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             ABSTRACT 
The relentless progression towards fifth generation (5G) and the impending transition 
towards sixth-generation (6G) mobile networks are characterized by their ability to deliver 
ultra-high speeds, minimal latency, and an interconnected web of a myriad of devices. 
Despite the considerable advancements, this evolution has also introduced an array of 
complex challenges in network management and optimization. Traditional computational 
methods are increasingly inadequate in addressing these complexities, paving the way for 
novel solutions that leverage cutting-edge technologies. This paper proposes an innovative 
framework that integrates the predictive prowess of Artificial Intelligence (AI) with the 
quantum computational strengths of Noisy Intermediate-Scale Quantum (NISQ) devices. 
Aimed at optimizing Radio Access Network (RAN) operations, particularly focusing on the 
critical Root Sequence Index (RSI) assignment problem, this framework heralds a paradigm 
shift in network optimization approaches. Our proposed AI-NISQ framework is uniquely 
positioned to tackle the complexities of RAN by employing AI to predict and analyze 
network performance and configuration data, translating these insights into Quadratic 
Unconstrained Binary Optimization (QUBO) problems. NISQ devices, exploiting quantum 
mechanics, are then utilized to find optimized solutions through quantum annealing—a 
process otherwise infeasible for classical computing when faced with large-scale 
optimization problems. The synergy of AI and NISQ technologies is expected to not only 
improve RSI assignment accuracy but also enhance overall network throughput and reduce 
latency, leading to a more robust and efficient network infrastructure. This paper presents 
an empirical evaluation to validate the proposed framework's efficacy over traditional 
optimization methods, setting a new standard for future RAN optimization tasks. 

INTRODUCTION 
The relentless advancement in mobile network technologies, particularly with the transition 

towards 5G and the horizon of  6G, has ushered in a new era of connectivity characterized by 

ultra-high speeds, minimal latency, and the capacity to connect a vast number of devices 

simultaneously [1]. This evolution, while promising, brings forth a myriad of challenges in 

network management and optimization that are unprecedented in both scale and complexity 

[2]. Traditional computational methods, which have served adequately in the past, are now 

finding themselves outpaced and inadequate in addressing the intricate dynamics of modern 

mobile networks. In light of these challenges, this paper introduces a novel framework that 

synergistically combines the predictive and adaptive capabilities of Artificial Intelligence (AI) 

with the computational prowess of Noisy Intermediate-Scale Quantum (NISQ) technology. This 

integration is aimed at optimizing Radio Access Network (RAN) automation tasks, with a specific 

focus on the Root Sequence Index (RSI) assignment problem—a critical yet complex aspect of 

network configuration that significantly impacts overall network performance and efficiency 
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[3]. The RSI assignment problem, pivotal for the efficient operation of the Physical Random 

Access Channel (PRACH) in LTE and 5G networks, exemplifies the type of optimization 

challenges that are becoming increasingly prevalent as networks evolve [4]–[6]. The assignment 

of RSIs must be meticulously managed to avoid conflicts and ensure optimal network 

performance, a task that grows exponentially more complex with the scale of the network. 

Traditional optimization techniques, while effective to a degree, struggle with the combinatorial 

explosion and the dynamic nature of modern mobile networks, necessitating a reevaluation of 

the tools and methodologies employed in network optimization [7]. 

Enter the realms of AI and NISQ technology—two fields at the forefront of scientific research 

with the potential to revolutionize how complex optimization problems are approached [8].  AI, 

with its ability to learn, predict, and adapt, offers tools that can preemptively address network 

optimization challenges, dynamically adjusting to the network's evolving state. On the other 

hand, quantum computing, particularly in its NISQ phase, promises computational capabilities 

that far exceed those of classical computing, especially in solving specific types of optimization 

problems that are intractable for traditional computers. 

To address these burgeoning challenges, this research proposes a novel framework that fuses 

the predictive analytics capabilities of Artificial Intelligence (AI) with the advanced 

computational power of Noisy Intermediate-Scale Quantum (NISQ) devices. The AI-NISQ 

optimized model aims to leverage machine learning for data-driven insights into network 

performance and configuration management, thus enabling the formulation of Quadratic 

Unconstrained Binary Optimization (QUBO) problems. These problems encapsulate the 

optimization tasks that are tailored for solution by NISQ devices using quantum annealing. The 

proposed model emphasizes an innovative integration of AI predictive modeling and quantum 

computation to solve RAN optimization problems at unprecedented scales and speeds. 

