CHAPTER FOUR
4.0 RESULTS AND DISCUSSION
This chapter presents the results of a comparative analysis conducted on the progressive technological advancements in mobile network generations from 1G to 6G. The parameters used for this analysis include transmitter power, antenna size, antenna parameters, frequency, latency, mode of transmission, network architecture, throughput, and transmission range. The findings reveal a consistent trend of transformation aimed at achieving higher performance, lower energy consumption, and support for emerging applications [1], [2].
4.1 ANALYSIS OF TECHNOLOGICAL ADVANCEMENTS ACROSS MOBILE NETWORK GENERATIONS
4.1.1 Transmitter Power
One of the most significant observations in mobile communication evolution is the drastic reduction in transmitter power requirements. In the 1G era, analog systems required high transmission power (up to 10 watts) due to limited frequency reuse and lack of efficient modulation. As digital systems emerged in 2G and 3G, power efficiency improved, reducing average mobile transmitter power to around 1–5 watts [3].
By 4G, the integration of advanced coding techniques and MIMO (Multiple Input, Multiple Output) technology further optimized signal strength, allowing transmission with less than 1 watt of power. In 5G, particularly with the adoption of small cell networks and beamforming, transmission power reduced drastically to milliwatt levels [4]. Early projections for 6G suggest ultra-low power levels—possibly in the microwatt or nanowatt range—due to the use of energy-efficient hardware, AI-based transmission optimization, and energy harvesting technologies [5].
4.1.2 Antenna Size
Antenna size has progressively reduced in line with frequency increase and miniaturization of hardware. In 1G and 2G networks, antennas were physically large due to the lower frequency bands used (800–1800 MHz), which required longer wavelengths and larger antenna structures, often externally mounted on mobile devices [6].
With the shift to 3G and 4G, the rise in operating frequency (2–8 GHz) allowed for smaller, internal antennas without compromising signal quality. In 5G networks, the deployment of millimeter wave (mmWave) bands enabled compact antenna arrays that could be embedded in smartphones and IoT gadgets. 6G is expected to make use of terahertz frequencies, which supports the development of nanoscale antennas, metasurfaces, and reconfigurable intelligent surfaces (RIS) [2], [7].

4.1.3 Antenna Parameters
Antenna technology has evolved remarkably, moving from simple omnidirectional radiation in 1G to highly adaptive, intelligent antenna systems in modern networks. In 2G, sectorization improved coverage and frequency reuse. By 3G, smart antennas and initial forms of MIMO began to be used for better signal reliability [8].
4G networks adopted advanced MIMO and antenna diversity, enabling higher throughput and spectrum efficiency. 5G introduced massive MIMO with beamforming, allowing base stations to direct energy toward users dynamically [4]. In 6G, antennas will likely use AI algorithms to adjust beam patterns in real time. Additionally, Intelligent Reflecting Surfaces (IRS) and Reconfigurable Antennas will become mainstream [9].

