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Abstract:  Unlike traditional wireless radios, which operate on fixed frequencies allocated by regulatory bodies, cognitive radios 

possess the capability to autonomously sense and utilize underutilized or unused spectrum bands opportunistically, thereby 

significantly enhancing spectrum efficiency. This ability enables cognitive radios to mitigate spectrum scarcity issues, maximize 

spectral utilization, and alleviate interference concerns. Furthermore, cognitive radios can intelligently adjust parameters such as 

modulation schemes, transmit power, and routing protocols in real-time based on dynamic spectrum access policies and network 

conditions, thereby optimizing performance and ensuring reliable communication. In essence, cognitive radio technology empowers 

wireless networks with cognitive intelligence, enabling them to operate more flexibly, efficiently, and adaptively compared to 

traditional wireless radios. This study has been undertaken to discuss the Cognitive radio networks characteristics and to represents 

a transformative advancement in wireless communication systems, leveraging intelligent algorithms and software-defined 

capabilities to dynamically adapt to varying environmental conditions and user requirements.  

 

Index Terms - Battery life, Cognitive Radio, Energy Harvester, Spectrum Access, Spectrum Scarcity. 

I. INTRODUCTION 

Cognitive radio encompasses various communication paradigms that enable dynamic spectrum access and intelligent adaptation 

to wireless environments [1]. These paradigms include spectrum sensing, spectrum management, spectrum mobility, and spectrum 

sharing. Spectrum sensing involves the ability of cognitive radios to detect and identify vacant or underutilized spectrum bands in 

real-time through techniques like energy detection, cyclo-stationary feature detection, and cooperative sensing. Spectrum 

management involves the efficient allocation and utilization of available spectrum resources, wherein cognitive radios employ 

spectrum allocation algorithms, channel selection strategies, and interference mitigation techniques to optimize spectral utilization 

while adhering to regulatory constraints. Spectrum mobility enables cognitive radios to seamlessly switch between different 

frequency bands or network configurations to maintain connectivity and quality of service as they move through heterogeneous 

wireless environments. Finally, spectrum sharing facilitates cooperative communication and resource sharing among cognitive radio 

devices, allowing them to collaboratively utilize spectrum resources while minimizing interference and maximizing overall network 

capacity [2]. Together, these communication paradigms empower cognitive radios with the ability to adaptively utilize spectrum 

resources, mitigate interference, and optimize performance in dynamic and heterogeneous wireless environments. 

In cognitive radio, there are three fundamental communication paradigms as shown in Fig.1: 

(i) Underlay 

(ii) Overlay 

(iii) Interweave 

 

They are employed to efficiently utilize spectrum resources while ensuring coexistence with primary users and minimizing 

interference. Underlay communication paradigm allows cognitive radios to opportunistically transmit data in spectral bands allocated 

to primary users, such as licensed users, without causing harmful interference. Cognitive radios operate at lower power levels and 

employ advanced modulation and coding techniques to maintain interference levels below predefined thresholds, ensuring primary 

user protection [3]. Overlay communication paradigm involves cognitive radios accessing spectrum bands not currently in use by 

primary users through spectrum sensing. These cognitive radios opportunistically share the spectrum with primary users, dynamically 

adjusting their transmission parameters to avoid interference while maximizing spectrum utilization. Interweave communication 

paradigm relies on spectrum sensing to detect and utilize spectrum white spaces—temporarily vacant frequency bands between 

primary user transmissions. Cognitive radios dynamically switch between white spaces to transmit data, ensuring minimal impact on 

primary users. Each paradigm offers unique advantages and trade-offs, enabling cognitive radios to adaptively exploit spectrum 

opportunities while mitigating interference and maintaining spectral efficiency in dynamic wireless environments [4]. Table 1. shows 

the comparison of interweave, Underlay and Overlay Cognitive Radios. 
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Figure 1: Underlay and Overlay Cognitive Radios 

 

 
 

Table 1: Comparison of interweave, Underlay and Overlay Cognitive Radios 

Aspect Underlay Communication Overlay Communication Interweave Communication 

Spectrum 

Usage 

Shares spectrum with primary 

users, ensuring interference 

remains below predefined 

thresholds. 

