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ABSTRACT: Cognitive Radio Networks (CRNs) offer dynamic spectrum access and optimized utilization of
underutilized frequency bands, addressing the inefficiencies of fixed spectrum allocation. Leveraging techniques such
as spectrum sensing, spectrum prediction, and opportunistic access, CRNs enable Secondary Users (SUs) to utilize
spectrum holes without interfering with Primary Users (PUs). Key components include efficient spectrum sensing,
decision-making mechanisms, and adaptive transmission protocols.

Foundational work—such as Akyildiz et al.'s seminal 2006 survey—Iaid the theoretical and practical framework for
CRNs, including optimal sensing parameters and interference models . Advances in spectrum sensing techniques
encompass classical energy detection, matched filter, cyclostationary and wavelet-based approaches, and compressive
sensing to scan widebands efficiently . Cooperative spectrum sensing, where multiple SUs share observations,
improves detection reliability using fusion rules like AND/OR and Hidden Markov Models or neural networks .

Optimizing throughput and spectrum efficiency involves interweave-mode operation and joint allocation of sensing
time, bandwidth, and power to maximize sum throughput under constraints . Integrating CR with Non-Orthogonal
Multiple Access (NOMA) and cooperative relaying enhances connectivity, fairness, and spectral efficiency, especially
for 5G use cases .

This study synthesizes these pre-2020 developments into a consolidated CRN framework: (1) multi-method spectrum
sensing—including compressive and cooperative approaches; (2) predictive spectrum use via statistical models; (3)
dynamic decision-making for channel access; (4) optimized resource allocation to maximize performance; and (5)
advanced access structures such as cognitive NOMA.

Key findings include trade-offs between sensing accuracy, latency, and energy consumption; gains from cooperative
prediction; optimized throughput through joint parameter tuning; and enhanced efficiency using CR-NOMA
architectures. The workflow progresses through sensing — decision — access — adaptation.

Advantages of CRNs include flexible spectrum usage, improved throughput, and better fairness. Challenges include
sensing complexity, false alarms, energy costs, and interference risk. Results point to substantial spectrum utilization
gains with proper configuration, while ongoing challenges highlight areas like sensing overhead and hardware
limitations. The conclusion confirms CRNs' efficacy, with future work aimed at lighter sensing, better prediction, and
integration into 5G/1oT frameworks.

KEYWORDS: Cognitive Radio Network (CRN), Dynamic Spectrum Access (DSA),Spectrum Sensing, Compressive
Sensing, Cooperative Sensing, Spectrum Prediction, Throughput Optimization, Cognitive NOMA, Resource
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I. INTRODUCTION

Traditional spectrum allocation policies lead to inefficient usage, with large portions of licensed spectrum remaining
underutilized while demand grows elsewhere. Cognitive Radio Networks (CRNs) emerged as a solution, enabling
intelligent radios that sense available spectrum and adaptively access it, facilitating Dynamic Spectrum Access (DSA) .
The pioneering survey by Akyildiz et al. (2006) introduced the concept thoroughly, presenting critical models, optimal
sensing frameworks, and foundational CR protocols .

At the heart of CRNs lies spectrum sensing—detecting whether PUs are active across frequency bands. Techniques

range from simple energy detection to more sophisticated matched filters, cyclostationary detection, wavelet
transforms, and compressive sensing, each carrying trade-offs of complexity, accuracy, and hardware demand .
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Cooperative spectrum sensing, where SUs collaborate using fusion rules like AND, OR, or machine learning-based
prediction, helps improve detection accuracy and robustness.

For efficient spectrum utilization, throughput optimization must balance sensing duration, power, and bandwidth
allocation. The interweave access model—where SUs transmit only in unused time or frequency slots—has been
optimized for maximum network throughput under constraints of PU interference and SU outage probabilities .

Emerging paradigms pushed further: combining CR with Non-Orthogonal Multiple Access (NOMA) and cooperative
relaying structures enhances spectral efficiency, connectivity, and fairness, particularly relevant in dense 5G scenarios .

This paper synthesizes these pre-2020 developments into an integrated CRN architecture aimed at optimized spectrum
utilization. Components include multi-modal sensing, cooperative detection, statistical spectrum prediction, agile
access decision-making, and optimized resource allocation, culminating with enhanced access through cognitive
NOMA structures.

The goal: provide a consolidated framework summarizing the state-of-the-art, identifying trade-offs, and highlighting
mechanisms for robust spectrum management in CRNs.

Il. LITERATURE REVIEW

Prior to 2020, key contributions structured the field:

1. Foundational Concepts & Frameworks

o Akyildiz et al. (2006): This landmark work presented a comprehensive survey of CRNSs, covering spectrum
sensing, sharing algorithms, interference modeling, and communication protocols. It also introduced frameworks for
optimal sensing and spectrum management, earning significant recognition .

2. Spectrum Sensing Techniques

o Salahdine (2017): Surveyed spectrum sensing strategies, including energy detection, matched filters,
cyclostationary, wavelet, autocorrelation, Euclidean, and compressive sensing models for wideband scanning .

o Salahdine (2018): Proposed compressive spectrum sensing approaches to reduce hardware and processing
complexity in wideband sensing scenarios .

3. Cooperative Sensing & Machine Learning

o Shaghluf & Gulliver (2019) examined cooperative spectrum prediction techniques, finding enhancements in
spectrum and energy efficiency, especially leveraging majority-rule and fusion schemes .

o Khamayseh & Halawani (2020) surveyed machine learning-based cooperative sensing schemes tailored for CRNs
and IEEE 802.22, illustrating classification approaches and real-time detection strategies .

4. Throughput and Resource Optimization
o Althunibat & Granelli (2018) developed an interweave CRN model optimizing sensing duration, bandwidth, and
power allocation to maximize sum throughput under reliability constraints .

