm (QAOA) is a 

hybrid quantum–classical algorithm designed to solve complex combinatorial optimization problems. It combines 

quantum state evolution with classical parameter optimization to obtain near-optimal solutions for large-scale 

problems. In 6G wireless networks, QAOA is highly relevant for solving computationally intensive tasks such as 

beamforming optimization, spectrum allocation, routing, network slicing, and resource management. This guarantees 

ultra-reliable routing paths across shifting topologies, optimal power distribution, and dynamic spectrum allocation. 

[9,10] 

For 6G applications, QAOA enables efficient exploration of large solution spaces, improving: 

Beamforming optimization in ultra-massive MIMO systems and Energy-efficient resource management 

Optimal routing and network slicing 

Dynamic spectrum allocation in dense networks 

3.7 Core Architectural Applications of Quantum Computing in 6G 

Ultra-Fast Signal Decoding and Channel Estimation: 6G uses Ultra-Massive Multiple-Input Multiple-Output 

(UM-MIMO) antenna arrays to combat these limitations. 6G signals operating in the THz and sub-THz bands are 

subject to severe path loss, molecular scattering, and intense atmospheric absorption. 

Large-scale channel matrix inversion is accelerated by quantum algorithms like Quantum Fourier Transforms 

(QFT) and the Quantum Search Algorithm (Grover's Variant). On traditional hardware, decoding thousands of 

concurrent data streams results in intolerable processing latency. This maintains sub-millisecond latency even in the 

face of extreme signal distortion, enabling nearly instantaneous multi-user detection and channel estimation. [7, 8] 

Dynamic Resource Allocation via Parallel Optimization: Conventional heuristics regularly accept less-than-

ideal configurations in order to prevent computational timeouts. Cross-layer resource allocation, beamforming 

alignment, and network slicing in 6G are NP-hard combinatorial optimization problems. 

[6G Network Edge Node] ────► [State Space: Users, Bandwidth, and Power] 

│ 

▼ 

[Variational Quantum Eigen solver] 

│ 

▼ 

[Optimal Real-Time Configuration: Beamforming, Slice Allocation, Power Tuning] 

Figure 04: parallel optimization pipeline diagram 

3.8 Accelerated Quantum Machine Learning (QML) 

Predictive traffic routing and self-healing will be made possible by native, edge-driven artificial intelligence in 

6G networks. Large training datasets and a lot of processing power are needed for classical deep learning. Variational 

Quantum Circuits (VQCs) take the place of conventional deep neural network layers in Quantum Machine Learning 

(QML). Using substantially fewer parameters, VQCs use high-dimensional Hilbert spaces to find intricate patterns in 

wireless traffic data, speeding up training convergence and lowering network edge power consumption. 

These applications highlight quantum computing’s dual role as a performance accelerator and security enabler, 

redefining the design, operation, and protection of next-generation wireless ecosystems. 
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3.9 Implementation barriers and Mitigations of 6G networks 

Table 01: Barriers of 6G networks along with their corresponding mitigation approaches 

S. No 
Technical 
Challenge 

Systemic Impact of Challenges on 6G 
Networks 

Mitigation and Research Vector 

1 
Cryogenic  

Dependencies 

Edge deployment is limited by the need 
for cooling near absolute zero for high-

end superconducting quantum processors 

Emphasize Diamond Nitrogen - vacancy 
center technology and room-temperature 

photonic 
Quantum circuits 

2. 
Quantum 

Decoherence 

Data loss results from qubits' 
superposition being destroyed by thermal 

fluctuations and 
Environmental noise. 

Advanced Quantum Error Correction 
(QEC) codes and topological qubits are 

implemented. 

3 
No-Cloning  

Theorem 

Conventional inline signal repeaters 
cannot intercept, duplicate or amplify 

quantum states. 

Quantum memories and free-space optical 
nodes are deployed based on satellites. 

4. 
Security and 

Privacy 
Risks 

Services powered by extensive IoT, AI, 
and quantum computing heighten 

susceptibility to cyber 
threats. 

Utilize quantum-resistant encryption, AI-
driven security, blockchain-enabled 

authentication, and zero-trust frameworks. 

5. 
Environmental 

Impact 

Widespread infrastructure deployment 
could lead to higher carbon emissions and 

more electronic waste. 

Embrace eco-friendly networking, energy-
saving devices, recyclable resources, & 

sustainable production tools 

6. 
Device 

Compatibility 

Current 5G devices are unable to natively 
support 6G technologies and frequency 

bands. 

Encourage backward compatibility, 
gradual transition approaches, and 

multi-band equipment. 

7. 
AI-Integration 

Complexity 

6G needs AI to manage networks 
autonomously, which raises system 

complexity. 

Create uniform AI frameworks, 
interpretable AI (XAI), and ongoing 

model training & assessment. 

Table 01 displays the key challenges to the implementation of 6G networks alongside their respective mitigation 

approach. These issues can be tackled by progress in global standardization, AI, energy-efficient strong cybersecurity 

measures, cutting-edge communication technologies, and joint investments by businesses, governments, and 

educational institutions.  

Successfully addressing these obstacles will promote the effective implementation of 6G networks, allowing 

for intelligent, dependable, secure, and sustainable future wireless communication 

3.10 Future direction of 6G wireless network 

Quantum-enabled wireless networks promise a transformative impact on 

Quantum-enabled IoT, Industry 5.0 and Terahertz-based holographic communication 

Telemedicine and remote surgery 

Space-air-ground communication (satellites, drones, HAPS) 

Smart grids, critical infrastructure and AI-driven self-optimizing wireless networks 

Secure military and defense communication 

3.11 Stakeholder Implications on 6G wireless network 

Hardware manufacturers should develop quantum-safe chipsets, photonic qubit arrays, and cryogenic quantum 

processors, while regulators establish national quantum strategies, PQC/QKD standards, and spectrum governance. 

Academia and telecom operators should integrate wireless engineering with quantum theory and adopt 

quantum-augmented resource management to drive interdisciplinary research, improve QoS, reduce OPEX, and 

enhance network efficiency and security 
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4. CONCLUSION 

This paper delivers how quantum technologies can conquer the limitations of classical systems while stating 

new research pathways illustrated by quantum computation, quantum sensing, and integrating quantum security within 

the QAOSF framework. Quantum computing should be incorporated into 6G architectures to cope with the high data 

rates and microsecond lags of next-gen wireless ecosystems. Also gives a forward-looking and holistic exploration of 

quantum computing transmuted impact on 6G wireless network issues; Quantum algorithms are utilized for machine 

learning, resource allocation, and signal processing 6G networks may surpass classical limitations. 

The advancement of q-RAN and hybrid quantum-classical networks offers a clear path toward an intelligent, 

secure, and globally integrated communication infrastructure, even though physical challenges like hardware cooling 

and decoherence require clear guidelines for future research. Further, this work is placed as a reference for educators, 

industry professionals, and researchers directing the evolution with respect to an intelligent, incredibly high-capacity 

and protected 6G wireless ecosystem. 
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