Utilizes spectrum not currently in 

use by primary users, ensuring 

minimal interference through 

dynamic adjustment of 

transmission parameters. 

Exploits temporarily vacant frequency 

bands (white spaces) between primary 

user transmissions, avoiding 

interference with primary users. 

Transmission 

Power 

Operates at lower power levels 

to minimize interference with 

primary users. 

Adjusts transmission power 

dynamically to avoid interference 

while maximizing spectrum 

utilization. 

Adapts transmission parameters to 

exploit vacant frequency bands, 

maintaining low interference with 

primary users. 

Complexity 

Moderate complexity in 

managing interference levels 

and ensuring primary user 

protection. 

Moderate complexity in 

dynamically adjusting 

transmission parameters to avoid 

interference with primary users. 

Moderate complexity in spectrum 

sensing and dynamic switching between 

white spaces to avoid interference. 

Spectrum 

Efficiency 

Ensures spectral efficiency by 

utilizing available spectrum 

opportunistically, albeit with 

limited bandwidth. 

Enhances spectral efficiency by 

dynamically accessing unused 

spectrum, maximizing data 

transmission rates. 

Improves spectral efficiency by 

exploiting white spaces for data 

transmission, optimizing bandwidth 

utilization. 

Regulatory 

Compliance 

Adheres to regulatory 

constraints by ensuring 

interference levels remain 

within predefined limits to 

protect primary users. 

Complies with regulations by 

dynamically adjusting 

transmission parameters to avoid 

harmful interference with 

primary users. 

Conforms to regulatory requirements by 

exploiting vacant frequency bands 

without causing harmful interference to 

primary users. 

Adaptability 

Moderately adaptable to 

varying environmental 

conditions and primary user 

activities. 

Moderately adaptable to 

changing spectrum availability 

and network conditions. 

Moderately adaptable to fluctuations in 

white space availability and primary 

user activity. 

II. BACKGROUND 

The electromagnetic spectrum encompasses all frequencies of electromagnetic radiation, from the longest radio waves to the 

shortest gamma rays. This spectrum is not only a fundamental concept in physics but also a cornerstone of modern technology. Its 

applications are vast and diverse, spanning communications, imaging, medicine, astronomy, and more.  In communications, the 

spectrum is used for wireless transmission of data, voice, and video signals. Different frequency bands are allocated for various 

purposes, such as AM and FM radio, television broadcasting, cellular networks, Wi-Fi, Bluetooth, and satellite communications. 
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Each of these applications requires specific frequency bands tailored to their needs, and efficient spectrum management is crucial to 

prevent interference and ensure reliable communication. 

However, despite the abundance of frequencies within the electromagnetic spectrum, there exists a pressing issue known as 

spectrum crunch or spectrum scarcity. This problem arises from the ever-increasing demand for wireless communication services, 

fueled by the proliferation of mobile devices, the Internet of Things (IoT), and emerging technologies like autonomous vehicles and 

smart cities. As more devices compete for access to limited spectrum resources, congestion and interference become significant 

concerns, leading to degraded performance and reduced quality of service [5]. 

The spectrum crunch is further exacerbated by inefficient spectrum allocation policies and underutilization of certain frequency 

bands. Traditionally, spectrum allocation has been based on static licensing schemes, where specific frequency bands are assigned to 

particular users or services for exclusive use over extended periods. However, this approach leads to inefficient spectrum utilization, 

as allocated bands may remain idle or underutilized for significant periods, especially in geographical areas or time intervals where 

demand is low. 

The radio spectrum is regulated by authoritative bodies through the issuance of licenses, imposing stringent restrictions on 

operators and manufacturers to safeguard the integrity of the radio resource and its licensed users. However, this command-and-

control nature of regulations, while designed to preserve and allocate spectrum efficiently, introduces constraints that surpass the 

physical scarcity of the spectrum itself [6]. The authoritative oversight, though essential for orderly spectrum management, poses 

challenges related to limited access to radio resources. It is imperative to recognize that the effective utilization of the spectrum is not 

solely determined by its physical availability, but is intricately tied to the regulatory framework governing its allocation and usage. 