4.1.4 Frequency Utilization
Frequency bands have continually shifted toward higher ranges. 1G systems operated in narrow bandwidths within 800–900 MHz. 2G expanded to 1800 MHz and 1900 MHz to accommodate more users and services. 3G systems utilized 1.8 to 2.1 GHz, enhancing data support [8].
4G further expanded into the 2–8 GHz band, providing broader bandwidths for high-speed data. 5G brought a revolutionary step with dual-band deployment: Sub-6 GHz and mmWave bands (24–100 GHz). 6G is expected to explore terahertz (THz) spectrum (100 GHz – 1 THz), enabling ultra-fast, low-latency communication [2], [5].
4.1.5 Latency
Latency, a critical measure of communication delay, has seen dramatic improvements. In 1G and 2G systems, latency was very high (~200–500 ms) due to analog processing and circuit-switched connections. With 3G, latency dropped to around 100 ms as packet switching gained ground [3].
4G reduced latency to ~30–50 ms. 5G achieves ultra-reliable low-latency communication (URLLC), targeting under 1 millisecond. 6G aims to reach below 0.1 milliseconds for future applications like brain-machine interfaces and tactile internet [5].
4.1.6 Mode of Transmission
1G used analog transmission with frequency modulation. 2G introduced digital transmission (TDMA/CDMA). 3G adopted WCDMA/CDMA2000, enabling higher data rates. 4G was fully IP-based. 5G integrates SDN and NFV for dynamic resource control. 6G is expected to adopt AI-defined and quantum-based transmission methods [2], [9].
4.1.7 Network Architecture
The architecture evolved from hierarchical circuit-switched systems in 1G/2G to mixed circuit-packet in 3G. 4G adopted a flat all-IP core (EPC). 5G employs cloud-native architecture, SDN, and edge computing. 6G is projected to utilize AI-native, blockchain-secured, and space-air-ground integrated frameworks [1], [9].
4.1.8 Throughput (Data Speed)
From 2.4 kbps in 1G to 64–144 kbps in 2G, 3G pushed to 2 Mbps. 4G enabled 100 Mbps–1 Gbps. 5G scales up to 10 Gbps, while 6G aspires to reach 1 Tbps, powering real-time holographic and XR communication [5].
4.1.9 Transmission Range (Meters)
1G towers covered 10–15 km. 2G and 3G shrank to 2–5 km. 4G reduced to 0.5–2 km. 5G small cells cover 100–500 meters. 6G is expected to use ultra-dense networks and RIS with 10–100 meters range, supplemented by satellites and aerial relays [3], [6].
Each mobile generation has advanced to meet evolving demands. There’s a clear trend toward low-latency, high-capacity, intelligent, and energy-efficient networks, culminating in 6G's integration of AI, quantum computing, and ultra-high frequencies [1], [2], [5].
4.2 EVALUATION OF DEVELOPMENTAL BENEFITS OF 1G TO 5G TECHNOLOGIES
Mobile network evolution from 1G through 5G has significantly influenced socio-economic development, industrial efficiency, and global communication systems. The analysis focuses on the distinct benefits introduced at each generation of mobile technology and how these improvements shaped human interaction, digital infrastructure, and technological capabilities.
4.2.1  1G – Analog Voice Revolution
The first generation (1G) introduced mobile voice communication using analog transmission. Though limited in quality and coverage, it marked the beginning of wireless telephony, allowing users to make calls on the move. This provided a major leap in mobility and convenience, particularly for professionals and business users. However, the lack of encryption, low voice quality, and poor spectral efficiency limited its scalability [1].

4.2.2  2G – The Digital Leap
The transition to 2G was pivotal. It introduced digital transmission, improving voice quality, reducing interference, and enabling encryption for secure communication. The advent of Short Message Service (SMS) created a new dimension of communication. 2G networks supported global roaming, which greatly influenced international trade, travel, and personal communication [2]. The improved spectrum efficiency and ability to carry data laid the groundwork for mobile internet services.
4.2.3  3 3G – Internet Access on the Go
Third-generation (3G) networks brought mobile broadband capabilities, enabling email, video calling, and mobile web browsing. With data speeds up to 2 Mbps, 3G allowed smartphones and wireless modems to become widely used, transforming personal productivity and entertainment. It supported innovations in mobile banking, online education, and e-health services across both urban and semi-rural areas [3].
4.2.4  4G – High-Speed Digital Lifestyle
Fourth-generation (4G) technology further enhanced mobile broadband with speeds reaching 100 Mbps to 1 Gbps. This enabled high-definition video streaming, online gaming, VoIP, and cloud services. 4G played a significant role in expanding digital economies, supporting ride-hailing apps, e-commerce platforms, and real-time social media engagement. The all-IP network architecture of 4G also facilitated better energy management and network scalability [4].
4.2.5  5G – Foundation for Industry 4.0
Fifth-generation (5G) technology represents a major leap in terms of connectivity speed, latency, and device density. With latency under 1 millisecond and data rates up to 10 Gbps, 5G is enabling real-time communication for critical applications like autonomous driving, remote surgery, and industrial automation [5]. It supports massive Machine-Type Communication (mMTC) and ultra-reliable low-latency communication (URLLC), crucial for smart cities, augmented/virtual reality, and the Internet of Things (IoT) [6].
Additionally, 5G’s flexible network slicing allows for customized services, making it a key enabler of digital transformation across sectors such as healthcare, agriculture, logistics, and education. Its integration with AI, cloud computing, and edge computing has opened new frontiers in intelligent automation and economic competitiveness [7].