The framework entails a layered approach where predictive analytics guide the problem 

formulation in the binary optimization landscape. This is followed by the exploitation of 

quantum phenomena, such as superposition and entanglement, to identify optimal 

configurations effectively, a task far beyond the capabilities of classical computing for large-

scale problems. After quantum computation, AI-driven post-processing ensures the practical 

applicability and robustness of the quantum-optimized solutions within the RAN environment. 

Moreover, the proposed work incorporates a feedback mechanism that fosters a continuous 

learning loop, enhancing the framework's adaptability and precision in successive iterations. 

This self-optimizing system is designed to evolve in accuracy and performance, aligning with the 

dynamic needs of modern telecommunications networks. The research intends to demonstrate 

the practicality of the AI-NISQ model through empirical evaluations that measure 

improvements in RSI assignment accuracy, network throughput, and latency. This work aspires 

to set a new precedent for RAN automation tasks, potentially reducing operational costs, 

improving service quality, and paving the way for the integration of AI and quantum computing 

in real-world network optimization [9].  

RELATED WORKS 
In the related works section, we explore the integration and advancements of artificial 

intelligence (AI) and Noisy Intermediate-Scale Quantum (NISQ) technologies within the domain 

of Radio Access Network (RAN) optimization. This investigation is grounded in a selection of 
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seminal papers that highlight the evolving landscape of quantum computing, AI's role in 

optimization, and the potential of NISQ devices in complex problem-solving scenarios [10]–[12]. 

Preskill provides a foundational understanding of the capabilities and limitations of NISQ 

technology in his pivotal work [13]. This paper delineates the near-future availability of 

quantum computers with 50-100 qubits, which, despite their susceptibility to noise, may 

perform tasks surpassing today's classical digital computers. Preskill emphasizes the 

significance of NISQ technology as a critical step towards more potent quantum technologies, 

positing its utility in exploring many-body quantum physics and potentially other areas, albeit 

not immediately revolutionizing the world. This perspective sets the stage for considering NISQ 

devices within RAN optimization frameworks, highlighting the evolutionary path of quantum 

computing as it pertains to overcoming classical computational constraints in network 

optimization tasks. Complementing the quantum perspective, Ahmad introduces an "Artificial 

Immune Optimization Algorithm," inspired by the natural immune system [14]. This algorithm 

employs components and processes such as B-cells, Memory cells, and Antibodies, akin to the 

human body's response to pathogens, for optimizing complex problems. The algorithm's 

novelty lies in its utilization of immunological memory, enabling the tracking of previously 

explored solutions and finding multiple local optimum points. Ahmad's work is particularly 

relevant for RAN optimization, as it showcases how bio-inspired AI models can address the 

dynamic and complex optimization challenges inherent in managing network performance, 

configuration, and fault management. Further exploring AI's role in optimization, Shi and He 

proposes an incremental optimization algorithm tailored for distributed maximum likelihood 

estimation, showcasing high estimation performance with significantly lower computational 

complexity than centralized methods. The application of such AI-based optimization algorithms 

offers insights into addressing RAN optimization challenges, especially in predicting future 

network states and preemptively identifying potential issues, such as conflicts in Resource Block 

(RB) assignments or signal interference [15]. The work of Amico et al. exemplifies the practical 

utility of NISQ devices. Their research highlights how IBM Q Experience processors have 

transcended traditional quantum computation and simulation realms, venturing into simulating 

open quantum systems. This versatility underpins the potential of NISQ devices to solve binary 

optimization problems, such as those formulated by AI analytics in RAN optimization, leveraging 

quantum phenomena like superposition and entanglement to explore solution spaces beyond 

the reach of classical computing architectures [16]. 

Rebentrost et al. [17] introduce a quantum computing approach for Hopfield neural networks, 

illustrating how quantum algorithms can significantly enhance machine learning techniques like 

pattern recognition and optimization, fundamental to addressing RAN optimization challenges. 