Consequently, addressing the limitations imposed by regulatory structures becomes crucial in fostering a more dynamic and 

responsive spectrum management ecosystem. As a testament to the evolving landscape, Table 1.1 presents a measurement of 

spectrum utilization (0-6GHz) in Downtown Berkeley for the year 2006, offering insights into the practical implications of regulatory 

measures on spectrum deployment and usage. Fig. 2 shows the frequency allocation chart in the US. The recent study of FCC shows 

that a temporal and geographical variation of spectrum occupancy varies 15% to 85% as presented in Table 2. 

 

Table 2: Measurement of spectrum utilization (0-6GHz) in Downtown Berkeley for the year 2006 

 

 

 

 

 

 

 

 

 

 

Figure 2: The NTIA’s Frequency Allocation Chart 

 

To address the spectrum crunch, there is a growing need for more dynamic and flexible spectrum management techniques. One 

promising solution is spectrum sharing, where multiple users or services can dynamically access the same frequency band based on 

demand and priority. Cognitive radio technology, which enables devices to intelligently sense their environment, adapt their 

transmission parameters, and opportunistically access unused spectrum, represents a significant advancement in this direction. 

Efforts are also underway to explore new frequency bands, such as millimeter-wave and terahertz frequencies, for wireless 

communication to alleviate spectrum congestion. Additionally, regulatory reforms and policy initiatives are being pursued to 

promote spectrum efficiency, encourage spectrum sharing, and incentivize innovation in spectrum management techniques. Thus, 

Frequency Band (MHz) Percentage Utilization (%) 

0-1 54.4 

1-2 35.1 

2-3 7.6 

3-4 0.25 

4-5 0.128 

5-6 4.6 
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while the electromagnetic spectrum offers immense potential for powering our modern communication systems and technological 

advancements, the issue of spectrum crunch poses a significant challenge. Addressing this challenge requires a multi-faceted 

approach involving technological innovations, regulatory reforms, and collaborative efforts among stakeholders to ensure efficient 

and equitable utilization of spectrum resources in the digital age [7]. 

The spectrum crunch has played a pivotal role in driving the evolution of cognitive radio technology. As traditional static allocation 

policies struggle to cope with the increasing demand for spectrum, there's a clear need for more dynamic and adaptive approaches 

to spectrum management. Cognitive radio emerges as a solution precisely because it offers the capability to intelligently sense, 

adapt, and utilize spectrum resources in real-time, addressing the inefficiencies and limitations of traditional allocation methods. 

One of the key features of cognitive radio is its ability to sense the radio frequency environment. By continuously monitoring the 

spectrum for unused or underutilized bands, cognitive radio devices can opportunistically access available spectrum resources 

without causing harmful interference to licensed users. This spectrum sensing capability is crucial for maximizing spectrum 

utilization and mitigating the effects of spectrum scarcity [8]. 

Moreover, cognitive radio enables spectrum sharing among multiple users and services through dynamic spectrum access 

mechanisms. By dynamically allocating spectrum resources based on demand, priority, and quality of service requirements, 

cognitive radio systems can optimize spectrum utilization and alleviate congestion in heavily trafficked frequency bands. This 

flexibility allows for more efficient use of the spectrum, enabling greater capacity, improved reliability, and enhanced performance 

for wireless communication systems. 

Furthermore, cognitive radio technology leverages advanced signal processing, machine learning, and software-defined radio 

techniques to enable intelligent decision-making and adaptation in dynamic and uncertain radio environments. By learning from 

past experiences and adapting to changing conditions, cognitive radio systems can optimize their operation and adapt to evolving 

user requirements and network conditions. 

Thus, the spectrum crunch has catalyzed the evolution of cognitive radio technology by highlighting the need for more dynamic, 

adaptive, and efficient spectrum management solutions. By harnessing the capabilities of cognitive radio, we can address the 

challenges posed by spectrum scarcity and unlock the full potential of the electromagnetic spectrum to support the growing demands 

of modern wireless communication systems and emerging technologies [9]. 

