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Abstract—The shift from 5th-technology (5G) to sixth-

technology (6G) wi-fi communication marks a major step 

towards creating an shrewd, fully linked, and sustainable 

digital global. While 5G has advanced mobile broadband, 

enabled exceptionally reliable low-latency verbal 

exchange, and supported large-scale device connectivity, it 

still faces challenges associated with strength efficiency, 

scalability, and international insurance. 

To cope with those problems, 6G is anticipated to integrate 

rising technologies which includes terahertz (THz) and 

optical wi-fi communique, artificial intelligence (AI)-

driven networking, quantum conversation, and non-

terrestrial networks (NTNs). Scheduled for deployment 

round 2030, 6G goals to supply ultra-high statistics quotes, 

close to-0 latency, and wise automation throughout diverse 

applications, together with Industry four.Zero, smart 

healthcare, and immersive virtual environments. 

This paper gives a complete observe of the evolution from 

5G to 6G, highlighting key technological enablers, 

performance necessities, and architectural concerns. It 

also discusses ongoing standardization efforts, testbed 

tendencies, and open research demanding situations so as 

to guide future advancements in subsequent-technology 

communication systems. 

 

Index Terms— 5G, 6G, Beyond 5G (B5G), Terahertz (THz) 

Communication, Optical Wireless Communication, Non-

Terrestrial Networks (NTN), Reconfigurable Intelligent 

Surfaces (RIS), Massive MIMO, Ultra-Reliable Low-

Latency Communication (URLLC), Artificial Intelligence 

(AI), Machine Learning (ML), Network Automation, Edge 

Computing. 

 

I. INTRODUCTION 

 

rapid development of mobile Communication ranges 

from 1G to 5G profoundly transformed digital 

scenarios, enabling unprecedented levels of 

Connectivity, Automation, etc Wisdom. fifth 

generation (5G) systems, Introduced late 2010 

Advanced Mobile successfully delivered broadband 

(eMBB), ultra-reliable low-latency communications 

(URLLC), and large-scale machine-type 

communication (MMTC). This progress has been 

made Smart Key Powered Application city, 

autonomous vehicles, industrial Automation, and 

Internet of Things (IoT). Despite their progress, 5G 

The network faces significant challenges related to 

Lack of spectrum, limited coverage remote areas, high 

energy consumption, and inability to fully complete 

development Claim future data and connectivity 

Digital ecosystem. Driven by these challenges and 

increasingly Technological development, Global 

research society, industry and Standardization bodies 

have begun efforts To define the sixth generation (6G) 

of Wireless communication system, required To be 

realized around 2030. The goal of 6G is Create a 

completely intelligent, omnipresent, duck permanent 

communication network Capable of integrating 

terrestrial, aerial and Space-based infrastructure. It is 

imagined To support extremely high data rates in 

Terabit range, ultra-low latency, and creating 

widespread connectivity, The foundation of the 

"Internet of Everything" (IoE).” To achieve these 

ambitious goals, 6G Take advantage of such 

transformative technologies such as terahertz (THz) 

and optical wireless communication, reconfigurable 

intelligent Surface (RIS) and AI-native networks 

Management for dynamic resources Adaptation. 

Furthermore, non-earthly Network (NTN) including 

satellites, 

 

II. EVOLUTION FROM 5G TO 6G 

 

The journey from fifth-generation (5G) to sixth-

generation (6G) wireless communication represents a 

decade-long technological evolution shaped by the 3rd 

Generation Partnership Project (3GPP). Since the 
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inception of 5G standardization in 2016, 3GPP has 

progressively released a series of specifications from 

Release 15 to Release 20, each addressing new 

capabilities and paving the foundation for next-

generation networks. 

 

 
 

• 5G Baseline 

Release 15 marked the introduction of 5G New Radio 

(NR), which established the foundation for enhanced 

mobile broadband (eMBB) and initial 5G deployment. 

Release 16 further evolved 5G into a globally 

recognized IMT-2020 standard by improving ultra-

reliable low-latency communication (URLLC), 

industrial IoT, and network efficiency. Release 17 

expanded 5G capabilities toward new domains such as 

non-terrestrial networks (NTN), vehicle-to-everything 

(V2X) communication, and extended reality (XR), 

thus extending the 5G ecosystem beyond terrestrial 

limitations. 

