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Abstract— with the exponential rise in wireless 

communication technologies, the radio frequency spectrum has 

become increasingly congested, creating challenges in efficient 

spectrum utilization. Cognitive Radio (CR) emerges as a 

transformative technology that allows secondary users to 

opportunistically access underutilized licensed spectrum 

without interfering with primary users. This paper reviews the 

fundamentals, evolution, spectrum sensing techniques, and 

real-world applications of cognitive radio, highlighting 

advancements in machine learning integration and 5G 

compatibility. The survey concludes with potential challenges 

and future directions for research. 

Index Terms—Cognitive Radio, Software-Defined Radio 

(SDR). MIMO. 

 

I. INTRODUCTION 

Cognitive radio was first conceptualized by Joseph Mitola III 

in 1998, who envisioned an intelligent wireless 

communication system capable of perceiving and adapting to 

its environment [7]. The Federal Communications 

Commission (FCC) later recognized the importance of CR 

for dynamic spectrum access to alleviate spectrum 

underutilization. 

The concept centers around empowering unlicensed users, or 

secondary users, to access unused licensed spectrum 

(spectrum holes) when the primary user is inactive, ensuring 

real-time adaptation through spectrum sensing, analysis, and 

reconfiguration [8][9]. 

II. HISTORICAL EVOLUTION  

Cognitive radio was first conceptualized by Joseph Mitola III 

in 1998 as an intelligent system capable of dynamically 

adjusting transmission parameters by sensing and learning 

from its environment [7]. This was a response to the 

inefficient usage of fixed spectrum allocations, as observed 

by the FCC, where licensed bands often remained 

underutilized while unlicensed bands experienced congestion 

[8]. CR aims to solve this problem by allowing Secondary 

Users (SUs) to access spectrum holes—temporarily unused 

licensed bands—without interfering with Primary Users 

(PUs) [9].  

III. COGNITIVE RADIO FUNDAMENTALS 

A CR network consists of both primary networks (licensed 

users) and secondary networks (unlicensed users). The 

primary components of CR operation include: 

Spectrum Sensing – Identifying vacant channels in the 

spectrum. 

Spectrum Management – Choosing the most suitable band 

for transmission. 

 

 
 

Spectrum Sharing – Allowing fair and interference-free 

access among users. 

Spectrum Mobility – Seamlessly switching to other available 

bands when a PU reappears [1][4]. 

IV. SPECTRUM SENSING AND ALLOCATION TECHNIQUES 

Spectrum sensing is a core function of Cognitive Radio (CR) 

that enables it to detect the presence or absence of Primary 

Users (PUs) in licensed frequency bands. The goal is to 

identify unused portions of the spectrum, known as spectrum 

holes or white spaces, so that Secondary Users (SUs) can 

utilize them without causing interference. 

 

4.1 Overview of Spectrum Sensing Techniques 

Spectrum sensing is the foundational capability of a cognitive 

radio, enabling it to monitor the RF environment and 

determine whether a channel is available for use. Based on 

how signal information is analyzed, the main techniques 

include: 

Energy Detection: This is the simplest and most commonly 

used method. It detects the presence of a signal by comparing 

the measured energy to a predefined threshold. No prior 

knowledge of the PU signal is needed. However, its 

performance drops significantly under low SNR conditions 

or noise uncertainty [1][2]. 

Matched Filtering: This method uses a known PU signal as 

a reference, offering the best detection performance. It 

requires prior knowledge of the signal and has high 

implementation complexity [1][2]. 

Cyclostationary Feature Detection: It exploits the 

periodicity in modulated signals. This technique can 

differentiate between noise and modulated signals even under 

low SNR, but it requires long observation times and is 

computationally intensive [2][3]. 

Covariance-Based Detection: Utilizes the statistical 

structure (like correlation) of the received signal. It's more 

robust to noise variations but involves complex matrix 

operations [2]. 

Entropy-Based Detection: Uses entropy metrics (measure 

of randomness) to distinguish between signal and noise. 

Effective in low SNR, but sensitive to histogram bin sizes and 

signal model assumptions [2]. 

Machine Learning-Based Detection: Uses classifiers 

trained on signal features to detect spectrum holes. Offers 

adaptability and improved performance but requires large 

datasets and training time [2][3]. 

V. COMPARATIVE ANALYSIS OF SPECTRUM SENSING 

TECHNIQUES 
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Technique Description Pros Cons 

Energy 

Detection 

Measures 

energy of 

received 

signal and 

compares to 

a threshold 

Simple, no 

PU info 

required 

Poor at low 

SNR, sensitive 

to noise 

uncertainty 

Matched 

Filter 

Uses known 

PU signal for 

detection 

Optimal 

detection 

Requires prior 

knowledge of 

PU, high 

complexity 

Cyclo-stati

onary 

Detection 

Exploits 

periodic 

features of 

modulated 

signals 

Robust to 

noise and 

interference 

High 

computational 

cost, longer 

sensing time 

Covarianc

e-Based 

Detection 

Uses 

statistical 

correlation 

in received 

signals 

Works in 

noise 

uncertainty 

Complex 

matrix 

computations 

Entropy-B

ased 

Detection 

Measures 

randomness 

or 

uncertainty 

in signals 

Effective 

under low 

SNR 

Requires 

histogram-bas

ed estimation, 

sensitive to 

bin size 
 

Machine 

Learning 

(ML) 

Classifies 

signals based 

on learned 

features 

from data 

High 

adaptability, 

good with 

non-linearity 

Training 

overhead, 

requires large 

dataset 

 

 

VI. SPECTRUM ALLOCATION STRATEGIES 

 

Once sensing is completed, the CR must allocate the best 

available spectrum efficiently. Strategies include: 

Centralized Allocation: A fusion center or spectrum broker 

gathers sensing data and assigns channels [1][3]. 

Distributed Allocation: Individual CR nodes make 

decentralized decisions using algorithms like game theory or 

AI [3]. 

Dynamic Spectrum Access (DSA): Allocations change in 

real-time depending on PU activity, channel quality, and QoS 

requirements [3]. 

VII. CHALLENGES AND FUTURE DIRECTIONS 

Despite its promise, CR still faces the following challenges: 

Reliable Detection under Uncertainty: Spectrum sensing 

must work in low SNR and under noise variation. 

High Computational Complexity: Advanced detection 

techniques (like Cyclo-stationary and ML) demand intensive 

hardware resources. 

Security Risks: CRNs are susceptible to spoofing, jamming, 

and data falsification. 

Regulatory Ambiguity: Standardization and global 

spectrum sharing policies are still evolving. 

VIII. CONCLUSION 

 

Cognitive Radio provides a novel and flexible solution to the 

pressing issue of spectrum scarcity in wireless 

communication. With powerful sensing capabilities and 

dynamic adaptation, CR systems can significantly improve 

spectral efficiency. The growing integration of AI and 

cooperative sensing models is poised to enhance the 

performance, scalability, and reliability of CRNs, making 

them indispensable for future communication landscapes. 
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