III. SPECTRUM HOLE 

A spectrum hole, as shown in Fig. 3, also known as a white space, refers to a frequency band within the radio spectrum that is 

temporarily unoccupied or underutilized by licensed primary users, such as TV broadcasters, cellular networks, or other wireless 

systems. These spectral gaps present opportunities for secondary users, such as cognitive radio devices, to opportunistically access 

and utilize the spectrum for communication purposes without causing harmful interference to primary users [10]. Spectrum holes can 

vary in duration, location, and bandwidth, and they are typically categorized into two main types: 

 

Figure 3: Spectrum Hole Concept 

 

 
 

1. Temporal Spectrum Holes: Temporal spectrum holes refer to periods of time during which a frequency band remains 

unoccupied by primary users. These temporal gaps may arise due to factors such as variations in primary user traffic patterns, 

intermittent transmission schedules, or cyclical usage patterns. Cognitive radio devices can exploit temporal spectrum holes by 

dynamically accessing the spectrum during these idle periods to transmit data without interfering with primary users. 

2. Spatial Spectrum Holes: Spatial spectrum holes occur in specific geographical locations where certain frequency bands are not 

being utilized by primary users. These spatial gaps may arise due to variations in primary user coverage areas, signal propagation 

characteristics, or localized interference sources. Cognitive radio devices can identify spatial spectrum holes through spectrum 

sensing techniques and adjust their transmission parameters to access and utilize the unoccupied spectrum resources in specific 

geographic regions. 

By exploiting temporal and spatial spectrum holes, cognitive radio systems can enhance spectrum utilization efficiency, mitigate 

interference, and optimize communication performance in dynamic and heterogeneous wireless environments. 
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IV. CHARACTERISTICS OF COGNITIVE RADIO 

Cognitive radio technology embodies a host of distinctive characteristics that collectively enable it to revolutionize wireless 

communication systems. At its core, cognitive radio is characterized by its intelligence and adaptability. Unlike traditional radios, 

cognitive radios possess the ability to autonomously sense, learn, and reason about their operating environment, enabling them to 

dynamically adapt their behavior in response to changing conditions. This intelligence is facilitated by advanced signal processing 

algorithms, machine learning techniques, and software-defined radio platforms, allowing cognitive radios to perceive and understand 

the spectral environment, identify available resources, and make informed decisions regarding spectrum access and utilization. 

Another key characteristic of cognitive radio is its spectrum awareness and agility. Cognitive radios are capable of sensing and 

exploiting underutilized or unused spectrum bands, known as spectrum holes or white spaces, to enhance spectral efficiency and 

alleviate spectrum scarcity issues. Moreover, cognitive radios exhibit spectrum agility, enabling them to dynamically switch between 

different frequency bands, modulation schemes, and transmission parameters to optimize performance and ensure reliable 

communication in the presence of interference and varying channel conditions. Additionally, cognitive radio systems are 

characterized by their ability to support interoperability and coexistence with legacy wireless systems. By adhering to spectrum 

etiquette and regulatory constraints, cognitive radios can coexist harmoniously with primary users and other cognitive devices, 

fostering collaborative spectrum sharing and efficient spectrum utilization. Overall, the intelligence, adaptability, spectrum 

awareness, agility, and coexistence capabilities of cognitive radio technology collectively empower wireless networks with the 

flexibility, efficiency, and reliability needed to meet the growing demands of modern communications [11]. 

 

4.1 Cognitive Capability 

The cognitive capability of cognitive radio represents its defining feature, enabling it to autonomously sense, learn, and adapt to 

its operating environment. Through advanced signal processing techniques and machine learning algorithms, cognitive radios possess 

the ability to perceive and comprehend the spectral landscape, identifying available spectrum opportunities and understanding the 

behavior of primary users and interference sources. This cognitive intelligence allows cognitive radios to make informed decisions 

regarding spectrum access, channel selection, and transmission parameters, optimizing performance while adhering to regulatory 

constraints and mitigating interference. Moreover, cognitive radios can dynamically adjust their behavior in response to changes in 

the environment, such as varying traffic patterns, interference levels, and channel conditions, ensuring reliable and efficient 

communication in dynamic and heterogeneous wireless networks. Thus, the cognitive capability of cognitive radio technology 

empowers wireless systems with the adaptability, efficiency, and intelligence needed to effectively address the challenges of modern 

communications. 

In essence, cognitive capability enables cognitive radios to interact intelligently with the radio environment, allowing them to 

navigate and optimize spectrum usage while avoiding interference with primary users. This dynamic adaptation is a key feature that 

sets cognitive radios apart, enhancing their efficiency and adaptability in diverse and evolving communication scenarios [9]. 