 

•  5G-Advanced 

The evolution toward 5G-Advanced began with 

Release 18, which introduced significant 

enhancements in device intelligence, network 

automation, and energy efficiency. It incorporated 

advanced techniques such as artificial intelligence (AI) 

and machine learning (ML) for adaptive resource 

management, positioning accuracy, and self-

optimizing networks. Release 19 continues this trend 

by focusing on the integration of terrestrial and non-

terrestrial systems, extended-spectrum utilization, and 

improved support for emerging verticals such as smart 

manufacturing, autonomous systems, and sustainable 

networks. 

 

• Transition to 6G  

Release 20 represents the conceptual bridge to 6G, 

focusing on the unification of communication, 

sensing, and computing. It emphasizes sub-terahertz 

(THz) and optical frequency bands, reconfigurable 

intelligent surfaces (RIS), cell-free massive MIMO, 

and quantum-resistant network architectures. 6G will 

adopt AI-native designs, non-IP-based networking 

protocols, and information-centric networking to 

achieve near-instantaneous global connectivity and 

secure, energy-efficient communication. 

 

• Key Drivers of 6G Evolution   

Several factors drive the transition toward 6G:   

 

1. Explosive Data Demand   

2. Energy Efficiency and Sustainability   

3. Integration of Terrestrial and Non-Terrestrial 

Networks   

4. AI-Enabled Autonomy   

5. Security and Privacy   

 

Through these milestones, 3GPP’s continuous 

innovation ensures that 6G will not be a mere 

extension of 5G but a transformative leap toward 

intelligent, secure, and omnipresent communication 

networks, expected to redefine global connectivity by 

2030. 

 

III. KEY TECHNOLOGIES ENABLING 6G 

 

Sixth generation wireless (6G) 

The purpose of communication is to deliver 

transformative abilities go far beyond scope of 5G. Its 

realization depends on convergence of multiple 

disintegrators technologies in physical, network, and 

application layer. these technologies Will enable ultra-

high data rates, sub-millisecond latency, high energy 

efficiency. And global coverage for future intelligent 

System. 
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• Terahertz (THz) and optical wireless 

communication 

6G will expand the network spectrum Use in sub-

terahertz (100 GHz-1 THz) and communication with 

visible light (VLC) Band. These frequency ranges 

offer Large bandwidth that can support data Prices 

above 1 tbps. However, challenges such as high 

propagation loss and Molecular absorption needs to be 

improved Beam-forming, reconfigurable intelligent 

Surfaces (RIS) and Hybrid Optical-RF System for 

reliable communication. 

 

• Reconfigurable intelligent surfaces (RIS) 

RIS technology introduces a paradigm shift By 

enabling smart, programmable Environment. This 

metasurface Control electromagnetic wave 

dynamically propagation, improvement of signal 

strength, coverage and spectral efficiency. RICE 

Provides cost-effective network access Can be 

condensed and integrated into Construction of walls, 

buildings and vehicles energy-efficient 

communication Environment  

 

• Artificial Intelligence (AI) and Machine Learning 

(ML): 

AI and ML are inherent components of 6G, lays the 

foundation for AI-native networks. They enable 

predictable resource allocation, intelligent routing, 

fault diagnosis and self-healing networks. Federated 

learning and Edge AI will ensure distributed 

intelligence and protection of privacy. This change 

from reactive to proactive networks management will 

support in real time adaptation and autonomous 

operation. 

 

• Non-Terrestrial Network (NTN): 

To ensure global connectivity, 6G integrate terrestrial 

network with satellite planetarium, platform at high 

altitude (HAP), and unmanned aerial vehicles (UAV). 

This hybrid architecture guarantees uninterrupted 

communication urban, rural and maritime areas, that is 

realization of "network of networks." NTN will play 

an important role in disaster recovery, global 

positioning and remote areas connection. 

 

• Quantum Communication and Security: 

Will provide quantum communication outstanding 

levels of data protection through Quantum Key 

Distribution (QKD) and entanglement-based 

protocols. It ensures resistance to quantum data-based 

attacks while enabling ultra-secure information 

exchange. Quantum network, combined with post-

quantum cryptography will form the backbone of 

secure communication infrastructure for 6G. 