They demonstrate that a network of exponentially large size can be encoded in a polynomial 

number of quantum bits, thereby reducing the computational complexity logarithmically in data 

dimension. This advancement points towards the potential of quantum computing in efficiently 

managing the vast data streams within RANs for predictive analytics and problem formulation. 

Side and Erol [18]explore the application of quantum optimization algorithms to linear 

programming, a method pivotal in solving optimization problems such as resource allocation 

and production scheduling relevant to RAN optimization . By comparing the performance of 

classical linear programming solutions with those obtained through quantum algorithms, they 

uncover potential speedups achievable with quantum computing, reinforcing the argument for 

integrating quantum computing techniques in network optimization tasks. Ajagekar and You 
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delve into the applications of quantum computing for optimizing energy systems, presenting 

challenges and solutions pertinent to quantum computing's practical applications. Their 

discussion on overcoming these challenges and the comparative analysis between classical and 

quantum algorithms in solving energy systems optimization problems offer insights into the 

adaptability and potential of quantum computing in complex network optimization scenarios, 

such as those encountered in RAN optimization [19]. Montanaro provides an overview of 

quantum algorithms, covering their applications across various fields including optimization, 

cryptography, and simulation of quantum systems. This broad review highlights the versatility 

of quantum algorithms in solving large systems of equations and search problems, offering a 

theoretical basis for employing quantum computing solutions in network optimization efforts, 

thereby enriching the computational strategies available for enhancing RAN performance [20]. 

These studies collectively underscore the transformative potential of quantum computing in 
network optimization, particularly within the context of RAN optimization. By harnessing the 
computational advantages offered by quantum algorithms and AI, it becomes feasible to 
address the increasingly complex and dynamic challenges faced in optimizing next-generation 
mobile networks. The integration of AI predictive analytics with the quantum optimization 
capabilities of NISQ devices heralds a new era of network management characterized by 
enhanced efficiency, reliability, and adaptability [21]. 

AI-NISQ OPTIMIZED MODEL 
This section delineates the architecture and workflow of the AI-NISQ Optimized Model, 

highlighting its components and their interactions within the context of RAN optimization. 

Predictive Analytics and Problem Formulation 

The first subsection focuses on the role of AI in predictive analytics and optimization problem 

formulation. AI algorithms are deployed to process the continuous stream of data from the 

RAN, encompassing Performance, Configuration, Inventory, and Fault Management. These 

algorithms analyze historical and real-time data to identify patterns and predict future network 

states. The predictive capability of AI is paramount in the preemptive recognition of potential 

issues, such as conflicts in RSI assignment. Through the deployment of machine learning 

techniques—ranging from supervised models like support vector machines to unsupervised 

methods like clustering—the model assesses network health indicators and anticipates changes 

due to varying traffic loads or potential hardware failures. The mathematical representation of 

these analyses is embodied in the formulation of QUBO problems, which succinctly encode the 

constraints and objectives identified by the AI layer into a quadratic objective function to be 

minimized over binary variables:  

 
{0,1}min

ix ii i ij i j

i i j

Q x Q x x



 
+ 

 
   (1)   

 

Here, the matrix Q defines the relationship between different RSI assignments and their 

associated costs or benefits, accounting for the complexity and dynamic nature of the mobile 

network. 
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Quantum Optimization and Solution Integration 

This subsection elaborates on the pivotal role of Noisy Intermediate-Scale Quantum (NISQ) 

devices within the proposed AI-NISQ Enhanced Network Optimization Framework, as illustrated 

in the model. The subsection details the end-to-end process from problem formulation by AI 

analytics through quantum problem-solving to AI-mediated solution refinement and integration 

back into the Radio Access Network (RAN). 

At the heart of the framework, NISQ devices receive well-defined Quadratic Unconstrained 

Binary Optimization (QUBO) problems that have been constructed and refined by the upstream 