Main functions of the cognitive cycle as shown in Fig. 4 are 

a) Spectrum Sensing 

b) Spectrum Management 

c) Spectrum Mobility 

d) Spectrum Sharing 

Figure 4: Cognitive Cycle 

 

 
4.1.1 Spectrum Sensing 

     Spectrum sensing stands as a foundational capability within cognitive radio systems, representing their ability to intelligently 

perceive and interpret the surrounding electromagnetic spectrum. Through a variety of sophisticated techniques like energy detection, 

matched filtering, and cyclo-stationary feature detection, cognitive radios can survey their environment to identify spectrum 

opportunities as shown in Fig. 5. This process involves analyzing received signals to distinguish between primary user transmissions, 

noise, and unused spectrum bands, commonly referred to as spectrum holes or white spaces. Utilizing complex algorithms, cognitive 

radios can detect the presence, location, and characteristics of primary users, as well as assess the quality and availability of spectrum 

resources in real-time. Moreover, cooperative sensing strategies enable cognitive radios to collaborate with neighboring nodes to 

enhance detection accuracy and reliability. Spectrum sensing is crucial for enabling opportunistic spectrum access, allowing cognitive 

radios to dynamically adjust their transmission parameters and capitalize on available spectrum resources while ensuring coexistence 

with primary users and minimizing interference. This capability empowers cognitive radio systems to efficiently utilize spectrum, 

mitigate congestion, and optimize communication performance in dynamic and heterogeneous wireless environments [12]. 
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Figure 5: Spectrum Sensing Techniques 

 

 
4.1.1.1 Non-cooperative spectrum sensing approaches in cognitive radio systems require the detection and analysis of available 

spectrum bands without active collaboration or coordination among secondary users. These technologies employ statistical signal 

processing, machine learning algorithms, and waveform analysis to infer the presence of primary users and assess spectrum 

availability independently. Non-cooperative sensing methodologies include energy detection, cyclostationary feature identification, 

eigenvalue-based algorithms, and matched filter techniques, among others. By relying just on local observations and without requiring 

explicit contact or collaboration with other nodes, non-cooperative spectrum sensing techniques offer simplicity, scalability, and 

robustness in dynamic and decentralized wireless systems [13]. However, they may encounter issues relating to detection accuracy, 

sensitivity to noise and interference, and the potential for false alarms or missed detections, necessitating careful optimization and 

adaptation to different channel conditions and deployment situations in cognitive radio networks. These techniques include: 

1. Matched filter detection 

      It is a fundamental technique employed in cognitive radio systems for non-cooperative spectrum sensing, particularly in scenarios 

where knowledge about the primary user's waveform is available. This method correlates the received signal with a template 

waveform that matches the expected characteristics of the primary user's signal, maximizing the signal-to-noise ratio (SNR) and 

enhancing detection performance. By exploiting the cross-correlation between the received signal and the template waveform, 

matched filter detection can reliably discriminate between the presence and absence of primary users, even in the presence of noise 

and interference. 

2. Energy detection 

      Energy detection is a widely used technique in cognitive radio for non-cooperative spectrum sensing, particularly when 

knowledge of primary user signals is limited or unavailable. This method involves measuring the energy level of the received signal 

across a certain frequency band and comparing it to a predefined detection threshold. If the measured energy exceeds the threshold, 

the presence of a primary user is inferred, indicating spectrum occupancy, and secondary user activity is accordingly adjusted to 

avoid interference. Energy detection is attractive due to its simplicity, low computational complexity, and applicability to a wide 

range of signal types and modulation schemes. However, it may suffer from performance degradation in scenarios with low signal-

to-noise ratios (SNRs), uncertainty in noise characteristics, or the presence of narrowband or frequency-selective interference. 

Advanced techniques such as cooperative sensing, adaptive thresholding, and multi-resolution sensing can be employed to mitigate 

these limitations and enhance the reliability and accuracy of energy detection in dynamic and heterogeneous wireless environments. 

