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ABSTRACT 

The rapid growth of wireless networks, autonomous systems, and smart 

environments has increased the demand for highly efficient technologies 

capable of providing real-time data, robust connectivity, and intelligent 

decision-making capabilities. Integrated Sensing and Communication (ISAC) 

has emerged as a transformative paradigm that merges radar-like sensing and 

traditional wireless communication functionalities within a unified platform. 

This paper explores the principles, architectures, design considerations, and 

application domains of ISAC systems while highlighting current research 

progress, challenges, and future opportunities. By integrating sensing and 

communication within a shared spectrum and hardware infrastructure, ISAC 

offers the potential to enhance spectral efficiency, reduce hardware redundancy, 

and support advanced capabilities such as perception-aware networks, 

vehicular autonomy, and industrial automation. The discussions in this paper 
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contribute to a holistic understanding of ISAC as a key enabler of next-

generation wireless networks. 
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INTRODUCTION 

The transition toward intelligent and autonomous digital ecosystems has driven the need for 

wireless technologies that can perceive the environment while ensuring seamless 

communication. Traditional wireless systems treat sensing and communication as separate 

functionalities, leading to spectrum congestion, redundant hardware, and reduced operational 

efficiency. Integrated Sensing and Communication (ISAC) provides an innovative approach by 

combining both tasks into a unified system, enabling the same waveform, hardware, and 

spectral resources to be reused for high-resolution sensing and high-data-rate communication. 

ISAC is envisioned as a core component of future 6G systems, supporting applications such as 

autonomous driving, industrial robotics, UAV navigation, smart healthcare, and immersive 

extended reality (XR). By jointly optimizing sensing and communication, ISAC fosters 

context-awareness, improves network intelligence, and enhances situational understanding. 

This paper presents a comprehensive discussion on the evolution, architectures, enabling 

algorithms, challenges, and the long-term vision associated with ISAC. 

 

LITERATURE REVIEW 

Early Concepts of Joint Radar-Communication 

Initial exploration of ISAC can be traced to early studies on joint radar-communication systems 

where researchers attempted to modify radar waveforms to embed communication information. 

These systems, however, suffered from limited data rates and complex waveform structures. 

Classical radar used fixed waveforms optimized for detection, whereas communication 

systems relied on modulation strategies unsuitable for sensing. 
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Advancements Through OFDM and MIMO Techniques 

With the rise of Orthogonal Frequency-Division Multiplexing (OFDM), researchers began to 

use communication signals as sensing probes. OFDM-based radars demonstrated the potential 

of using standard communication waveforms for detecting range, velocity, and angle. Similarly, 

Multiple-Input Multiple-Output (MIMO) technology enhanced both spatial sensing resolution 

and communication capacity. 

 

Recent Developments in 6G-Oriented ISAC 

Current literature indicates that ISAC has become a central research topic for 6G wireless 

systems. Studies increasingly focus on joint waveform design, dual-functional radar-

communication (DFRC) platforms, learning-based ISAC systems, and cooperative sensing 

networks. Researchers have also explored the integration of ISAC with reconfigurable 

intelligent surfaces (RIS), machine learning, and mmWave/THz spectrum bands to improve 

sensing accuracy and communication throughput. 

 

Table 1: Comparison of Traditional Communication, Radar Systems, and Isac 

Feature  

Parameter 

Traditional 

Communication 
Traditional Radar 

Integrated Sensing and 

Communication (ISAC) 

Primary Function Data transmission 
Target detection & 

ranging 
Joint sensing + communication 

Spectrum Usage Specific allocated bands Radar bands only 
Shared spectrum for dual 

functions 

Hardware 

Requirement 

Dedicated communication 

hardware 

Dedicated radar 

hardware 

Shared antennas, RF chains, 

waveform units 

Latency Medium to Low 
Low (real-time 

sensing) 
Low, optimized for dual tasks 

Energy Efficiency Moderate High power pulses 
High efficiency through resource 

reuse 

Application Areas Mobile networks, IoT 
Defense, 

automotive radar 
6G, V2X, robotics, smart cities 

Cost Moderate High Reduced due to integration 
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ISAC FUNDAMENTALS AND SYSTEM ARCHITECTURE 