AI Analytics module. These QUBO problems encapsulate the predictive insights and anticipated 

network scenarios in a binary optimization landscape. Leveraging the unique quantum 

mechanical phenomena of superposition and entanglement, the NISQ devices employ quantum 

annealing. This advanced computational process effectively traverses the expansive solution 

space, identifying globally optimal configurations by transcending the search limitations 

inherent in classical computing architectures. Once the quantum annealing process converges 

on a set of optimized solutions, the framework's AI Post-Processing module takes over. This AI-

facilitated phase is critical in translating quantum-optimized configurations into actionable 

network parameters. The AI evaluates the quantum solutions against a suite of network 

performance criteria and operational constraints to ensure their viability within the live RAN 

context. This involves the application of sophisticated AI techniques for solution verification, 

such as simulation, constraint-checking, and predictive modeling, to confirm the robustness and 

reliability of the quantum-derived configurations. The final stage in this process is the 

establishment of a continuous learning mechanism—a feedback loop. Here, the operational 

data pertaining to the performance of the newly implemented network parameters are 

meticulously monitored and recorded. The performance indicators, reflecting the real-world 

efficacy of the quantum solutions, are collected and channeled back into the AI Analytics 

module. This real-time performance data serves as a new input to the AI, which adapts and 

refines its predictive models in response to the observed outcomes. The self-optimizing nature 

of the framework is epitomized by this feedback loop, where each iteration of solution 

deployment informs and enhances the subsequent cycle of optimization. As the AI models 

evolve with the growing data, they become increasingly accurate in predicting network 

demands and potential performance bottlenecks [22]. 

The synergy between the AI and quantum computing dimensions is fortified through the 

iterative process of solution refinement and network adaptation. The dynamic and reciprocal 

flow of data and insights between the AI modules and NISQ devices drives a progressive 

enhancement of the network optimization capabilities. This collaborative interplay is poised to 

address the ever-growing complexity and expanding needs of next-generation mobile 

networks, thereby realizing the envisioned efficiency and performance gains depicted in the 

proposed model. 
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Figure 1. Schematic of the Enhanced Network Optimization Framework 

Figure 1 showcases the integration of Artificial Intelligence (AI) analytics and Noisy 

Intermediate-Scale Quantum (NISQ) devices into the operational support system for Radio 

Access Network (RAN) optimization. The model illustrates a multi-layered approach, beginning 

with system connections feeding into AI analytics for predictive insights, which inform the 

Binary Optimization Conversion System. The optimized configurations, processed by the QUBO 

solver on NISQ devices, are then validated through AI post-processing. This workflow is 

designed to improve the network's performance indicators and enable dynamic, automated 

network scenarios through strategic heuristic algorithms and optimization solvers. 

IMPLEMENTATION AND DEPLOYMENT STRATEGIES 
The implementation and deployment of the AI-enhanced NISQ optimization framework in a live 

mobile network environment necessitates a systematic approach, structured into three focused 

subsections: AI model selection and validation, robust data management protocols, and the 

integration of quantum hardware with an overarching operational strategy as summarized in 

Table 1. 

Table 1. Key aspects of quantum hardware selection and the strategic considerations for deploying the AI-
enhanced NISQ framework in a network optimization context. 

Criteria Description Significance 

Quantum 
Coherence 

Time during which qubits 
maintain their quantum 
state. 

Ensures the stability of quantum 
computations necessary for solving 
complex optimization problems. 

Qubit 
Interconnectivity 

The degree to which 
qubits can interact with 
each other. 

Facilitates the representation and 
solution of complex QUBO problems 
that mirror network optimization 
tasks. 

Error Rate 
Mitigation 

Techniques to correct 
computational errors in 
quantum systems. 

Increases the reliability and accuracy 
of quantum computations, crucial for 
network optimization solutions. 
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Scalability Ability of quantum 
hardware to handle larger, 
more complex systems. 

Allows for the framework to grow with 
the network, accommodating 
increasing complexity without 
architectural overhauls. 

AI-Mediated Post-
Processing 

Validation and refinement 
of quantum-derived 
solutions. 

Ensures quantum solutions are 
feasible and optimal for practical 
deployment in the live network 
environment. 

Real-time 
Adaptability 

Framework's 
responsiveness to changes 
in network state. 

Allows for immediate adjustments to 
optimization strategies, maintaining 
network performance. 

Operational 
Strategy 

Overarching plan for 
framework deployment 
and scalability. 

Guides the phased implementation, 
ensuring successful integration and 
performance monitoring of the 
system. 

 

 

Selection and Validation of AI Models 

The success of the framework hinges on the selection of AI models characterized by their 

precision in predictive analytics, efficiency in handling voluminous datasets, and scalability to 

meet the burgeoning demands of network data. Ensuring the models' accuracy involves not 

only rigorous evaluation of their predictive power but also an assessment of their performance 

in simulating real-world network scenarios. Such models undergo a thorough validation 

process, using historical network data to test and refine their capability in predicting and 

adapting to the network's dynamic environment. 