3. Cyclo-stationary Feature Detection 

      Cyclostationary feature detection is a sophisticated technique utilized in cognitive radio systems for non-cooperative spectrum 

sensing, particularly effective in environments with complex or modulated primary user signals. This method exploits 

cyclostationary properties, which manifest as periodic variations in the statistical characteristics of the received signal, to distinguish 

between primary users and background noise or interference. By analyzing cyclic features such as cyclic autocorrelation or cyclic 

spectrum, cyclostationary feature detection can identify the presence of primary users and their modulation characteristics, even in 

the presence of noise and interference. This approach offers superior performance compared to conventional energy detection 

methods, especially in scenarios with low signal-to-noise ratios (SNRs) or high levels of interference. However, cyclostationary 

feature detection requires more computational resources and complexity than simpler techniques, making it more suitable for 

scenarios where accuracy and reliability are paramount, such as spectrum sensing in crowded or dynamic wireless environments. 

Advanced signal processing algorithms, adaptive filtering, and machine learning techniques can further enhance the robustness and 

efficiency of cyclostationary feature detection in cognitive radio networks, enabling adaptive spectrum access and efficient 

utilization of available spectrum resources.  

4.1.1.2 Cooperative spectrum Sensing 

       Cooperative spectrum sensing is a collaborative technique employed in cognitive radio networks, wherein multiple secondary 

users cooperate to detect and characterize the occupancy of spectrum bands by primary users. This approach enhances spectrum 

sensing reliability, accuracy, and efficiency by aggregating local sensing information from distributed nodes and leveraging diversity 

http://www.jetir.org/


© 2024 JETIR March 2024, Volume 11, Issue 3                                                    www.jetir.org  (ISSN-2349-5162)  
 

 

JETIR2403743 Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org h324 
 

in spatial, temporal, and frequency domains. In cooperative spectrum sensing, participating nodes share their individual sensing 

results or observations through wireless communication links, enabling fusion and analysis of collective data at a central fusion center 

or through distributed decision-making algorithms. By combining information from multiple sources, cooperative spectrum sensing 

mitigates the effects of fading, shadowing, and channel impairments, improving detection performance in challenging wireless 

environments. Moreover, cooperative sensing facilitates the identification of hidden primary users, enhances interference mitigation 

capabilities, and enables dynamic spectrum access with reduced overhead and complexity [14]. However, cooperative spectrum 

sensing may introduce challenges related to communication overhead, synchronization, security, and reliability, necessitating 

efficient coordination mechanisms, robust fusion algorithms, and mechanisms to address malicious or faulty nodes. Despite these 

challenges, cooperative spectrum sensing remains a key enabler for cognitive radio networks, offering enhanced spectrum awareness, 

improved spectrum utilization, and better coexistence with incumbent users in dynamic and heterogeneous wireless environments. 

 

4.2 Reconfigurability 

Reconfigurability is a cornerstone feature of cognitive radio technology, enabling radios to dynamically adapt their operational 

parameters to varying environmental conditions and user requirements. Cognitive radios possess the capability to reconfigure their 

modulation schemes, coding rates, transmit power levels, and frequency bands in real-time based on changes in channel conditions, 

interference levels, and spectrum availability. This flexibility allows cognitive radios to optimize their performance for specific 

communication tasks, such as maximizing data throughput, extending communication range, or minimizing energy consumption. 

Furthermore, cognitive radios can seamlessly switch between different communication protocols and network configurations, 

supporting interoperability with legacy systems and facilitating smooth integration into existing wireless infrastructures. 

Reconfigurability also enables cognitive radios to respond to regulatory constraints and spectrum management policies, ensuring 

compliance with spectrum usage rules and minimizing interference with primary users. Overall, the reconfigurability of cognitive 

radio technology empowers radios with the adaptability and versatility needed to efficiently utilize spectrum resources, mitigate 

interference, and ensure reliable communication in dynamic and heterogeneous wireless environments.  

V. CONCLUSION 

This paper provides introduction to Cognitive Radio Networks and gives an overview of the spectrum hole and discusses 

characteristics of Cognitive Networks. Spectrum Sensing techniques including Co-operative and Non-Co-operative techniques have 

been presented. Reconfigurability feature of cognitive networks has been quoted for using the spectrum resources efficiently for 

consistent communication in dynamic and heterogeneous wireless environments. 
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