Table 4.1 : Summary of Developmental Benefits from 1G to 5G
	Generation
	Introduction Period
	Core Technologies
	Key Benefits
	Developmental Impact

	1G
	1980s
	Analog FM, FDMA
	Enabled mobile voice communication
	First step in wireless telephony; enhanced business mobility [

	2G
	1990s
	Digital TDMA/CDMA, SMS
	Improved voice clarity and encryption
	Boosted personal/business communication; supported global roaming 

	3G
	2000s
	WCDMA, CDMA2000
	Mobile internet, email, video calling
	Enabled mobile banking, e-health, e-learning 

	4G
	2010s
	LTE, All-IP, MIMO
	High-speed internet, multimedia streaming
	Supported digital economy, mobile apps, cloud services 

	5G
	2020s
	mmWave, Massive MIMO, Network Slicing
	Low latency, IoT, real-time automation
	Foundation for smart cities, Industry 4.0, AI integration 


4.3 CHALLENGES FACED DURING IMPLEMENTATION OF 1G TO 5G MOBILE NETWORKS
The implementation of each mobile network generation has not been without its own unique set of technical, economic, and regulatory challenges. Understanding these difficulties provides insight into the evolution of communication systems and informs better planning for future networks like 6G.
4.3.1 1G – Limited Technology and High Cost
During the 1980s, 1G networks were deployed with analog technology which suffered from poor voice quality, limited capacity, and no encryption. The infrastructure was expensive, and devices were large, power-hungry, and unaffordable for the average user. The lack of standardization among countries made roaming and interoperability difficult [1].
 4.3.2 2G – Spectrum Fragmentation and Interoperability Issues
Although 2G introduced digital technologies, it faced challenges like fragmented spectrum allocation and differing standards (e.g., GSM in Europe vs. CDMA in the U.S.). This resulted in incompatibility issues for international roaming. Also, limited data rates (under 200 kbps) became insufficient as user demand grew [2].
4.3.3 3G – High Licensing and Deployment Costs
The rollout of 3G was delayed in many regions due to the high cost of spectrum licenses and infrastructure. Operators invested heavily, but user adoption was slow due to the high price of 3G phones and data plans. Additionally, the transition from 2G to 3G required new core network designs and base stations, increasing capital expenditure [3].
4.3.4  4G – Spectrum Re-farming and Security Threats
4G required a complete shift to IP-based networks, raising new concerns over cyber security, privacy, and IP-based attacks. Operators also had to reallocate spectrum, which caused network congestion during the transition. The rapid increase in data usage from video streaming and social media stressed existing infrastructure [4].
4.3.5  5G – Infrastructure Demands and Health Concerns
5G introduced mmWave bands which require dense small cell deployments due to their limited range. This led to concerns about visual pollution and increased infrastructure costs. Public fear regarding health effects of electromagnetic radiation also created resistance in some communities. Additionally, 5G demands high-capacity backhaul and edge computing support, which remains a challenge in many developing regions [5], [6].
Table 4.2: Challenges Across Generations
	Generation
	Deployment Challenges

	1G
	Poor voice quality, no encryption, high cost, limited coverage, lack of roaming standards.

	2G
	Incompatible standards (GSM vs. CDMA), fragmented spectrum, low data capacity.

	3G
	High licensing fees, slow user adoption, expensive infrastructure upgrades.

	4G
	Security risks, spectrum re-farming, high data traffic pressure 

	5G
	High infrastructure cost, dense small cell needs, public resistance, limited rural rollout.



In conclusion, each generation of mobile networks brought technological advancement but also faced unique technical, regulatory, and societal challenges. Understanding these limitations is critical to designing better policies and frameworks for upcoming generations like 6G, which must balance performance with affordability and sustainability [2], [5].
4.4 EXPLORING FUTURE TRENDS AND INNOVATIONS IN 6G MOBILE NETWORKS
The rapid evolution of mobile networks has seen humanity advance from basic voice communication in 1G to ultra-reliable low-latency communication in 5G. Now, the world is preparing for the sixth generation—6G, expected to roll out by 2030. While 5G revolutionized real-time data sharing, 6G aims to transform the entire communication ecosystem by integrating artificial intelligence, terahertz communication, ubiquitous connectivity, and smart environments. These innovations could enable futuristic applications such as real-time holography, smart city automation, and digital twins.
4.4.1. Technological Foundations of 6G
a. Terahertz (THz) Communication
6G networks will operate within the sub-THz and THz frequency bands (100 GHz–10 THz), enabling data rates above 1 Tbps and ultra-low latency (<0.1 ms) [1]. These high frequencies will support real-time 3D communication, allowing applications like immersive VR, AR cloud, and remote surgery to run without delay.
b. AI-Native Networking
Artificial Intelligence (AI) will be embedded in every layer of 6G. Unlike 5G, where AI is an external enhancement, 6G is envisioned as AI-native, meaning networks will be self-optimizing, self-healing, and context-aware [2]. Tasks like predictive maintenance, traffic steering, and energy management will be autonomously handled.
c. Reconfigurable Intelligent Surfaces (RIS)
RIS are man-made electromagnetic surfaces that can reflect or refract wireless signals intelligently. In 6G, these surfaces will be installed on buildings and indoor walls to improve coverage, reduce signal loss, and reconfigure propagation environments in real time [3].