Unified Waveform and Hardware Design 

A core principle of Integrated Sensing and Communication (ISAC) is the ability to use the same 

physical resources—waveforms, antennas, processing units, and spectrum—to perform both 

data transmission and environmental sensing. Unlike traditional systems where radar and 

communication networks operate independently, ISAC blends the two, allowing for a more 

efficient, compact, and cost-effective architecture. 

 

Shared Waveforms and RF Chains 

ISAC systems are built around unified waveforms that can simultaneously encode 

communication data while also being suitable for radar operations. For instance, a waveform 

may contain modulation patterns to carry information while maintaining characteristics like 

autocorrelation properties required for target detection and range estimation. Similarly, the 

system relies on shared RF front-ends, mixers, power amplifiers, and antenna arrays, 

eliminating the need for redundant hardware. 

 

Reduction in Latency and Power Consumption 

Because sensing and communication are executed within a single transmission, data does not 

need to be relayed through external radar sensors. This eliminates inter-system delay and 

reduces power overhead. In autonomous driving and drone systems, such low latency is crucial 

for real-time object detection and fast decision-making. 

 

Modes of Operation 

A unified ISAC transceiver can switch dynamically among three major operating modes 

depending on application context and required performance: 

 

Communication-centric ISAC: 

The system prioritizes data throughput, error rate improvement, and link reliability. Sensing 

resolution may be reduced but remains functional for basic environmental awareness. 
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Sensing-centric ISAC: 

High-precision sensing tasks such as fine-grained velocity or angle estimation demand radar-

like performance. Communication still occurs but with limited data payload or simplified 

modulation formats. 

 

Balanced ISAC: 

Both functions operate optimally, making this mode suitable for 6G base stations, V2X 

networks, and smart manufacturing environments where continuous sensing and high-speed 

communication are equally important. 

 

Dual-Functional Radar-Communication Transmitters 

Dual-functional transmitters form the backbone of ISAC by generating waveforms that 

accomplish both sensing and communication simultaneously. Instead of transmitting separate 

signals for each task, ISAC transmitters embed information into the radar signal or use 

communication waveforms for radar processing. 

 

Embedding Communication Symbols into Radar Pulses 

In this approach, communication data is inserted into radar pulses using techniques such as 

phase coding, amplitude modulation, or frequency agility. This approach maintains radar’s 

peak power and allows data to be decoded from the echo. 

 

Using OFDM Waveforms as Sensing Signals 

OFDM, widely used in modern communication systems (Wi-Fi, 5G), has excellent time-

frequency resolution properties, enabling radar-like sensing capabilities. By analyzing 

reflections of OFDM subcarriers, the system can extract: 

• Object range 

• Radial velocity 

• Doppler shifts 

• Angle of arrival 

Thus, a communication waveform becomes a radar tool without modification to hardware. 
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Joint Modulation Schemes 

Jointly designed modulation approaches—such as integrated frequency-modulated continuous 

wave (FMCW) with embedded QAM symbols—enable highly efficient ISAC operations. 

These schemes are specifically crafted to maintain radar detection accuracy while transmitting 

user data. 

 

Signal Processing and Machine Learning Integration 

Signal processing is essential for interpreting echoes of transmitted ISAC waveforms and 

transforming these into actionable sensing information. However, the integration of machine 

learning significantly elevates ISAC performance by enhancing environmental understanding 

and decision-making. 