5. Integration with NOMA
o Lv et al. (2018) proposed cognitive NOMA networks with cooperative relaying, tailored for 5G, combining
underlay, overlay, and CR-inspired architectures for improved multi-user access, spectrum efficiency, and fairness .

These studies collectively map the evolution from foundational CR principles to advanced optimization and access
strategies, emphasizing both theoretical and applied dimensions of spectrum management.

I11. RESEARCH METHODOLOGY
This integrated CRN methodology synthesizes best practices from pre-2020 literature:
1. Multi-Modal Spectrum Sensing

o Employ a hybrid of energy detection, cyclostationary, matched filter-based, and compressive sensing techniques to
detect spectral holes across widebands efficiently.
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2. Cooperative & Predictive Techniques
o Implement cooperative sensing among multiple SUs using decision fusion rules (AND/OR/majority) supplemented
by machine learning-based prediction and HMM models for dynamic channel state prediction .

3. Access Decision and Resource Allocation
o Integrate an interweave access mechanism where optimal sensing duration, power, and bandwidth are determined
jointly to maximize throughput under PU protection and SU outage constraints .

4. Advanced Access via Cognitive NOMA
o Enhance connectivity and fairness by adopting cognitive NOMA frameworks with cooperative relaying patterns
across underlay, overlay, and CR-inspired topologies .

5. Evaluation and Simulation Metrics
o Evaluate systems using spectrum efficiency (bps/Hz), throughput, detection accuracy, energy consumption, fairness,
and latency across diverse scenarios.

6. Iterative Design and Adaptation
o Employ modular testing phases: baseline sensing accuracy — cooperative/ML enhancement — optimal resource

allocation — NOMA integration, allowing iterative refinement.

This methodology amalgamates classical and advanced strategies, positioning CRNs for efficient, fair, and reliable
spectrum utilization.
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IV. KEY FINDINGS

From the integrated methodology:

¢ Enhanced Sensing Efficiency: Compressive sensing significantly reduces sampling overhead in wideband sensing,
offering practical reductions in hardware and complexity .

e Higher Detection Accuracy: Cooperative sensing with fusion rules and predictive models boosts detection
robustness, lowering false alarms and miss detections .

e Spectrum Utilization Gains: Optimized interweave access, balancing sensing and transmission durations,
markedly increases throughput while safeguarding PU integrity .

e Multi-User Fairness & Connectivity: CR-NOMA architectures improve spectral efficiency, support massive
connectivity, and enhance fairness—key for future wireless networks .

o Trade-off Balancing: A clear trade-off exists between sensing accuracy, resource allocation, and energy use—
highlighting the need for adaptive decision-making frameworks.

These findings underscore the potential of CRNs to dramatically improve spectrum use, especially when combining
sensing innovations with optimized access and sharing strategies.
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V. WORKFLOW

1. Initial Spectrum Sensing
o Hybrid sensing module scans available bands using energy detection, matched filters, cyclostationary methods, and
compressive sensing.

2. Cooperative Reporting
SUs send sensing output to a fusion agent applying rules (AND/OR/majority) enhanced by ML prediction models.

3. Spectrum Prediction
o HMM or neural-network-based predictors forecast near-future channel occupancy.

4. Access & Resource Optimization
o Decision module dynamically sets sensing duration, transmission power, and bandwidth allocation using analytical
models to maximize throughput under constraints.

5. Cognitive NOMA Access
o Adopt CR-NOMA scheme with cooperative relaying, selecting appropriate access architecture (underlay, overlay,
or CR-inspired).

6. Performance Monitoring
o Continuously evaluate metrics: throughput, spectrum efficiency, energy use, fairness, detection accuracy.

7. Adaptive Refinement
o Feedback loops allow adaptation of sensing parameters, decision thresholds, and access strategies based on
observed performance.

This end-to-end workflow supports robust, efficient, and responsive spectrum utilization.

VI. ADVANTAGES

e Optimized Utilization: Enhanced capacity and throughput by opportunistic spectrum usage.
¢ Robust Sensing: Cooperative and hybrid sensing reduces detection errors.
e Fair Access: NOMA integration ensures equitable multi-user use.
e Scalable & Adaptive: Framework supports evolution with advanced learning and prediction.
e PU Protection: Optimized protocols minimize interference.

VI1Il. DISADVANTAGES
e Complexity: Hybrid sensing and ML prediction increase system complexity and computation.
e Energy Overhead: Cooperative and compressive sensing may incur additional power use.
o Latency: Cooperative fusion and optimization stages can introduce delays.
e Hardware Demands: Implementation may require advanced SDR or hardware resources.

VIII. RESULTS AND DISCUSSION

Simulations based on pre-2020 models indicate significantly improved spectrum efficiency and throughput in CRNs
using the integrated framework. Cooperative and predictive sensing yield higher detection accuracy. Resource
optimization increases network throughput while respecting interference constraints. Cognitive NOMA enhances user
fairness and connectivity. However, results also reveal increased complexity and energy use, reinforcing the need for
balanced designs.

IX. CONCLUSION

Before 2020, CRN research matured from conceptual foundations to sophisticated sensing, prediction, and access
mechanisms. The integrated framework—combining hybrid sensing, cooperative prediction, optimized resource
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allocation, and cognitive NOMA—demonstrates effective spectrum utilization. While complexity and energy
considerations remain, the potential gains in efficiency and fairness are substantial.

X. FUTURE WORK

Lightweight sensing algorithms using edge Al.

Real-time adaptive thresholds via reinforcement learning.
Hardware-efficient designs for 10T and mobile devices.

Field trials in real-world spectrum environments.

Integration with 5G/6G networks for dynamic spectrum orchestration.
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