d. Quantum Communication and Blockchain
Security is a major concern for next-gen networks. 6G will incorporate quantum key distribution (QKD) and blockchain-based trust models to enhance privacy and protect user data across highly decentralized, intelligent environments [4].
3. Expected Features and Innovations
a. Ultra-Reliable Low Latency Communication (URLLC)
While 5G supports latency around 1 ms, 6G aims to reduce it to 0.1 ms, enabling real-time applications such as tactile internet, robotic surgeries, and vehicle-to-everything (V2X) communication [5].
b. Holographic Telepresence
6G will introduce real-time holographic projection, enabling life-like virtual meetings, educational tutorials, and entertainment events. This will require over 4.3 Tbps per stream, which only 6G can deliver with stability [6].
c. Digital Twins and Metaverse
6G will serve as the backbone for digital twin technology—virtual replicas of physical environments—and the full realization of the metaverse, allowing industries to simulate factories, cities, and systems with high accuracy [7].
d. Integrated Sensing and Communication (ISAC)
A key 6G feature is ISAC, where wireless networks can simultaneously sense environments and transmit data. This will be essential in autonomous driving, military reconnaissance, and health monitoring systems [8].
4. 6G Use Cases Across Sectors
	Sector
	6G Application

	Healthcare
	Remote robotic surgery, AI diagnostics, real-time holographic consultations

	Education
	Immersive AR classrooms, global virtual universities, real-time holography

	Agriculture
	AI-driven precision farming, smart irrigation, and drone-based monitoring

	Transport
	Autonomous vehicles, traffic AI, air taxis, UAV swarm communication

	Smart Cities
	Real-time surveillance, waste management, smart grids, and AI-controlled lighting



5. Benefits of 6G Networks
· Global Inclusion: Through the integration of satellites and UAVs, 6G will provide uninterrupted coverage even in the most remote regions [9].
· Sustainability: 6G aims to reduce energy consumption per bit, introducing green base stations powered by solar and RF harvesting technologies [10].
· Economic Growth: It is projected to generate multi-trillion-dollar markets through automation, e-health, and smart infrastructure [11].
· High Security: Using quantum-safe encryption and blockchain, 6G will support ultra-secure financial transactions and national defense systems [4].
Table 4.3: Key Challenges in Realizing 6G
	Challenge
	Explanation
	Proposed Solution

	Terahertz propagation loss
	THz waves face high attenuation in air
	Development of adaptive antennas and RIS

	Infrastructure cost
	Deployment of AI servers, RIS, THz hardware, and satellites is capital-intensive
	Government–industry partnerships, subsidies, and open-source R&D

	Security and privacy
	AI may introduce new cyber vulnerabilities
	Integration of zero-trust models and quantum key infrastructure

	Spectrum management
	THz and visible-light frequencies need regulation
	Global cooperation via ITU and national agencies

	Environmental sustainability
	Dense device deployment can increase energy demand
	Adoption of green technologies and edge intelligence



7. The Roadmap to 6G Deployment
Several countries have launched 6G research initiatives:
· China: Deployed the first 6G test satellite in 2020.
· South Korea: SK Telecom and Samsung are testing THz tech and AI-based network slicing.
· United States: The Next G Alliance is developing North American 6G frameworks.
· Europe: EU's Hexa-X and RISE-6G projects are driving innovation in RIS and AI-native 6G.
Africa, including Nigeria, must start building capacity through research, policy, and collaboration to avoid falling behind.
Inconclusion, 6G is not just an upgrade—it is a new era of human and machine collaboration. It promises to unlock a digitally intelligent, immersive, and secure future, where communication is no longer bound by speed or space. However, tapping into this potential requires multi-stakeholder investment, early regulation, and capacity building, especially for developing countries like Nigeria. Through proactive education, innovation hubs, and public-private partnerships, Nigeria can position itself to benefit from the 6G revolution.
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