 

• Integrated Sensing, Communication and Data 

Processing (ISCC): 

6G will merge communication and sensing abilities 

that allow units to understand and interact with their 

environment. ISCC accurate localization enables 

object detection and environmental mapping - 

important for autonomous vehicles, smart cities and 

digital twin applications 

 

• Energy Efficiency And Green Communication 

Sustainability is a key design target for 6G. The 

deployment of energy-harvesting nodes, ambient 

backscatter communications, and AI-driven energy 

optimization will minimize power consumption and 

carbon footprint. Intelligent sleep scheduling and 

dynamic spectrum sharing will further enhance 

network energy efficiency. 

 

• Network Automation and Blockchain Integration 

Blockchain-based mechanisms will ensure 

transparency, trust, and security in decentralized 6G 

networks. Combined with network automation, they 

will enable efficient spectrum trading, identity 

management, and secure data exchange across multi-

domain systems. 
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IV. PERFORMANCE GOALS AND 

TRANSITIONAL PHASE 

 

6G systems, anticipated to materialize around 2030, 

are defined by extreme performance metrics: 

- Peak Data Rates: 1–10 Tbps (50–100 times higher 

than 5G). 

- Latency: Ultra-low latency at the microsecond level 

(0.1 ms). 

- Connectivity: Support for up to 10⁸ devices/km² with 

full ground-air-space coverage. 

- Sustainability: Focused on achieving 1 Tb/J energy 

efficiency for carbon-neutral networks. 

The evolution is managed through 5G-Advanced 

(3GPP Releases 18–19), which continues the 

enhancement of 5G New Radio (NR) and the 5G Core 

(5GC). This phase standardizes the integration of 

AI/ML for RAN automation and energy optimization 

while expanding support for emerging applications 

like Extended Reality (XR) and Reduced Capability 

(RedCap) devices. It lays essential groundwork for 

ubiquitous and intelligent 6G integration. 

 

V. OPERATIONAL MECHANISMS IN 6G 

 

 
The recognition of 6G’s unprecedented overall 

performance objectives requires novel operational 

mechanisms throughout the network stack. These 

encompass new paradigms in verbal exchange 

environments, middle structure, community 

integration, and quantum protection 

 

• Intelligent Communication Environment (ICE) 

Mechanism 

Reconfigurable Intelligent Surfaces (RIS) rework the 

wireless channel from a static medium right into a 

dynamic, programmable environment. By altering the 

section, amplitude, and polarization of incident alerts, 

RIS permits real-time environmental optimization. 

This mechanism mitigates signal blockages, 

suppresses interference, and complements signal-to-

noise ratios—thereby integrating the surroundings 

itself into the communication loop. 

 

• Core Network Redesign for Ultra-Low Latency 

Achieving sub-millisecond and microsecond-level 

latency demands a essential remodel of the middle 

community. Next-era architectures will pass from 

hierarchical and centralized structures to decentralized 

or flat architectures. Edge computing, coupled with 

Non-IP-primarily based networking protocols, will 

reduce traversal latency and guide time-crucial 

programs like independent driving and haptic 

communications. 

 

• Ground-Air-Space (GAS) Integration Mechanism 

6G introduces a unbroken integration among terrestrial 

networks (TNs) and non-terrestrial networks (NTNs) 

via a unified Ground-Air-Space architecture. This 

allows continuous and uninterrupted connectivity for 

far flung, rural, and cellular environments via 

combining fiber, satellite, UAVs, and HAPs. The GAS 

model is crucial for the global adoption of 6G and 

superior packages like intercontinental autonomous 

logistics. 

 

 Quantum Security and Optimization Mechanism 

6G is anticipated to be inherently quantum-secure, 

using Quantum Key Distribution (QKD) to secure 

communication hyperlinks against quantum attacks. 

Additionally, quantum computing plays a potential 

role in solving complicated optimization troubles in 

real-time community orchestration, spectral 

management, and stable routing. Quantum-resistant 

algorithms and hybrid classical–quantum fashions will 

define the subsequent generation of depended on 

internetworking. 

 

VI. CHALLENGES AND OPEN RESEARCH 

PROBLEMS 

 

of 6G, Several major challenges still continue to be 

More domains: 

• Technical and Systemic Challenges 

• Spectrum availability and Hardware 

Maturity: 
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THz communique face Propagation loss, atmospheric 

absorption, and the need for Cost effective transceiver 

and Antennas. 

• Multi-layer integration Complications: 

uninterrupted performance verbal exchange 

throughout Terrestrial, air and space Demand for 

nodes is excessive coordination set of rules and 

interference-loose pass-linking communication. 