 

Advanced Signal Processing Techniques 

Key techniques include: 

• Matched filtering for precise range estimation 

• Fast Fourier Transform (FFT) for Doppler and velocity estimation 

• MIMO radar processing for 3D angle-of-arrival mapping 

• Beamforming algorithms for directional scanning and interference suppression 

These methods extract fine-grained spatial and temporal information from received signals. 

 

Machine Learning for ISAC Optimization 

Machine learning enhances ISAC in multiple ways: 

• Target classification: Neural networks classify vehicles, pedestrians, drones, etc. using 

extracted radar signatures. 

• Interference prediction: Models anticipate interference patterns and adjust beam 

directions or frequencies. 

• Adaptive waveform selection: Reinforcement learning agents choose the best 

waveform parameters for real-time conditions. 

• Data-driven sensing: Deep learning interprets reflected signals directly, improving 

range-Doppler image clarity. 
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With 6G networks expected to rely heavily on AI, learning-based ISAC systems enable 

autonomous and context-aware wireless environments. 

 

Spectrum Sharing and Resource Allocation 

Since ISAC combines two traditionally separate systems, efficient spectrum and resource 

management are essential for ensuring seamless coexistence and avoiding mutual interference. 

 

Optimal Power Allocation 

Power must be carefully distributed between sensing and communication tasks. High sensing 

accuracy often requires strong transmit power, while communication systems may suffer from 

power-induced interference. Joint power allocation algorithms balance this trade-off 

dynamically. 

 

Coordinated Beamforming 

Beamforming enables directional transmission and reception. In ISAC, beams must be shaped 

to support both functions: 

• Narrow beams for high-resolution sensing 

• Broad beams for maintaining communication coverage 

Beamforming coordination ensures that sensing targets and communication users receive 

optimal signal quality. 

 

Interference Mitigation 

Sensing and communication signals can interfere with each other or with external systems. 

Methods such as: 

• Zero-forcing beamforming 

• Null-space projection 

• Cooperative interference cancellation 

• Time-division multiplexing of sensing and communication tasks 

help maintain optimal operation even in spectrum-dense environments. 
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Dynamic Spectrum Access 

ISAC systems utilize dynamic resource allocation to adapt to changing network loads and 

environmental conditions. This includes: 

• Switching between idle bands 

• Reconfiguring carrier frequencies 

• Allocating bandwidth based on sensing urgency or communication traffic 

These intelligent management strategies improve overall spectrum utilization and maximize 

system performance. 

 

APPLICATION AREAS 

 

Table 2: Key Applications of Isac Across Industry Domains 

Industry Sector ISAC Application Benefits 

Automotive 

(V2X) 

Collision avoidance, cooperative 

driving 
Higher safety, real-time sensing 

Smart Cities 
Crowd monitoring, traffic 

analytics 
Enhanced situational awareness 

Industry 4.0 
Robotic coordination, factory 

automation 

Precision control, low-latency 

monitoring 

Healthcare 
Indoor localization, patient 

monitoring 

Non-invasive sensing + data 

transmission 

Defense & 

Security 
Target tracking, surveillance 

High-resolution sensing + secure 

comms 

Public Safety 
Search & rescue, disaster 

monitoring 

Improved coverage and environmental 

awareness 

 

Autonomous Transportation Systems 

ISAC provides vehicles with real-time perception abilities, using communication waveforms 

for tasks such as obstacle detection, collision avoidance, and cooperative driving. Integrated 

vehicular radars and V2X communication systems become more efficient and less hardware-

intensive. 
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Smart Cities and IoT Infrastructure 

ISAC enables high-resolution environmental sensing for monitoring traffic flow, air quality, 

and citizen safety. Joint sensing-communication IoT nodes improve the scalability and energy 

efficiency of smart city infrastructures. 

 

Industrial Automation and Robotics 

Robots benefit from ISAC by gaining the ability to perceive their surroundings while 

maintaining reliable low-latency communication with controllers and other robots. This 

supports precise navigation, human-robot collaboration, and predictive maintenance. 