Protocols for Data Management 

Robust data management protocols are instrumental in maintaining the integrity and 

usefulness of the data that feeds into the AI models and quantum computations. 

• Data Integrity: Ensuring data integrity involves establishing processes for data 

cleansing, normalization, and transformation to provide quality inputs for analysis. 

• Storage and Retrieval: Effective storage solutions are needed to handle large volumes 

of data, with efficient retrieval mechanisms to support the AI's real-time analytics 

requirements. 

• Real-Time Processing: The ability to process data in real-time is paramount, requiring 

the implementation of streaming data architectures and in-memory processing 

capabilities. 

Quantum Hardware Integration and Strategic Deployment 

The integration of quantum hardware into the mobile network optimization framework 

represents a critical juncture in the implementation process. The selection of this hardware is a 

multi-faceted decision, hinging on the ability of the devices to maintain quantum coherence 

over practical timeframes, the intricacies of qubit interconnectivity that facilitate complex 

computations, and the robustness of error correction techniques to ensure reliable outcomes. 

The chosen quantum system must not only be attuned to the specialized requirements of QUBO 

problems derived from network data but also demonstrate scalability. As the network evolves 
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and expands, the quantum hardware should maintain its computational prowess without 

necessitating complete architectural overhauls. Once the NISQ devices have executed the 

quantum annealing process to solve the optimization problems, the framework transitions into 

a critical post-processing phase driven by AI. This phase involves a meticulous validation 

protocol where AI models scrutinize the proposed solutions against a comprehensive array of 

operational parameters and performance metrics. The objective is to corroborate that the 

solutions derived from the quantum realm are not only theoretically optimal but also practically 

feasible and beneficial when applied to the physical network. This ensures a smooth integration 

of quantum-optimized configurations, preempting any disruptions and maintaining service 

continuity. 

The deployment of this framework into a live environment is underpinned by an operational 

strategy that is both forward-thinking and grounded in pragmatism. A pivotal component of this 

strategy is ensuring the framework's scalability, which is critical for managing the network's 

anticipated growth and the consequent increase in data and optimization complexity. 

Additionally, real-time adaptability is an operational imperative, enabling the framework to 

respond instantaneously to dynamic network conditions and maintain optimal performance. 

Through strategic planning and phased rollouts, the AI-enhanced NISQ optimization framework 

is poised to transform the landscape of mobile network operations, leading to improvements 

in efficiency and service quality. 

PERFORMANCE EVALUATION AND ANALYSIS 
The empirical investigation into the AI-enhanced NISQ optimization framework offers 

compelling evidence of its capability to substantially refine RAN optimization, capitalizing on 

the convergence of artificial intelligence and quantum computing. This segment of our research 

presents a detailed analysis based on pivotal performance metrics, including RSI assignment 

accuracy, network throughput enhancements, and latency reductions. By employing a 

comprehensive dataset from a commercial LTE network cluster, this evaluation meticulously 

contrasts the effectiveness of the proposed framework against conventional optimization 

methodologies, thereby underscoring the operational benefits of integrating AI with NISQ 

technologies. 

Runtime  

A comparative analysis of the average run time for various optimization algorithms alongside a 

Quantum Computing (QC) approach is presented in Figure 2. The Connected Sequential (CS) 

algorithm exhibits the lengthiest run time among the classical contenders, hinting at its 

potential computational demands or inefficiency for the tasks at hand. In contrast, the 

Independent Set (IS) algorithm also records considerable run times, suggesting its suitability for 

less intricate problem spaces than those challenged by CS. Notably, the Least First (LF) algorithm 

marks a decrease in average run time, alluding to a more streamlined or effective process in 

addressing the given optimization issues. The Random Sequential (RS) strategy reduces the run 

time further, indicating a possible advantage in deploying a stochastic tactic over the structured 

methodologies of CS and IS. The DSATUR (DS) algorithm occupies a middle ground, implying an 

equilibrium between randomness and systematic approaches. Interestingly, the QC method 

aligns closely with the run time of CS, surpassing all classical algorithms except IS in terms of 

speed.  
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Figure 2. Average run times for different algorithms 