• KPI balancing: 

extraordinarily excessive balance Throughput, 

minimal delay, and electricity efficiency calls for 

multiple makes use of Adaptation frameworks. 

 

B. Security and Societal Challenges 

• Quantum-Safe Cryptography: 

Need for scalable and cost-effective QKD solution 

with post-quantum cryptographic algorithms.  

•  Continuous networking: Energy constraints 

will be addressed stability-focused necessary 

Architecture and intelligent resources Management.  

• Privacy-by-Design: With AI native and 

ubiquitous Sensing, privacy in 6G networks Must be 

protected through decentralization and consent-aware 

models. 

 

VII.LITERATURE REVIEW 

 

• This section summarizes the findings from 

many scientific works Discussion on transition to 5G 

6G highlights technology progress, challenges and 

Future research directions.  

1. From 5G to 6G: Challenges, technology, and 

Applications (Salameh and El Tarhuni)  

•  Limitations: 5G does not fully deliver 

Requirements for extremely high reliability, low 

latency and data-intensive applications. 

•  Future direction: Key technologies including 

AI, THz communication and reconfigurable Surfaces 

will define 6G features. 

•  Conclusion: The transition to 6G has already 

happened ongoing preliminary investigations Pointing 

towards the integration of smart Automation and fixed 

spectrum shortage. 

 2. 6G Wireless System: Vision, needs, challenges, 

Insights and opportunities (Tataria et al.) 

•  Limitations: traditional hierarchical network 

cannot support equality and Dynamic routing is 

important in 6G. 

•  Future direction: radical change of 

Architecture and modulation techniques; Cross-layer 

optimization and the need for new security Primitive.  

• Conclusion: The top-down approach defines 

6G performance requirements and Architecture, global 

priority Interoperability and flexibility Spectral 

politics.  

3. On the road to 6G: Perspective, requirement, key 

Technologies and test bed (Wang et al.)  

• Limitations: 5G is insufficient globally 

coverage, microsecond latency and large equipment 

• Conclusion: 

Outlines objectives for secure, cost-effective, and 

sustainable 6G systems. 

4. Beyond 5G: A Comprehensive Exploration of 6G 

Wireless Communication Technologies (Siddiky et al.) 

• • Limitations: Limited spectrum efficiency 

and high energy needs restriction 5G scaling. 

• Future Direction: Adoption of dynamic 

spectrum control, quantum encryption, holography, 

and nano-networks. 

• Conclusion: Outlines objectives for secure, 

costeffective, and sustainable 6G systems. 

5. 6G and Beyond: The Future of Wireless 

Communications Systems (Akyildiz et al.) 

•  Limitations: Spectrum at terahertz and 

infrared frequencies remains underdeveloped due to 

device technology immaturity. 

• Future Direction: Intelligent communication 

environments and nanotechnology are promising 

frontiers. 

• Conclusion: 

6G and beyond must integrate quantum protocols and 

develop energy-efficient metamaterials. 

 6.  5G Advanced: Evolution towards 6G (Ericsson 

White Paper) 

• Limitations: Current 5G is insufficient for evolving 

XR, V2X, and wearables. 

• Future Direction: 5G-Advanced represents the 

stepping-stone to futuristic ultramobile broadband and 

sensible structures. 

• Conclusion: Emphasizes Release 18 milestones and 

pioneers sustainability practices in standardization. 

7. Towards 6G: Envisioning the Future of 

Communication Networks Beyond 5G (Shivani) 

• Limitations: 

5G stretches but cannot fulfill extreme requirements in 

sensing, holography, cloud robotics. 

• Future Direction: 
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Introduction of AI-native cores, telepresence beyond 

VR. 

• Conclusion: 

Signifies the role of 6G in cyber-physical societal 

transitions. 

8. 5G-Advanced Towards 6G: Past, Present, and 

Future (Chen, Lin, et al.) 

• Limitations: Baseline 5G lacks integration of sensing 

and conversation (ISAC) with energy-green neural 

frameworks. 

• Future Direction: 5G-Advanced will shape the vital 

cornerstone of incremental 6G studies and commercial 

adoption. 

• Conclusion: 5G-Advanced is a critical segment, 

supplying improvements in AI integration, ISAC, and 

spectrum enhancement putting the stage for 6G. 

9. Revolution or Evolution? Technical Requirements 

and Considerations Towards 6G Mobile 

Communications (Alraih et al.) 