 

Healthcare and Assisted Living 

ISAC contributes to medical monitoring through non-invasive sensing technologies integrated 

with communication systems. Applications include heart-rate monitoring, fall detection, and 

patient localization within healthcare facilities. 

 

CHALLENGES 

Waveform Design Conflicts 

Radar and communication requirements often conflict—for instance, radars require large 

bandwidths and high peak-to-average power ratios, while communications prefer spectrally 

efficient, low-power signals. Designing a unified waveform requires a balance between range-

Doppler resolution and communication reliability. 

 

Interference and Coexistence Issues 

Sharing hardware and spectrum introduces interference between sensing and communication 

functionalities. High-power radar pulses may degrade communication quality, while dense 

communication traffic may reduce sensing accuracy. 

 

Hardware Limitations 

Implementing ISAC requires advanced hardware components such as wideband antennas, 

high-speed ADCs, and reconfigurable RF modules. Cost, heat dissipation, and energy 

constraints pose significant design challenges. 
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Signal Processing Complexity 

Extracting accurate sensing information from communication signals is computationally 

intensive. Real-time processing requires efficient algorithms and possibly edge-AI 

accelerators. 

 

Security and Privacy Concerns 

ISAC systems collect detailed environmental information, raising concerns about data security, 

unauthorized sensing, and privacy leakage. Secure waveform design and encrypted sensing 

data are essential. 

 

SCOPE AND FUTURE DIRECTIONS 

ISAC-Enabled 6G Networks 

6G systems are expected to rely heavily on ISAC to support intelligent and autonomous 

services. Large-scale networks will incorporate ISAC-enabled base stations capable of 

environmental mapping, mobility tracking, and predictive analytics. 

 

Reconfigurable Intelligent Surfaces (RIS)-Assisted ISAC 

RIS can manipulate electromagnetic waves to enhance both sensing and communication 

performance. Future ISAC systems will dynamically reconfigure RIS panels to improve target 

illumination, coverage, and signal quality. 

 

AI-Driven ISAC Optimization 

Artificial intelligence will optimize every component of ISAC: 

• Waveform design 

• Beamforming strategies 

• Environment classification 

• Interference prediction 

Deep reinforcement learning (DRL) can enable distributed ISAC nodes to coordinate in real 

time. 

 

 

 



 
 
 

84 Page 74-85 © MANTECH PUBLICATIONS 2025. All Rights Reserved 

 

International Journal of Research in Electrical, Electronics and Communication Engineering 

 Volume- 10, Issue 2, July-December 2025 

ISSN: 3107-8907 (Online) 

 

 

 

 

THz and mmWave ISAC Systems 

Using THz and mmWave bands significantly improves sensing resolution due to short 

wavelengths. High-frequency ISAC systems will support advanced scenarios such as 

holographic communications, digital twins, and precise localization. 

 

Quantum-Enhanced Sensing and Secure ISAC 

Future research will integrate quantum sensing and quantum communication principles to 

achieve ultra-secure, high-precision ISAC systems. Quantum-resistant cryptographic 

frameworks will protect shared sensing-communication data. 

 

CONCLUSION 

Integrated Sensing and Communication (ISAC) represents a major technological breakthrough 

that unifies environmental perception and wireless data exchange under a single platform. By 

combining radar sensing and communication functionalities, ISAC maximizes spectral 

efficiency, reduces hardware redundancy, and supports a wide range of intelligent applications. 

Although ISAC faces various challenges in waveform design, interference management, 

hardware limitations, and security, continuous research and advancements in AI, RIS, and high-

frequency systems are expected to resolve these issues. As 6G networks evolve, ISAC will 

emerge as a foundational pillar driving the next generation of intelligent, autonomous, and 

interconnected digital ecosystems. The potential of ISAC extends across transportation, 

healthcare, smart cities, and industrial automation, making it a critical area of study for future 

communication engineers and researchers. 
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