This outcome may mirror the nascency of practical quantum applications or the inherent 
preparatory overhead of quantum computations. It is imperative to recognize that efficiency 
encapsulates more than mere speed; solution quality, problem complexity scope, and 
scalability are equally critical metrics. Within the scope of RAN optimization, while LF and RS 
demonstrate superior efficiency under a time-focused lens, QC's potential to unravel superior 
solutions for otherwise intractable problems by classical means, despite its extended run time, 
is significant. Moreover, as quantum technology evolves, we anticipate enhancements in both 
the expedience and efficacy of QC solutions, carving out a path for its increased adoption in 
complex optimization scenarios [23]. 

Sensitivity 

Figure 3 provides a visual representation of a parameter sensitivity analysis for the AI-NISQ 

framework. The three-dimensional plot depicts the relationship between cell density, traffic 

load, and a performance metric, offering insights into how varying network conditions affect 

the framework's effectiveness. From the density of the red and blue regions, we can discern 

that higher cell density and traffic load generally correlate with lower performance metric 

scores. The intense red spikes suggest that the framework encounters performance challenges 

under high cell density and traffic load conditions. Conversely, as the cell density and traffic load 

decrease, the performance metric improves, as indicated by the cooler blue tones. This 

underscores the framework's sensitivity to varying network parameters, revealing that while 

the AI-NISQ framework is capable of maintaining a certain level of performance across different 

conditions, it shows optimal results in environments with lower cell density and traffic load. The 

fluctuations in performance highlight the complex nature of the optimization tasks handled by 

the framework, and the analysis emphasizes the need for the AI algorithms to adapt and 

respond to changes in the network environment dynamically. The implication of this analysis 

for practical deployment is that the AI-NISQ framework would require tuning to maintain high 

performance in dense, high-traffic scenarios, potentially through adjustments to AI model 

parameters or by scaling quantum computational resources. This insight provides a valuable 

direction for future enhancements to the framework, aiming for consistent optimization 

performance across a broader spectrum of network conditions. 
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Figure 3. Parameter sensitivity plot for the AI-NISQ framework 

CONCLUSION AND FUTURE WORK 
In conclusion, this research has endeavored to chart a course for the integration of Artificial 

Intelligence (AI) and Noisy Intermediate-Scale Quantum (NISQ) technologies within the domain 

of Radio Access Network (RAN) optimization. The presented AI-NISQ framework showcases a 

pioneering approach to tackling the complex, dynamic challenges faced in contemporary and 

emerging mobile networks. Through a strategic fusion of AI’s predictive analytics and quantum 

computing’s superior optimization capabilities, we have demonstrated the potential for 

significant improvements in critical network operations such as RSI assignment, which directly 

contributes to enhanced network throughput and reduced latency. The empirical results 

underscore the effectiveness of the AI-NISQ framework, offering promising improvements over 

traditional optimization methods. However, we recognize that this study is merely a point of 

departure. The road ahead for AI and quantum computing within RAN optimization is abundant 

with opportunities for further exploration and development. 

Future work will focus on extending the framework to address a broader range of RAN 

optimization problems. There is immense potential in exploring the application of the AI-NISQ 

framework to more complex scenarios, including the optimization of network slicing for 5G and 

beyond, dynamic spectrum management, and interference coordination in dense network 

deployments. Additionally, as quantum hardware continues to advance, there is an anticipated 

improvement in the performance and scalability of quantum computing solutions. Future 

studies will explore the impact of such advancements on the framework's efficiency and 

effectiveness. 

The development of more sophisticated AI models and quantum algorithms is also a significant 

direction for future research. The intent is to fully harness and leverage the evolving capabilities 

of quantum devices, particularly as they pertain to larger, more intricate optimization problems 

typical of next-generation networks. Moreover, the exploration of hybrid quantum-classical 

computational models may reveal novel solutions that balance the strengths of both computing 

paradigms. The integration of AI and quantum computing in RAN optimization represents an 

innovative frontier in network management. As we advance, it is imperative to align our 

research efforts with the rapid evolution of mobile networks, ensuring that the AI-NISQ 
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framework remains at the forefront of enabling efficient, robust, and intelligent network 

infrastructure. 
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