• Limitations: Highlighting that 6G-unique 

Key Performance Indicators (KPIs) including Tbps 

facts costs and µs-degree latency are not possible with 

modern-day infrastructure. 

• Future Direction: Tackling ultra-dense 

networks and new compression protocols; leaning 

toward quantum cryptography. 

• Conclusion: Points to a hybrid wi-fi 

environment wherein evolution and disruption 

combine for 6G attention. 

 

10. Quantum Technologies for Beyond 5G and 6G 

Networks (Zeydan et al.) 

•  Limitations: Immaturity of quantum 

networking hardware, standardization roadblocks. 

•  Future Direction: Exploring QKD (Quantum 

Key Distribution), Post-Quantum Cryptography 

(PQC), and integrating quantum-assisted routing for 

secure communication. 

• Conclusion: Merges quantum science with 

wi-fi networking, defining key studies gaps for 6G 

readiness.. 

11. Beyond 5G: A Comprehensive Exploration of 6G 

Wireless Communication Technologies (Siddiky et al.) 

•  Limitations: Balancing electricity 

consumption with density and spectrum availability. 

• Future Direction: Advocates deep mastering-

primarily based dynamic spectrum sharing and real-

time a couple of-get entry to schemes. 

• Conclusion: Influences a direction closer to 

stable and adaptive 6G communique layers.. 

12. Evolution from 5G to 6G: Challenges, Key 

Technologies, and Future Research Directions 

• • Limitations: 5G underperforms in 

scalability, specially for IoT and Resource-

Constrained Devices (RCDs). 

•  Future Direction: Research attention on 

Reconfigurable Intelligence, nano-communications, 

and social-conscious networking. 

•  Conclusion: Envisions dispensed computing 

fabrics with tight human-context integration. 

•  

13. 3GPP Evolution from 5G to 6G: A 10-Year 

Retrospective (Xingqin Lin) 

•  Limitations: Gaps exist in the holistic 

cognizance of IoE and ubiquitous coverage. 

• Future Direction: Release 19 and 20 might be 

pivotal in redefining connectivity past spectrum limits. 

•  Conclusion: 3GPP commits to backward 

compatibility and AI-pushed enablement via 

successive releases. 

14. Towards 6G: Network Evolution beyond 5G & 

Indian Scenario (Mandeep Malik) 

• Limitations: 

Inability of 5G to serve rural-based mega IoT and 

advanced AI tasks across diverse urban/rural divides. 

• Future Direction: 

Elevating the coverage using aerial networks and low-

orbit satellites. 

• Conclusion: 

Contextualizes 6G for developing economies tackling 

wide access gaps. 

15.  5G Evolution and 6G (Takehiro Nakamura) 

• Limitations: 

Limited adaptability to extreme communication use-

cases like Metaverse and Bio-IoT. 

• Future Direction: 

Cyber-Physical Fusion: tight integration between 

digital machines and biological beings via ultra-

sensitive sensors. 

• Conclusion: 

Scopes ultra-instantaneous and energy-neutral 

communication platforms to build IoE foundations for 

2030 and beyond. 

 

VIII. CONCLUSION 
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The transition from 5G to 6G marks a transformational 

leap towards achieving a deeply immersive, hyper-

connected and intelligent digital age. While 5G 

introduces critical capabilities such as enhanced 

mobile broadband (eMBB), ultra-reliable low-latency 

communications (URLLC), and massive machine type 

communications (mMTC), it falls short of meeting the 

anticipated demands of future applications involving 

real-time holography, pervasive IoT, digital twins, and 

quantum-secure communication. 

The emerging vision of 6G—expected to be realized 

around 2030—shifts the communication paradigm 

from a connectivity-centric network to an intelligent, 

sustainable, and eXtreme performance platform. This 

growth will be driven by complementary technologies 

such as terahertz (THz) communications, 

reconfigurable intelligent surfaces (RIS), non-

terrestrial networks (NTN), quantum networks and AI-

native architectures 

However, the path to 6G is fraught with challenges 

such as spectral congestion, high power consumption, 

hardware immaturity at higher frequency bands, and 

decentralized security threats. These require 

comprehensive research, cross-domain 

standardization efforts, and synergy among academia, 

industry, and global regulators. 

Therefore, the realization of 6G demands a unified and 

sustainable approach to designing communication 

systems that are energy-efficient, intelligent, and 

inclusive—ultimately enabling seamless integration 

between humans, machines, and the digital world 
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